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1. Purpose. This manual provides technical guidance for performing hydrographic surveys that support
the planning, engineering design, construction, operation, maintenance, and regulation of navigation, flood
control, river engineering, charting, and coastal engineering projects. Accuracy standards and quality
control criteria are defined to establish U.S. Army Corps of Engineers (USACE)-wide uniformity in
performing surveys involving dredging measurement, payment, and acceptance.

2. Applicability. This manual applies to all USACE commands having responsibility for performing,
contracting, or monitoring hydrographic surveys in support of the Corps civil works activities.

3. Discussion. Hydrographic surveying is performed to determine the underwater topography of a
project site. These surveys provide critical site plan data that are used in the planning, acquisition, design,
construction, operation, and maintenance of various types of planned or previously constructed projects.
Insufficient, inaccurate, or misinterpreted hydrographic surveys can contribute to costly errors and
omissions in the various phases of project development. This directly impacts incidences of construction
claims as well as navigation safety. Therefore, the intent of this manual is to establish definitive Corps-
wide accuracy and quality control standards along with survey performance and procedural policy that
will ensure uniform and accurate hydrographic surveying products. This will reduce costly errors,
enhance the equitability of contracted construction administration, and increase the overall quality and
safety of Corps navigation and flood control projects. '

FOR THE COMMANDER:

Qu&/

3 Appendices ROBERT CREAR
(See Table of Contents) Colonel, Corps of Engineers
v Chief of Staff

This manual supersedes EM 1110-2-1003, 31 October 1994.
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Chapter 1
Introduction

1-1. Purpose

This manual provides technical guidance for performing hydrographic surveys that support the planning,
engineering design, construction, operation, maintenance, and regulation of navigation, flood control, river
engineering, charting, and coastal engineering projects. Accuracy standards and quality control criteria are
defined to establish US Army Corps of Engineers (USACE)-wide uniformity in performing surveys
involving dredging measurement, payment, and acceptance.

1-2. Applicability

This manual applies to all USACE commands having responsibility for performing, contracting, or
monitoring hydrographic surveys in support of the Corps civil works activities.

1-3. Distribution
This publication is approved for public release; distribution is unlimited.
1-4. References and Bibliography

Referenced USACE publications are listed at Appendix A. Where applicable, bibliographic information is
listed at the end of each chapter.

1-5. Use of Manual

This manual shall be used as a technical guide in performing hydrographic surveys with USACE hired-labor
forces or contracted survey forces. It should be directly referenced in contract specifications for dredging
or Architect-Engineer survey services. The accuracy standards and quality control criteria in the manual
shall be specified for all surveys supporting dredging measurement, payment, and acceptance functions.
This manual may be referenced should hydrographic surveying functions be required as part of a USACE
military construction or environmental restoration activity. It is also applicable to surveys performed or
procured by local interest groups under various cooperative or cost-sharing agreements.

1-6. Background

The original version of this manual was published in 1991 and was revised in 1994. Most of the standards
and technical guidance in the 1991 and 1994 versions were designed to support older analog depth
recording instruments, mechanical, visual, or microwave positioning, and manual data processing and
drafting methods. Since the last update, significant advances in hydrographic surveying technology have
occurred. These include replacement of short-range microwave positioning techniques with local and
nationwide Differential Global Positioning System (DGPS) systems, enhanced applications of and expanded
use of full-bottom coverage acoustic multibeam systems, airborne LIDAR hydrographic survey systems,
and functional use of carrier phase DGPS for accurate water surface determination. Field-finish data
collection equipment and software has also become more robust, allowing for near-final data editing and
processing on board the survey boat. Data accuracies have been enhanced through use of inertial and DGPS
vessel motion sensors. Automated data editing, processing, transfer, and Internet display methods have also
evolved considerably since 1994. In addition, the International Hydrographic Organization (IHO) and the
Federal Geographic Data Committee (FGDC) have promulgated updated hydrographic survey accuracy
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standards, statistical measures, and reporting standards. The accuracy standards in this manual were revised
to more closely conform to these international and Federal standards. Older survey classifications (i.e.,
Contract Payment, Project Condition, and Reconnaissance) were originally developed to reflect accuracy
limitations in manual and microwave positioning equipment. DGPS positioning has largely eliminated
these distinctions; thus survey classifications have been modified accordingly. The manual now contains
separate chapters that detail current procedures for dredging surveys, river engineering and charting surveys,
airborne LIDAR surveys, and coastal engineering surveys. The chapter on contracted surveys has been
expanded to reflect the increasing use of Architect-Engineer service contracts for hydrographic surveying.

1-7. Mandatory Requirements

ER 1110-2-1150 (Engineering and Design for Civil Works Projects) prescribes that mandatory requirements
be identified in engineer manuals. Mandatory requirements in this manual are summarized at the end of
each chapter. Mandatory accuracy standards, quality control, and quality assurance criteria are summarized
in tables within each chapter. The mandatory criteria contained in this manual are based on the following
considerations: (1) assurance of navigation safety, (2) essential to navigation project function, (3) previous
Corps experience and practice has demonstrated criteria are critical, (4) Corps-wide geospatial data
standardization requirements, (5) adverse economic impacts if criteria are not followed, and (6) HQUSACE
commitments to the dredging industry.

a. Previous versions of this manual contained more rigid prescriptive criteria for performing all
aspects of hydrographic surveys, including mandatory plant and survey instrumentation, equipment
calibration procedures, accuracy standards, data collection procedures, and data plotting criteria. This
updated version of the manual now limits mandatory requirements to those dealing with resultant accuracy
standards and selected quality control and quality assurance criteria. This change more closely conforms to
USACE policy emphasizing performance-based specifications--and recognizes the fact that technical
procedures, equipment, and operating specifications are now evolving at a rapid pace.

b. Equipment calibration, operation, and procedural methods for performing and processing
automated field hydrographic surveys are now usually detailed in operation manuals provided by the various
equipment and software vendors. References and recommendations in this manual to specific operational
methods must be carefully weighed against newly evolving technology and the latest manufacturer's
recommendations.

¢. Other Corps regulations may dictate mandatory requirements for processing, displaying,
transferring, and archiving hydrographic survey data. These mandatory regulations will be referenced in
each chapter when applicable. As survey technology and procedures develop, districts are strongly
encouraged to recommend modifications to all mandatory criteria or technical guidance contained in this
manual--see Proponency and Waivers section at the end of this chapter.

1-8. Scope of Manual

This manual covers all aspects of hydrographic surveying performed to support USACE river and harbor
navigation activities, flood control projects, and coastal engineering projects. Special emphasis is placed on
surveys that support construction/dredging of coastal and inland waterway projects. An overview of these
support functions is covered in Chapter 2. The manual focuses on the preparation of design drawings and
other documents associated with these projects, including related contracted construction performance
activities. Throughout the manual, mandatory or recommended hydrographic survey criteria are normally
summarized in tables. Technical or procedural guidance is in more general terms where methodologies are
described in readily available references or survey instrumentation operating manuals. Numerous references
are made to those more detailed operation manuals. Where procedural guidance is otherwise unavailable
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from industry sources, it is provided herein. This primarily applies to older manual survey methods--e.g.,
mechanical tag line surveys.

a. Accuracy standards for USACE hydrographic surveys are provided in Chapter 3. These
standards, together with quality control and quality assurance criteria, are presented for various Corps
project applications.

b. General project planning criteria are covered in Chapters 3 through 6. Hydrographic positioning
techniques are described in Chapter 7. Portions of Chapters 7 and 8 also cover older manual or visual
survey techniques. Although these older methods have been made nearly obsolete by acoustic and GPS
technology, occasional applications on Corps projects justify retention of the procedures for performing
visual and mechanical surveys. The various procedures and systems for acoustic depth measurement are
covered in Chapters 9 through 12 and Chapter 21. Cost estimating is covered under contracted survey
topics in Chapter 22. The remainder of the chapters (13 through 20) cover specific civil works project
applications.

1-9. Metrics

The use of both metric and English systems of measurement in this manual is predicated on the common use
of both systems in engineering practice, and the exclusive use of English units by the navigation industry.
Although most, if not all, electronic surveying and satellite measurement systems now acquire data in metric
units, these data are readily converted to English units by processing software. In the Corps, water depths
are typically expressed in feet and accuracy standards are expressed in feet. Distances are measured in
either meters or feet; however, accuracy standards are expressed in meters. Engineering project coordinates
are normally in English units (feet). Construction measurement quantities are normally measured in linear
feet, square feet, or cubic yards; however some recent construction plans and specifications are using metric
units of measure. Due to the variety of mixed measurements, equivalent conversions are not shown in this
manual; the most common measurement unit is used for example computations. In all cases, metric
conversions are based exclusively on the US Survey Foot, which equals exactly 1200/3937 m (or
3.280833333333 ft/m).

1-10. Brand Names

The citation in this report of brand names of commercially available products or software systems does not
constitute official endorsement or approval of the use of such products.

1-11. Definitions

An explanation of hydrographic surveying terms and acronyms used in this manual is contained in the
Glossary. Acronyms that are defined in the Glossary may not be spelled out in each chapter.

1-12. Proponency and Waivers

The overall HQUSACE proponent for this manual is the Engineering and Construction Division,
Directorate of Civil Works. Technical development and compilation of the manual was coordinated by the
US Army Topographic Engineering Center (CEERD-TS-G). Comments, recommended changes, or
waivers to this manual should be forwarded through MSC to HQUSACE (ATTN: CECW-EE). Technical
issues or waivers dealing specifically with dredging operations shall be forwarded through MSC to
HQUSACE (ATTN: CECW-0OD).
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Chapter 2
Civil Works Applications

2-1. General Scope

Hydrographic surveys are performed to support the Corps' dredging, navigation, and flood control
missions. A wide range of hydrographic survey techniques, vessels, and equipment are required,
depending on the nature and location of the survey, as illustrated in Figure 2-1. Nearly 100 in-house and
contract survey crews are deployed surveying over 900 navigation projects and 12,000 miles of
waterways. Thousands of drawings depicting these projects are produced annually. This chapter
describes the requirements and types of hydrographic surveys, and some of the current processes used by
districts to accomplish these tasks.

Figure 2-1. Old Lock and Dam 26, Mississippi River. DTM depicts old Lock and Dam 26, the old Alton Bridge
piers, and a sunken barge just upstream of the old Lock and Dam 26 foundation. The scour holes below the
old bridge piers are from the bridge piers of the new Alton Bridge. This is at River Mile 202.1 on the Upper
Mississippi. The data file was collected on the M/V Boyer with a RESON 8125 Multibeam sonar. The 8125 is
a 0.5 by 0.5 deg beam, 240 beams, and 120-degree swath. (St. Louis District)

2-2. Civil Works Program Surveying Requirements

Hydrographic surveying support is required throughout most phases of civil works water resource
projects. During the early phases of a project, a comprehensive plan should be developed to integrate
hydrographic surveying requirements throughout the various stages of a project's life. Procedures for
accomplishing this are contained in ER 1110-2-1150, "Engineering and Design for Civil Works Projects.
Hydrographic surveying may be required during any of the five project phases outlined in ER 1110-2-
1150: Reconnaissance phase, Feasibility phase, Preconstruction Engineering and Design (PED) phase,
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Construction phase, and Operation and Maintenance phase. Most effort is required during the later three
phases.

a. Reconnaissance phase. The reconnaissance phase is general in scope, and at this early stage
of project development there is normally no requirement (or funding) for field survey effort. Existing
maps or charts are normally adequate for developing the preliminary plans that will ultimately lead to an
engineering solution.

b. Feasibility phase. The purpose of the feasibility phase is to formulate a solution to address a
specific need. The work includes studying potential solutions, evaluating costs and benefits, preparing
initial designs, and recommending a plan to solve the problem. Engineering effort during this phase may
include hydrographic surveys of project sites. ER 1110-2-1150 contains the following guidance on
surveying requirements:

Surveying, Mapping, and other Geospatial Data. Surveying, mapping, and other geospatial data
information should be obtained to support all feasibility phase requirements. At this level,
existing surveying, mapping, and other geospatial data available through in-house sources or
through other federal, county, local, commercial, or private sources may be adequate. Additional
information on finding these sources is available in EM 1110-1-2909. The data source, i.e.,
compilation scale, contour interval, control data and datum, etc., should be verified to assure it
meets accuracy requirements to support the level of detail required. Otherwise, new surveying,
mapping, and other geospatial data may need to be developed. If sufficiently scaled topography
is not available to support the level of detail required, then it shall be developed during the
feasibility phase to eliminate the possibility of large quantity errors (e.g., real estate, reservoir
volumes, etc.). Detailed guidance on photogrammetric mapping surveys is provided in EM 1110-
1-1000. Survey control methods and if possible the actual control points shall be established in
the field at this phase of study to avoid rework and errors and to maintain continuity during
subsequent phases of the project. Detailed site-specific mapping may be deferred and developed
during the PED phase unless it is required to develop an accurate baseline cost estimate. The
Geographic Information System (GIS) for the project should be established during this phase in
accordance with EM 1110-1-2909 and ER 1110-1-8156.

During the feasibility phase cost estimates for subsequent modeling requirements are made. These would
include any tidal modeling requirements, such as on projects without an established MLLW reference.
Also, projects requiring RTK DGPS observations will require geoid modeling during the PED phase.

¢. Preconstruction engineering and design phase. The Preconstruction Engineering and Design
Phase (PED) is the phase during which the design is finalized, the plans and specifications (P&S) are
prepared, and the construction contract is prepared for advertising. A Design Documentation Report
(DDR) is developed. This phase may involve physical model studies or development of water level or
geoid reference models. Hydrographic surveys are a critical component of the P&S. P&S shall be
prepared in accordance with ER 1110-2-1200, the Architect/Engineer/Construction CADD Standards and
the CADD/GIS Technology Center (Tri-Service) Spatial Data Standards.

d. Construction phase. Hydrographic survey support is continuous throughout construction--
especially for dredging and beach renourishment projects. The various surveys supporting construction
are described later in this chapter and in subsequent chapters.

e. Operation and maintenance (O&M) phase. Maintenance of authorized navigation projects
requires continuous condition surveys and construction surveys associated with maintenance dredging.
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Support to O&M is by far the largest hydrographic surveying activity in the Corps--both in manpower
and funding.

2-3. Hydrographic Survey Applications on Civil Works Activities

Hydrographic survey support is required for a wide range of civil works engineering and construction
activities, ranging from navigation project dredging to topographic surveys of wetlands. This section
describes some of the more common activities or projects requiring survey support.

a. Dredging measurement and payment surveys. Dredge measurement and payment surveys
encompass all work associated with contracted construction activities of USACE, most particularly those
surveys performed to measure the amount of excavated, deposited, and/or placed material in subsurface
areas. These surveys also include investigative studies used for preparing contract bid documents and for
directly monitoring and measuring subsequent contract performance, payment, and acceptance. These
surveys require a high level of accuracy in both positioning and depth measurement so that payments will
be equitable and consistent with the actual work performed. A significant portion of Corps survey
resources are engaged in supporting dredging operations. A wide variety of vessels and equipment are
used on dredging payment surveys, depending on water depth, inland or coastal location, and material
being dredged. During FY 1999, some 328 MCY were excavated under 252 contracts and another 46
MCY by 12 Corps-owned dredges. Corps survey forces were responsible for monitoring most of this
excavation in progress.

(1) Plans and specifications surveys. Surveys and investigative studies performed to gather
terrain, bathymetric, and geophysical data and related site plan information in advance of a design effort
are referred to as plans and specifications (P&S) surveys. These P&S surveys will be used to produce a
set of engineering plans and specifications (and related cost estimates) for construction or dredging.
These surveys support not only river and harbor dredging construction but also many other forms of
marine construction in which detailed site plans are essential to the bid documents. This includes planned
construction of offshore structures (jetties, groins, etc.), disposal areas, flood control structures (locks,
dams, spillways, dikes, control structures, reservoirs, etc.), and beach/bank erosion protection. In rare
instances where no substantive change is expected before the beginning of construction/dredging, these
surveys can also serve as the before construction/dredging payment survey. Such a procedure, however,
must be clearly allowed in the contract specifications.

(2) Before and after dredging surveys. Most USACE construction contracts structure a payment
schedule on a unit price basis, with units, lengths, areas, or volumes determined by in-place surveys.
Contracts with daily/hourly rate pay schedules may still require detailed in-place surveys to monitor
production. Depending on the provisions of the measurement and payment clause in the construction
contract specifications, before/after surveys for construction payment may be performed by government
hired-labor forces, dredging contractor forces, or third-party forces contracted by the government,
contractor, or local sponsor. These contract payment surveys shall be performed to the accuracy
standards contained in this manual. Payment surveys include those surveys performed before, during, and
after dredging or other marine construction activity to measure quantities for the determination of the
proper (and equitable) payment to be made. Also included in payment surveys are final contract
acceptance surveys, including all types of channel sweeping operations to verify project clearance for
final contract acceptance and release. Since direct contract payment is involved, this type of survey
represents one of the most critical functions performed by a hydrographic survey crew. Final as-built
drawings of completed projects are furnished to local sponsors and other public and private entities. In
addition, contract personnel evaluating payment, acceptance, and project clearance survey data must
clearly and properly correlate these accuracy standards with the field survey data to ensure that data
accuracy interpretations are technically sound.
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b. Project Condition Surveys. The Corps is responsible for maintaining over 900 shallow- and
deep-draft navigation projects plus another 12,000 miles of inland navigation system channels. In FY
1998, some 680,321 vessels moved 2.182 billion tons through inland navigation locks. Project condition
surveys are performed over project areas to determine the present condition of these coastal and inland
navigation channels, navigation locks, underwater features, river or flood control structures, or
beach/bank erosion protection structures. These surveys are variously referred to as project condition
surveys, channel condition surveys, condition surveys, or examination surveys, and are used to determine
if project conditions have changed enough to warrant future construction or maintenance activities, if
additional condition surveys are required at more frequent intervals, or if a greater survey coverage
density is necessary. The most prevalent types of project condition surveys are those performed on
authorized river and harbor navigation projects. Drawings and/or project condition reports derived from
these surveys are usually furnished to local sponsors, commercial navigation interests, and to other federal
agencies, such as the U.S. Coast Guard (USCG) and the National Ocean Survey (NOS). For coastal areas
charted by NOS, Corps regulations require that condition survey drawings and reports must be furnished
within 60 days after completion. These critical submittal requirements are detailed in ER 1130-2-520, EP
1130-2-520 and Section 554 of WRDA 2000. Survey procedures are usually designed to maximize
coverage along critical channel navigation points. This is accomplished by surveying a limited number of
lines either perpendicular to or parallel with the project alignment. Navigation projects without defined
channel limits, e.g., inland waterway projects, may have a broader coverage. This limited density of data
provides a good general project condition; however, it is insufficient for accurate quantity take-off
computations. In some instances, shoal areas encountered during a condition survey will be immediately
surveyed to a density and accuracy suitable for a plans and specifications.

c. Elapsed time between condition surveys. Shipper’s reports and USCG Notice to Mariners are
indicators of possible shoaling in waterways. Typically each project is assessed and funded on an annual
basis. Changes in annual weather patterns may alter scheduled condition surveys. Some projects may
require a condition survey every 10 years; other high shoaling areas, such as Southwest Pass, Mississippi
River (New Orleans District), require condition surveys on a daily basis. Every project contains unique
dredging parameters that require engineering judgment to predict the correct elapsed time between
condition surveys. Unless unique circumstances are present, condition schedules should not be more
frequent than dredging maintenance work for a given project. For example, if maintenance dredging were
required every 18 months, a similar condition survey frequency would be warranted.

d. River stabilization project surveys. Surveys of revetments, dikes, levees, and other river
control structures are performed to assess the condition of these control structures--see Figure 2-2. They
are often referred to as overbank surveys when hydrographic coverage is extended above the water
surface level using conventional topographic survey techniques. These surveys are often performed at
regular intervals to determine the condition of the structures, scour, shoaling, revetment voids, etc. They
are used to support a variety of engineering requirements--e.g., to develop guidance for minimum sill
depth in locks to reduce lock cost, minimum under keel allowance for deep draft vessels in inland
channels, and channel width and depth requirements for mixed fleets; to provide improved guidance for
the design and layout of lock approach guard and guide walls - resulting in improved safety and
efficiency; to develop guidance for evaluating hydraulic and sedimentation characteristics for underwater
hydraulic structures and to use results to better design these structures; and to develop design guidance for
bendway weirs that considers the effects of the weirs on vessels navigating the waterway. Surveys are
also performed during levee grading or during placement of articulated concrete mats.
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Figure 2-2. River engineering support surveys

e. Underwater obstruction or condition surveys. Surveys performed to detect the existence and
extent of obstructions to the safe use of waterways are referred to as underwater obstruction surveys.
Side-scan and multibeam sonar are the tools best suited to detect exposed obstructions on the channel
bottom made of concrete or steel. Considerable success in locating possible obstructions (targets) has
been established using side-scan coupled to a suitable positioning system. Divers may be needed to
verify an underwater obstruction in some cases. Magnetometers register magnetic perturbations in the
local magnetic field (which usually occur in the vicinity of metallic objects) and are often used to trace
buried cables. Unlike side-scan, this equipment can detect unexposed metal. Both systems are used as
qualitative tools to find underwater objects. Locations must be verified by survey equipment, and
possibly divers, to meet survey standards. Condition surveys are also performed adjacent to bridge piers,
locks, and below hydroelectric power plants to assess scour or other conditions. Both acoustic and visual
methods may be deployed.

f. Coastal engineering surveys. Coastal engineering surveys are performed for a variety of
purposes. In coastal areas, these surveys determine the condition of beach renourishment and hurricane
protection projects or to support coastal engineering research studies. Surveys are also performed to
study the effects of offshore protection structures (jetties, breakwaters, groins), harbor entrances,
estuaries, and coastlines in areas of suspected accretion, erosion, or other material movement or transport.
Surveys are also performed to develop, evaluate, and calibrate physical and numerical models used for
planning and design of projects.
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g. Reservoir sedimentation surveys. The Corps maintains some 390 flood control reservoirs.
Many of these are periodically surveyed to assess sedimentation and update area-capacity curves.

h. Inland navigation charting surveys. Surveys are performed to update maps and charts of the
Corps inland navigation projects--about 12,000 miles of waterways. Corps-wide, these charts involve
hundreds of drawings. Updates are performed every 5 to 10 years. Hydrographic, topographic and
facility features are updated.

i. Wetland surveys. Hydrographic surveys are often performed in shallow wetlands or water
conservation pools. Different equipment and techniques are required due to the shallow depth and
vegetation effects on acoustic signals. Small skiffs or airboats are often used for these surveys.

J. Miscellaneous surveys. Various other marine surveys are performed to support civil works
water resources activities. These include: environmental HTRW surveys/studies of underwater areas,
periodic disposal area monitoring surveys during placement of material, offshore drill barge location,
subsurface probings (wash or dry), tidal boundary surveys (e.g., MHW demarcation), and underwater
archeological surveys. Some of these surveys are illustrated in Figure 2-3.

Breakwater/Jetty
Construction

DA-4A PROGRESSIVE BUILD-UP
Wetland Surveys SECTION 33+00 (TYPICAL)
Jacksonville District

ORIGINAL GRADE (~) 80 FT MLW
112,000 CY PER SECTION

4 OR 5.7 MCY TOTAL
Submergent disposal area surveys

Figure 2-3. Wetland, disposal area, and sedimentation surveys

2-4. Overview of Hydrographic Survey Techniques in Corps--Field to Finish

The following sections are intended to provide an overview of a typical USACE hydrographic survey
operation, from the initial planning stages, through the field data acquisition phase to the final processing
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and finished product stage. It is written to describe the more common navigation dredging and project
condition surveys; however, it is applicable to most other types of surveys as well. This overview covers
the survey equipment and instrumentation currently used on engineering and construction surveys. It is
applicable to both in-house and A-E survey forces. This overview was developed by the Baltimore
District.

a. Topographic survey methods. A hydrographic survey is basically a topographic survey of
underwater areas. In many cases hydrographic surveys for Corps engineering and construction projects
are performed using the same equipment and methods used in topographic site plan surveys. For
example, a total station can be set up over a known control point on the shoreline to observe X-Y-Z points
on a hand-held rod placed in underwater locations--i.e., an open-end traverse technique. Cross-sections of
river or canal projects are run identically with those performed on highway construction. Data points may
be recorded in a standard field survey book or electronically logged on a data recorder connected to the
total station.

b. Hydrographic variations. When data points are required in areas out of range of a total
station, or in water depths deeper than the range of a hand-held rod, hydrographic survey techniques must
be employed. This includes use of a floating platform, locating that platform, and measuring the bottom
elevation off the platform. Since the platform must be positioned, then the bottom elevation measured
relative to that platform, the measurement process is, in effect, a double-leg open-end traverse.

c. Hydrographic positioning. Positioning the platform is performed using a variety of
topographic or geodetic survey methods. These include resection (sextant), triangulation
(transit/theodolite), trilateration (range-range or GPS), or traverse (total station or differential GPS). The
positional accuracy may degrade as a function of distance from the shore-based reference point.

d. Elevation of subsurface points. The major difference between topographic and hydrographic
methods involved the methods of determining the elevation of an underwater point, and the reference
used to measure the elevation. Perhaps most unique to hydrographic surveys, the water surface is used to
measure and reference the elevation of an underwater point, which is then termed a depth or sounding.
The water surface is, in effect, the "level bubble" in a level or total station. Since this water surface is not
stable (i.e., it is subject to river slope, tides, waves) elevations measured relative to this surface must be
corrected. In addition, the required depth is often referenced to a nominal water surface (i.e., a datum)
which in itself can vary from point to point. Hydrographic surveys can use mechanical methods to
measure the depth of a point relative to the water surface. These include level rods and hand-held lead
lines. More commonly, acoustic depth measurement methods are employed to measure depths relative to
the floating platform. Single acoustic depths directly under the platform may be recorded as in
conventional topographic survey methods. Alternatively, swath array depths may be recorded (i.e.,
multibeam survey system) which is the hydrographic equivalent of a photogrammetric mapping survey.
X-Y-Z point data are recorded and processed similarly to topographic survey methods.

2-5. Survey Scheduling

The primary purpose for most hydrographic surveying done within the USACE is to support a wide
variety of navigation-related projects. Most USACE districts routinely conduct periodic project condition
surveys (PCS) on all active navigation projects to evaluate their current condition and to determine if any
future dredging may be required. If maintenance dredging is necessary, then a plans and specifications
(P&S) survey, a before dredge (BD) survey, and an after dredge (AD) survey must also be conducted during
the dredging cycle. Because the dredge-related surveys are used to accurately determine the extent of
dredge work necessary and also as the basis for final dredge contractor payment, they must meet strict
accuracy standards and they need to be fully processed in near real-time. In addition to the navigation-
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related projects, other sources both inside and outside of the USACE may periodically require some type
of hydrographic survey in order to proceed with a project. Some of these other types of projects may
include structural assessment surveys, general pre-construction and as-built site surveys, natural resource
reconnaissance surveys, or submerged obstruction surveys. Within a district, survey priorities tend to
evolve on an almost continual basis. Generally, any contract-related surveying requirements would take
priority over other less time-sensitive projects. Most districts will maintain a backlog of PCS work that can
be completed during periods when there are no contract-related requirements to address. While survey
priorities are an important factor when actually scheduling and conducting the survey data acquisition, many
other factors also impact when a particular job may be completed. Whether the work will be conducted by
an in-house survey crew or an A-E survey contractor will need to be considered when determining time
requirements for completing the work. Generally, the A-E survey work will require more lead time to
initiate because a delivery order scope of work will need to be prepared and survey time and cost
negotiations will need to be completed. The weather can also be an important consideration when
attempting to develop short-term survey schedules. For instance, high priority work in open, unprotected
areas may need to be delayed because of rough sea conditions. During this time, lower priority work in
more sheltered areas could be scheduled. Similarly, water level or tide conditions may also be an important
consideration when scheduling hydrographic survey work. For instance, some shallow-water projects can
only be efficiently addressed when water levels are running higher than normal.

2-6. Pre-Survey Planning

Before actual field surveying can begin, it is generally necessary to prepare some type of pre-survey
package to assist the field surveyor. For an A-E contract survey, a scope of work must be prepared that
outlines all the work required and also provides all relevant background information (e.g., channel or
project coordinates, local control information, prior survey information, local contacts and rights of entry
requirements, etc.). A similar scope of work may also be developed for in-house survey work, though it
is not required. The pre-survey package is generally prepared in the area where most of the required
background information is maintained — generally within the main data processing area or within the field
office. For repeat surveys to project areas where the surveyor has frequently worked in the past, it is
likely that the surveyor will have most of the prior survey information that he may need. For surveys
within new project areas or areas that are unfamiliar to the surveyor, there is some pre-survey information
that will need to be supplied. For new project areas, the required survey and coverage limits should be
clearly indicated on a nautical chart, a quad map, or some other map that accurately depicts the area.
Also, a listing of available local horizontal and vertical control information should be provided, as well as
a clear indication of the required horizontal and vertical datums for the project. The control listing may
represent a combination of historical USACE control, NOAA control, USGS control, or control from
some other state or local agency, and should include the reference or relationship that is needed to
establish the local water level-based vertical datum (e.g., Mean Lower Low Water).

2-7. Pre-Survey Field Set-up and Calibration

Before hydrographic data acquisition can begin, the field survey crew must complete a number of field
set-up tasks. The local control points that will be used to establish the project datum should be recovered
and verified. If control points have been destroyed or are not available in the project area, then new
control may have to be established. With the strong reliance on differential GPS for survey control, there
may no longer be a need to maintain an extensive horizontal control network within the immediate project
site. However, If DGPS is being used for survey control, then it is a good idea to have at least one strong
control point within the immediate survey that can be used to verify the performance of the positioning
system.
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a. Horizontal and vertical datums. Most Corps-related projects in coastal waters will use Mean
Lower Low Water (MLLW) as the vertical datum. For inland navigation projects or reservoirs, a variety
of reference planes may be used for the vertical datum. There are a variety of techniques for establishing
a water-level related datum. Whatever vertical datum is selected, there must be a mechanism in place for
recording the actual water level relative to this datum during all periods of a survey. A staff or staffs may
be installed in the project area by running differential levels from the vertical datum benchmarks; this
staff can then be observed and then manually recorded during the survey. Similarly, a recording water-
level gauge can also be installed that will automatically record (and possibly transmit) the observed water
level at a user-specified time interval. Within some project areas, NOAA or some other agency may
maintain a water-level station that can be accessed to obtain the necessary water-level data. If kinematic
DGPS is being used to control the hydrographic survey and adequate ellipsoidal height/water-level
relationships have been developed, then the required water level information can be extracted from the
DGPS data.

b. Data acquisition systems. The most common survey conducted within the USACE is a
channel cross-section survey, using a single-beam acoustic echo sounder to measure depth, a differential
GPS to provide accurate position, and a PC-based data acquisition system to time-tag and record the
depth and position data. Multiple transducer sweep systems or multibeam swath systems may also be
used. Prior to beginning this type of survey, the data acquisition system needs to be configured to reflect
the particular survey vessel and the types of sensors being used and also the area being surveyed.
Accurate sensor offsets must be measured between the echo sounder and the positioning antenna and then
applied within the acquisition system. If the GPS antenna is mounted directly over the echo sounder
transducer, then no horizontal offsets need to be applied. However, if RTK DGPS is being used to
measure vertical movement during the survey, then the vertical offset would need to be measured and
applied. Also, any transmit latencies (or delays) in the sensor data output must be accurately measured
and also applied within the acquisition system. Finally, the pre-planned survey lines must be laid out
within the acquisition system to provide the necessary coverage over the specified survey area. The pre-
planned lines should include sufficient cross-check lines so that some comparisons can be made between
overlapping soundings from different survey lines.

c. Speed of sound in water calibrations. Before on-line survey data acquisition can begin, the
surveyor must properly measure and account for the speed of sound in the water column and the draft of
the survey boat, and possibly verify the operation of the positioning system. To account for the speed of
sound of the water column, the surveyor could obtain direct readings using a calibrated speed of sound
profiler. An assumed speed of sound can be entered into the echo sounder during data acquisition and
then the actual speed of sound profile can be applied during post-processing to correct the soundings. The
surveyor can also conduct a bar-check calibration of the echo sounder to obtain an average speed of sound
that can be entered directly into the echo sounder during data acquisition. Although it does not provide as
complete a picture of the water column as an automatic speed of sound profile, a well-calibrated bar-
check does provide verifiable proof of the proper operation of the echo sounder. It takes into account
both the static draft of the transducer and the speed of sound in the water column, and can be used to
provide the optimum echo sounder performance at a desired project depth. In shallow-water project
areas, it may also be possible to check the echo sounder using a calibrated rod or sounding pole.

d. Vessel draft corrections. The static draft of the survey boat transducer is physically measured
while the boat is out of the water and may be annotated with hash marks on the hull of the boat. The hash
marks enable the surveyor to verify the static draft or to note any changes due to vessel loading. Because
the draft of the boat may change considerably when underway, it is important to know the dynamic draft
of the boat. The dynamic draft is usually measured through periodic settlement and squat tests that track
the vertical movement of the transducer as the survey boat moves through various engine speeds.
Because the dynamic draft can vary greatly with boat speed, it is usually a good idea to run the boat at a
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consistent speed throughout the survey. However, because dynamic draft is more a function of boat
engine speed (i.e., RPMs) rather than actual speed over water, winds and current may have an effect on
how the dynamic draft is applied. Most data acquisition systems measure and record the boat speed over
water (based on position), but they do not record engine RPMs. The dynamic draft must either be entered
during data acquisition or applied during final post-processing.

e. Positioning system calibration. Although DGPS has proven to be a very reliable system for
providing accurate survey positioning data, it may still be reasonable to perform periodic system checks
to verify the performance of the system. The performance check can be a straightforward procedure of
placing the positioning system antenna alongside a well-known control point (e.g., a PK nail in a piling)
and verifying the observed DGPS position. The positioning system performance check would be
essential in project areas where a local differential base station had to established, or in wide-open, non-
descript areas away from any recognizable cultural or natural features.

2-8. Survey Data Acquisition

After the data acquisition system has been properly configured and all of the necessary calibrations have
been completed, on-line data acquisition can begin. For most operations, this generally entails a boat
coxswain steering the boat along the pre-planned survey lines, while the surveyor monitors the data
acquisition system and the sensor data to ensure that the necessary survey coverage is being obtained. As
discussed earlier, tide or water level readings must be recorded during all periods of data acquisition. The
water-level data can be applied on the boat during data acquisition or it can be recorded and then applied
during data processing.

a. Channel section surveys. During a typical Corps channel cross-section survey, numerous lines
(spaced 50, 100, or 200 feet apart) must be run across the channel alignment for the entire length of the
defined project--see Figure 2-4. Because these surveys may be conducted in areas with heavy
recreational and/or commercial boat traffic, it is important that the boat coxswain is attentive to local
channel conditions as he steers the pre-planned survey lines. In addition to the channel cross-sections,
survey data should also be acquired along the channel centerline and each of the channel toes. These
channel profile lines will provide the overlapping sounding data needed to perform cross-check
comparisons, and also may indicate potential shoal areas that exist between the cross-section sounding
lines. In addition to the sounding lines, the surveyor should also ensure that all prominent features within
the project area have been properly positioned and well described. The list of features should include all
fixed and floating aids to navigation, any shoreline features such as docks or bulkheads that extend close
or into the project limits, and any visible submerged or partially submerged obstructions.
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Figure 2-4. Cross-section surveys of a typical deep-draft navigation project

b. Annotation of depth data records. During data acquisition, the surveyor should maintain an
accurate and detailed written record of the overall survey operation. This written record could be entered
within a separate field book and/or entered directly on the echo sounder trace. This written record should
include the basic project start-up information (e.g., date, personnel, survey project, weather, sea
conditions, etc.), a record or summary of all calibration results, a summary of all survey lines run and any
unusual conditions encountered on these lines, and a description of all point features that were positioned
during data acquisition. In many congested project areas it is also useful to obtain photographs (regular or
digital) to help describe local project conditions. If photographs are obtained, then the written record
should also contain a brief description of what these pictures are depicting. A survey position should also
be taken to document the point from where the photo was taken.

2-9. Initial Field Data Review and Editing

After field data acquisition is complete, the data must be initially processed and edited in the field. This

is typically performed by manual processes described hereafter; however, software is rapidly being
developed that will automatically adjust, filter, smooth, edit, and thin hydrographic survey data. The
recorded or downloaded tide or water-level information must be properly applied to all sounding data.
Each individual sounding line must also be reviewed for both position and depth accuracy. Generally,
bad positioning data can either be smoothed over or rejected depending upon the extent of the bad data. If
there is only a short positioning gap or "bust" (i.e., less than 15 seconds) then generally the bad
positioning data could be smoothed between the adjacent good positioning data. For longer positioning

2-11



EM 1110-2-1003
1 Jan 02

busts, the data must usually be rejected and then re-run if necessary to provide the required survey
coverage.

a. Editing depth data. Generally, bad depth data can either be rejected or edited, but should not
be smoothed. During depth editing, the digital depth record should be compared to the analog echo
sounder trace. In addition to checking for incorrect digital depths (i.e., “spikes”), the surveyor should also
ensure that the critical strikes or shoals have been digitized. For instance, if the peak of a shoal or
obstruction was not digitized, then the surveyor must scale this depth off of the analog trace and then
insert it into the proper location within the digital record. For standard channel cross-section surveys,
there is usually not a lot of depth data editing or inserting that must be done. However, for surveys
conducted over irregular or varying bottoms, it may take a careful review of the records to ensure that the
digital data accurately depicts the true bottom. In these types of areas, the accuracy of the digital data can
be improved by increasing the record rate of the echo sounder and/or running the survey boat at slower
speeds.

b. Depth interpretation in unconsolidated materials. Other types of bottom conditions can also
impact the extent to which the depth data must be reviewed and edited. In naturally soft bottom areas or
in dredge areas with unconsolidated materials, it may be difficult to detect or even define the true bottom.
A low frequency transducer signal (e.g., 10 — 50 kHz) can usually penetrate a soft bottom layer and can
help identify the first hard bottom return. However, even if a dual frequency echo sounder is used, it can
still be a somewhat subjective decision as to what constitutes the true bottom. This can become a major
point of contention during dredge payment surveys and must be resolved in a consistent and equitable
manner. Frequently, the surveyor must prove to the project manager and the dredge contractor that the
depths they are using provide the “best” and most consistent representation of the bottom. In shallow
water projects, random pole soundings or lead-line soundings can be obtained to verify the accuracy of
the echo sounder depths. This is more difficult in deeper projects, though lead-line soundings may still be
possible in ideal conditions. The surveyor can also highlight the comparisons of overlapping survey data
outside of the dredged or disturbed areas to prove the consistency of the overall survey operations.

c. Surveys in shallow waters or wetlands. Echo sounder depth readings must also be closely
reviewed for operations conducted in shallow water areas. Extensive hydrographic surveying over
shallow water is often required to support some type of shoreline engineering or wetland creation project
and the hydrographic data will frequently be merged with adjacent topographic survey data. Because of
the required signal send and receive time delays, most digital echo sounders are unable to effectively
sound any shallower than two feet below the transducer. However, most of these echo sounders will still
output an incorrect digital depth, even as the transducer is dragging along the bottom. In these cases, the
digital depths will be off by up to two feet, but the errors will not be obvious to those who may be
reviewing or using the data in the future. For shallow-water surveying, it is important that the surveyor
know the limitations of the echo sounder, and either schedule the survey during high-water periods or
supplement the echo sounder depths with periodic pole soundings. In order to avoid discrepancies with
the overlapping topographic data, it is important that any invalid shallow-water echo sounder depths be
rejected during data editing.

d. Insufficient data coverage. While editing the depth data, the surveyor should also be alert for
any unusual or questionable features indicated within the echo sounder data. For instance, a slight rise or
depression on a normally flat bottom may be the indication of a side echo or scour hole associated with a
nearby obstruction. Any echo sounder features that cannot be adequately resolved or defined should be
noted; additional data may have to be acquired in the areas immediately around these unresolved features.

e. Final review. After all necessary position and depth edits have been completed, the surveyor
should review the overall edited survey package to ensure that adequate coverage has been obtained.
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Ideally, this initial editing and review of the data should take place in the field so that any additional field
work that may be required can be quickly addressed. This is particularly true for projects that are distant
from the area where the survey party is based. During this data review, the surveyor should also check
the consistency of the present survey data by comparing any overlapping sounding data. If the survey
area is part of a dredging project or has been surveyed in the recent past, then the current survey data can
also be compared against any prior survey data to provide another measure of the reliability of this data.
Any additional field data that is required to fill in coverage holes caused by rejected data, to better define
a potential bottom feature, or to resolve some other discrepancy should be acquired as soon as possible.
This additional data should be edited as discussed above and then combined with the prior survey data.

2-10. Field Data Submittal to District Office

After data acquisition and initial field editing are complete, the finished field data package should be
submitted for office review and final data processing. Many of the specific procedures used for
submitting data and also the office where the final data processing actually occurs will likely vary a great
deal between Corps districts. However, in most cases the same basic requirements for data submittal will
need to be met. Generally, both raw and edited digital survey data, any applicable digital parameter files,
all echo sounder traces, all survey notes or field books, any supplementary tide or GPS data, any digital or
regular photographs taken, and any other relevant survey information should be submitted to the final data
processing office. In addition to the field survey items outlined above, the field unit may also be
responsible for creating and submitting the initial metadata file that will be used to describe and track this
data set as it moves through the final data processing phases.

a. District office review of incoming field data package. If the field performed most of the
editing and processing of data on board the survey boat, then the amount of district office review will be
minimal; and will be primarily a quality assurance check on the adequacy of the field data processing. A
cursory scan of cross-sections is usually adequate to pick up any editing deficiencies. A cross line check
run in the field may also be rerun to verify data adequacy. Comparisons with any recent surveys should
be performed. For contract surveys pre- and post- dredge sections may be compared. Data are then
sorted for subsequent volume computations and/or plotting. The type of processing for volumes will
depend on the type of collected data and if TIN or average-end-area volumes will be computed. After
quantities are computed, they should be quality checked against estimated quantities or progress payment
quantities. Data are then sorted at proper increments for eventual plotting. Thinning of data must follow
Corps-wide guidelines. Multiple sorts may be required if different plot scales are needed.

b. Convert data to CADD format and distribute to users. Hydrographic data is incorporated with
other related information such as digital quad data, aerial mapping data, and digital photos. Data files are
merged within a CADD package--e.g., MicroStation/Inroads--and drawings are adjusted to the desired
plot scale. Although most surveys are distributed in plan format, other display options are available.
Figure 2-5 depicts a condition survey report in which controlling depths are shown by profile lines along
the channel. The entire database should be reviewed prior to electronic transmittal to the requesting
district function. Project Managers receiving data should be requested to red-line any corrections and
provide other comments. Where applicable, controlling depths are determined for project condition
reports. Final drawing files are created and raw and edited data and map files are archived. Metadata
files are generated and placed on applicable public servers. Project condition survey data is distributed to
Federal and local agencies, and posted directly on servers for public access. Digital Project Notebook
data are updated if needed to reflect new survey information.
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Figure 2-5. Savannah Harbor profile lines (Savannah District)

2-11. Mandatory Requirements

There are no mandatory requirements in this chapter.
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Chapter 3
Corps Accuracy Standards, Quality Control, and Quality Assurance Requirements

3-1. Purpose
This chapter contains survey accuracy, quality control, and quality assurance criteria for USACE

hydrographic surveys. These criteria are intended to provide Corps-wide consistency and uniformity in
performing surveys on civil works projects.

Table 3-1. Minimum Performance Standards for Corps of Engineers Hydrographic Surveys (Mandatory)

PROJECT CLASSIFICATION

Navigation & Dredging Support Surveys Other General Surveys & Studies

Bottom Material Classification (Recommended Standards)
Hard Soft
RESULTANT ELEVATION/DEPTH ACCURACY (95%)
System Depth (d)
Mechanical (d<15 ft) +0.25ft +0.25ft +0.5ft
Acoustic (d<15 ft) +0.5ft +0.5ft +1.0ft
Acoustic (15>d<40 ft) +1.0ft +1.0ft +2.0ft
Acoustic (d>40 ft) +1.0ft +2.0ft +2.0ft
OBJECT/SHOAL DETECTION CAPABILITY
Minimum object size (95% confidence) > 0.5 m cube > 1 m cube N/A
Minimum number of acoustic hits >3 3 N/A

HORIZONTAL POSITIONING

SYSTEM ACCURACY (95%) <2m (6 ft) 2 m (6 ft) 5m (16 ft)
REPORTED FEATURE HORIZONTAL LOCATION ACCURACY (95%)

Plotted depth location 2 m (6 ft) 5m (16 ft) 5m (16 ft)

Fixed planimetric features 3 m (10 ft) 3 m (10 ft) 3 m (10 ft)

Fixed navigation aids 3 m (10 ft) 3 m (10 ft) 3 m (10 ft)

Floating navigation aids 10 m (30 ft) 10 m (30 ft) 10 m (30 ft)
SUPPLEMENTAL CONTROL ACCURACY

Horizontal Control 3rd order (1) 3rd order (1) 3rd order (1)

Vertical Control 3rd order 3rd order 3rd order
WATER SURFACE MODEL ACCURACY [z depth accuracy standard] 2 depth accuracy
MINIMUM SURVEY COVERAGE DENSITY 100% Sweep NTE 200 ft or 60 m NTE 500ft (150m)
QUALITY CONTROL & ASSURANCE CRITERIA

Sound velocity QC calibration > 2/day 2/day 1/day

Position calibration QC check 1/day 1/project 1/project

QA performance test Mandatory Required (multibeam) Optional

Maximum allowable bias +0.1ft +0.2ft +0.5ft

3-2. USACE Hydrographic Survey Accuracy Performance Standards (Mandatory)

Table 3-1 contains the most critical technical performance standards for Corps hydrographic surveying
activities. These standards are mandatory for "Navigation and Dredging Support Surveys." The
standards for "Other Surveys and Studies" are recommended. These standards are designed to reflect
current survey instrumentation, practices, and capabilities; however, it is fully recognized that exceptions
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to these standards will exist for some applications, or as technological advances occur--refer to Chapter 1
for waiver procedures. These standards are considered "minimum technical performance standards" and
are independent of the measurement process employed. Explanatory notes and definitions for the
classifications and standards are in subsequent sections of this chapter. More detailed standards are found
in other chapters covering specific instrumentation, equipment and procedures.

3-3. Accuracy, Quality Control, and Quality Assurance

The standards in Table 3-1 represent the resultant elevation (or depth) accuracies of the data set collected
on a survey. Various Quality Control (QC) procedures and Quality Assurance (QA) performance tests are
performed to meet and confirm these accuracy requirements. The distinction between QC and QA is
important.

a. Quality control. Throughout this manual a variety of QC procedures are prescribed for survey
instrumentation and data collection techniques in order to minimize systematic and random errors in
individual data points. Table 3-1 only specifies general speed of sound and position QC tests. Related
QC tests include: bar checks, velocity casts, patch tests, instrument alignment tests, vessel velocity
limitations, multibeam beam-width restrictions, and overlapping coverage. Recommended QC
procedures are contained in this manual and in equipment manufacturer's operating manuals. These
recommended QC procedures are based on past experience and practices by Corps districts and should
not be waived without thorough justification and analysis. Performing all recommended QC procedures
does not necessarily ensure that the resultant elevation data will meet the accuracy standards in Table 3-1,
as measured by a QA performance test.

b. Quality assurance. QA tests are performed to verify the survey data meets the required
accuracy standard. An ideal QA procedure compares observed X-Y-Z coordinate dataset values with
coordinate values obtained from an independent source of higher accuracy for the same identical points --
reference FGDC Geospatial Positioning Accuracy Standards: Part 3--National Standard for Spatial Data
Accuracy. Obtaining independent, higher-accuracy test points is either impractical or impossible for most
hydrographic survey data collection systems. Thus, acceptable hydrographic QA performance tests
typically compare two nearly independent sets of elevation data collected over the same area. The
resultant statistical comparison between the two data sets is evaluated against the required elevation
accuracy in Table 3-1. If a QA test indicates data does not meet the accuracy standard, then additional or
more stringent QC procedures and calibrations may be required. QA performance tests are not always
feasible or practical for all survey methods -- e.g., lead line surveys -- or the results may not be definitive
due to few independent depth comparisons -- e.g., single-transducer cross-section surveys. QA tests are
essential for acoustic multibeam surveys and typically compare more accurate vertical beam elevations
and positions against those obtained from the outer portions of the array.

3-4. Project Classifications Relative to Accuracy Standards

The accuracy performance criteria in Table 3-1 distinguish between two general classes of USACE
support surveys--those performed in support of navigation and dredging projects and those supporting
general engineering studies. In general, accuracy requirements are more demanding for navigation
projects where ship clearance and contract dredging payment issues are especially critical. Surveys for
general hydraulic engineering studies, reconnaissance, planning, etc., usually do not require the same
levels of accuracy. This distinction is not entirely rigid -- specific horizontal and vertical accuracy
requirements should always be assessed and defined for each project. The accuracy standards in Table 3-
1 are considered "minimum" -- they may not be applicable or adequate (i.e., accurate enough) for all
projects, or the horizontal and vertical accuracy requirements for a particular project are unique. For
example, hydraulic sections on a small drainage project may be require + 0.1 foot elevation accuracies but
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only 20 ft horizontal accuracy. In cases where these standards are considered too rigid, then waivers must
be requested from HQUSACE.

3-5. Navigation and Dredging Support Surveys

This classification applies to all surveys performed in support of the Corps navigation mission. It
includes both deep-draft (> 15 ft) and shallow-draft (< 15 ft) navigation projects. Types of surveys
include: project condition surveys of navigation channels, dredging contract plans and specifications
surveys, dredging measurement, payment, clearance, and acceptance surveys, and river charting surveys.
The two distinct sub-categories are based on the characteristics of bottom conditions and the potential for
navigation hazards in the project. These sub-classifications, and related accuracy standards, are intended
to correspond closely with recently revised international and Federal hydrographic surveying standards
for navigation projects. In effect, the survey instrumentation requirements, accuracy standards, and
quality control procedures vary as a function of bottom type in a navigation channel; as does the required
accuracy of dredge measurement and payment. The standards in Table 3-1 are mandatory for this class of
survey.

a. Hard bottom material and/or new work. This sub-category of surveys includes those
involving newly authorized navigation projects containing hard bottom material, such as rock or highly
compacted material, or maintenance dredging of existing navigation projects containing hard bottom or
otherwise hazardous material. This would also include recurring condition surveys of these projects.
This category may also include navigation projects where low under-keel clearances are anticipated over
potentially hazardous bottom conditions, hazardous cargo is transported, or where bottom sediment could
adversely impact naval vessels transiting a project. Mechanical or acoustic sweep methods must be
employed to ensure 100% bottom coverage in order to detect small objects remaining above the required
dredging prism. The most precise carrier-phase DGPS positioning and elevation measurement techniques
must be employed for this class of project. In actuality, only a small number of Corps projects fall under
this category--for example, projects such as Kill Van Kull, NJ, Port of Los Angeles/Long Beach, and St.
Marys River, MI. A hard bottom classification does not require in situ bottom density sampling but
should be based on a professional geotechnical opinion given local project knowledge, historical
information, and project requirements.

b. Soft bottom material and/or maintenance dredging. This sub-category of surveys is intended
to cover navigation projects containing soft sand/silt bottoms not judged to be hazardous to vessel hulls;
or in projects with soft, featureless, and relatively continuous channel bottoms where gaps in coverage
between survey lines are unlikely to yield potential hazards/strikes. The vast majority of the Corps 926
deep- and shallow-draft navigation projects and 12,000 miles of maintained waterways fall within this
category--e.g., inland and intracoastal navigation systems and most coastal harbor projects. Accuracy,
QC, and QA standards are slightly relaxed for this class of projects. Vessel positioning is usually
accomplished using nationwide or local DGPS -- e.g., USCG Radiobeacon System. Dredge
measurement, payment, and acceptance surveys are typically performed by cross-section methods using
single beam acoustic transducer systems. Acoustic multi-transducer or multibeam sweep systems may
optionally be used on deep-draft projects.

¢. Underwater investigation surveys. These surveys include precise investigation surveys
of/around locks, dams, power plants, abutments, piers, jetties, bulkheads, and other structures. Detailed
investigation surveys of hazardous objects lying within the authorized navigation prism or project depth
should follow the accuracy standards prescribed for navigation and dredging surveys. If full bottom
coverage and/or object detection sweeping is required, then the standards for the most precise (Hard
Material) sub-category of surveys should be followed. On critical surveys, 200% acoustic coverage is
usually recommended.
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3-6. Other General Surveys and Studies

This category includes all other hydrographic surveys not directly associated with construction
measurement, payment, and acceptance functions, or surveys not associated with a navigation project or
data that is incorporated directly or indirectly into a Corps, NIMA, or NOAA navigation chart. Examples
of these surveys include: general reconnaissance or planning surveys/studies, flood control project
surveys, reservoir sedimentation surveys, flood plain boundary surveys, hydrological and hydraulic
surveys, coastal engineering surveys, beach surveys, environmental investigations, geotechnical
investigations, and disposal area surveys. The accuracy standards shown in Table 3-1 are not mandatory
for this class of surveys.

3-7. Resultant Elevation/Depth Accuracy Standard

In Table 3-1, the root-mean-square (RMS) elevation accuracy performance standards are evaluated at the
95% confidence level (1.96-0), and are specified for a reduced depth, relative to a local reference datum.
An accuracy reported at the 95% confidence level means that 95% of the elevations in the dataset will
have an error with respect to true ground elevation that is equal to or smaller than the reported accuracy
value. It includes all propagated error components that make up a reduced elevation (i.e., local geodetic
datum errors, tide/stage modeling-extrapolation-interpretation errors, dynamic-latency/roll/pitch/heave
errors, acoustic measurement errors, including velocity, refraction, and beam forming errors, etc.). It also
includes any horizontal errors propagated through the vessel positioning system employed (e.g., DGPS,
tag line, total station). Different depth measuring systems have widely varying accuracies. Typically,
mechanical and acoustic depth measurement accuracy degrades with increasing depth. Multibeam system
accuracies degrade as beam angle increases. Other factors, such as tide or water surface model
uncertainty, can further compound the assumed depth-accuracy relationship. The depth-dependent
accuracy standards shown in Table 3-1 attempt to accommodate the differing project depths found on
USACE navigation projects, and the typical survey equipment and procedures used on these projects.
They also recognize that shallow-draft projects (< 15 ft) generally have more accurate tide/stage or water
level surface models than deep-draft projects in coastal (tidal) areas. Likewise, deep-draft projects over
40 ft will typically have less accurate tidal modeling.

a. Mechanical depth measurement methods in less than 15 feet of water include lead line,
differential leveling, total station, etc. Beyond 15 feet of depth, mechanical depth measurement accuracy
significantly degrades, so these devices are now rarely used for dredging and navigation surveys in these
greater depths.

b. Acoustic methods include single-transducer, multiple-transducer, or multibeam systems.
Accuracy standards for project depths less than 15 feet are intended to include shallow draft or inland
navigation projects where tide/stage and sea state corrections are minimal. Depths over 40 feet are
intended to include coastal entrance channels or other offshore areas subject to significant tidal phase,
tidal range, and sea state variations. The elevation accuracy standards are only applicable for project
depths less than 80 feet or 25 m.

¢. In areas with uncertain datum reference planes, undefined tidal modeling, or subject to large
hydraulic grade or weather induced water surface anomalies, centimeter-level carrier-phase DGPS
elevation measurements may be necessary to achieve the more stringent accuracy requirements.

d. The elevation accuracy standard is assessed by computing the standard deviation between two
overlapping surveys--multibeam or single-beam cross-line check comparisons. The process is described
in Chapter 4.
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3-8. Horizontal Positioning System Accuracy Standard

The horizontal positioning system accuracy standards indicated in Table 3-1 are prescribed to ensure that
data shown on contract drawings or river charts meet minimal feature location accuracy standards. In
reality, this horizontal accuracy standard is a QC procedure in that horizontal errors propagate into the
resultant elevation accuracy. The standard is a two-dimensional radial (circular) error measured at 95%
confidence region accuracy, and is specified for the transducer location relative to a local project or
nationwide geodetic framework. It includes all propagated error components that make up the overall
position error budget (i.e., local geodetic network accuracy, electronic positioning system/DGPS
accuracy, dynamic-latency/roll/pitch errors, antenna-transducer translation errors, etc.). This positioning
system accuracy is not the reported horizontal accuracy of the projected depth feature--see paragraph 3-10
below. Nationwide code phase DGPS networks will generally achieve the 2-meter accuracy standard at
reasonable distances from the reference station; however, in some cases, more accurate total station or
carrier-phase DGPS positioning may be necessary to ensure less than 2-meter positional accuracy is
consistently obtained so that a resultant feature is located within the required tolerance.

3-9. Object and Shoal Detection Standards

The performance standard is based on detection of object of cubic side dimensions indicated, using either
mechanical or acoustic sweeping/scanning methods. Demonstration testing of the acoustic detection
system's capability should be specified/required on critical projects. This would entail deployment of an
artificial object with the required dimensions. A minimum of three acoustic returns must be received
from a shoal or object to confirm its existence. These acoustic hits may be obtained on a single pass or,
more conclusively, over successive passes. Reconfirmation of a strike above project grade by successive
passes on different courses is strongly recommended for dredging clearance surveys.

3-10. Reported Feature Horizontal Location Accuracy

Topographic and planimetric features shown on navigation drawings or charts should be located so as not
to exceed te the indicated accuracies in Table 3-1. Feature positional accuracies (and elevation
accuracies) are estimated and reported at the 95% RMS level, and are usually averaged for a project--refer
to FGDC Geospatial Positioning Accuracy Standards--Part 1: Reporting Methodology. The reported
horizontal accuracy of a recorded (geospatially plotted) depth(s) should account for the various
propagated error components that are contained in the positioning system and echo-sounding beam
forming systems. The positional accuracy of a recorded depth will generally degrade as depth increases,
and in the outermost arrays of a multibeam system. Estimating the overall (average) resultant horizontal
accuracy of recorded depths is project dependent, and must factor in the overall horizontal error budget--
see Chapter 4 for additional guidance. Fixed planimetric features include dredging limits, bulkheads,
piers, etc. Fixed navigation aids are lighthouses, ranges, beacons, daymarks, etc. In general, code-phase
DGPS accuracy is sufficient for positioning fixed navigational features. These accuracies of fixed
features do not apply to design or construction of marine facilities or structures. Contract plans for such
facilities require conventional topographic or photogrammetric mapping accuracies--see EM 1110-1-1000
(Photogrammetric Mapping) and EM 1110-1-1005 (Topographic Surveying).

3-11. Supplemental Control Accuracy
These standards refer to supplemental control surveys performed to extend project control for other
applications. This would include control for traditional tag line or range-azimuth surveys of areas where

DGPS is obscured, beach renourishment surveys, or surveys to transfer elevations to supplemental gages
or staffs. Technical guidance for control surveys may be found in Chapter 11 (Accuracy Standards for
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Engineering, Construction, and Facility Management Surveying and Mapping) of EM 1110-1-2909
(Geospatial Data and Systems) and EM 1110-1-1005 (Topographic Surveying).

3-12. Tidal or Water Level Surface Modeling Accuracy

These standards refer to the accuracy by which the water surface elevation is determined at the point a
depth measurement is observed. Tide or stage uncertainty can often be the major error component in the
resultant accuracy of an elevation measurement. It includes the precision which a tide or river stage is
interpolated or extrapolated (i.e., modeled) relative to a reference gage. In areas where modeling
techniques are inadequate, where the project area is distant from the reference gage, or with large tidal
range and phase variations, carrier-phase DGPS techniques may be necessary to meet the required
standard.

3-13. Survey Density

a. Hard Material. Full bottom coverage (i.e., 100%) may be obtained using any of the following
methods: mechanical bar sweep, multi-transducer acoustic sweep, acoustic multibeam sweep, or side-scan
sonar sweep. Sweep alignment may be run in any direction. Double (200%) coverage may be specified
on critical navigation projects.

b. Soft Material. In soft material, either multibeam or single-beam survey systems may be used.
Multibeam systems are recommended for deep-draft navigation projects. If single-beam systems are
deployed, cross-section spacing shall not exceed the 200-foot standard, where cross-sections are run
perpendicular to the channel alignment. 100-foot sections are recommended for most dredging
measurement and payment projects. If single-beam longitudinal sections are run, additional (denser)
sections shall be required along channel side slopes. Some condition surveys may not require side slope
coverage. Cross-section spacing may be increased on condition surveys of shallow-draft projects
containing soft, uniform bottoms. Other exceptions would include general project condition surveys of
narrow intracoastal waterways or undefined river channels where longitudinal or centerline surveys are
conducted for shoal investigation or reconnaissance purposes.

¢. Other Surveys and Studies. Standard specified for single-beam echo sounder, cross-sections
run either perpendicular to or longitudinal with the project alignment. Full coverage LIDAR or acoustic
sweep systems may optionally be used if available.

3-14. Quality Control and Quality Assurance Criteria

Table 3-1 contains four of the more critical quality control and quality assurance criteria required for
USACE hydrographic surveys. Other supplemental quality control calibrations required for individual
system components are described in manufacturer's operation manuals and in later chapters of this
manual. The QC and QA criteria listed in Table 3-1 are based on generally accepted procedures currently
in practice. More detailed guidance on QC/QA tests can be found in chapters dealing with the specific
survey systems.

a. Sound velocity calibrations. Sound velocities for all acoustic systems shall be observed at the
minimum intervals shown in Table 3-1. Velocity measurements by bar check, ball check, and/or velocity
meters are mandatory. Some equipment (e.g., multibeam) may require more calibrations than that
indicated, based on QA performance results.

b. Horizontal position calibration. Criteria are specified for local or regional code or carrier
phase DGPS positioning system. Generally, only a position verification (i.e., blunder) check is required,
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either at known project control point or from redundant USCG beacon positions. Other positioning
systems require more demanding calibrations, as indicated in subsequent chapters.

¢. Quality assurance performance test. QA performance tests shall be performed in order to
verify compliance with the depth accuracy standard. Performance tests are required for multibeam
systems and are optional (but recommended) for single-beam systems. Procedures and criteria for QA
performance tests are found under the chapters covering single-beam, multiple-transducer, and multibeam
systems.

d. Maximum allowable bias. The maximum bias between two surveys is indicated in Table 3-1.
This bias is determined by computing the mean difference between two overlapping surveys--multibeam
or single-beam cross-line check comparisons.

3-15. Related Standards

Following is a list of international, Federal, and USACE standards that may have application to
navigation data collected on Corps projects. Additional standards are listed in Chapter 6.

a. EM 1110-1-2909 (Geospatial Data and Systems), Chapter 11 (Accuracy Standards for
Engineering, Construction, and Facility Management Surveying and Mapping). This chapter of EM
1110-1-2909 provides technical guidance on engineering surveying and mapping accuracy standards used
in engineering and construction. It is intended for use in developing specifications for geospatial data
used in various project documents, such as architectural and engineering drawings, master planning maps,
construction plans, navigation project condition charts and reports, and related GIS, CADD, and AM/FM
products.

b. FGDC Geospatial Positioning Accuracy Standards, Part 3: National Standard for Spatial
Data Accuracy. This FGDC standard is used to evaluate and report the positional accuracy of spatial data
produced, revised, or disseminated by or for the Federal Government. According to Executive Order
12906, Coordinating Geographic Data Acquisition and Access: the National Spatial Data Infrastructure,
“Federal agencies collecting or producing geospatial data, either directly or indirectly (e.g. through
grants, partnerships, or contracts with other entities), shall ensure, prior to obligating funds for such
activities, that data will be collected in a manner that meets all relevant standards adopted through the
FGDC process.” Related FGDC standards include:

(1) FGDC Standards for A/E/C Surveys. Federal Geographic Data Committee (FGDC), Facilities
Working Group, Geospatial Positioning Accuracy Standards PART 4: Standards for Architecture,
Engineering, Construction (A/E/C) and Facility Management. This standard is currently in draft form.
The Corps of Engineers (HQUSACE) was the primary developer for this standard; thus it reflects most
Corps civil works and military construction activities. It provides recommended accuracy tolerances for
site plan mapping supporting engineering and construction. It also contains recommended control survey
accuracy standards for these projects. Its application to hydrographic surveying would be depiction of
topographic and planimetric detail adjacent to projects.

(2) FGDC Standards for Nautical Charting Surveys. Federal Geographic Data Committee
(FGDC), Bathymetric Subcommittee. Geospatial Positioning Accuracy Standards PART 5: Standards for
Nautical Charting Hydrographic Surveys, (July 2000 Draft). This document provides minimum standards
for the horizontal and vertical accuracy of features associated with hydrographic surveys that support
nautical charting. Such features include, but are not limited to, water depths, objects on the seafloor,
navigational aids, and shoreline. The scope of these standards includes the coastal waters of the U.S. and
its territories. A copy of the latest draft (July 2000) of this standard is at Appendix B.
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c¢. International Hydrographic Organization (IHO) Standards for Hydrographic Surveys.
Special Publication No. 44, Fourth Edition, Monaco, (1997 Draft). IHO is an intergovernmental
consultative and technical organization working to support the safety of navigation and the protection of
the marine environment. The purpose of this standard is to specify minimum criteria for hydrographic
surveys in order that hydrographic data collected is sufficiently accurate and that the spatial uncertainty of
data is adequately quantified to be safely used by mariners (commercial, military or recreational) as
primary users. The FGDC Part 5 standard at Appendix B was taken directly from this IHO standard.
Therefore, these two standards are nearly equivalent.

d. FGDC Bathymetric Subcommittee. National Hydrography Data Content Standard for Coastal
and Inland Waterways — January 2000 (Draft). This document contains a catalog of hydrographic feature
terms and definitions pertaining to navigation of coastal and inland waterways, as they relate to charting
and electronic chart display applications. The standard does not address data distribution formats,
extraction criteria, or accuracy reporting methods beyond inland and coastal waterways. This standard
does not currently address hydrographic symbology. However, in future versions/releases it is planned to
add standard symbology information. A copy of the latest draft of this standard is at Appendix C.

e. International Hydrographic Organization's S-57 (IHO S-57) Appendix A, Object Catalog for
Digital Hydrographic Data.

f. National Institute of Standards and Technology, Federal Information Processing Standard
Publication 173 (Spatial Data Transfer Standards), U. S. Department of Commerce, 1992.

g. North Atlantic Treaty Organization’s (NATO) Digital Geographic Information Exchange
Standard (DIGEST) Part 4, Feature Attribute Coding Catalog (FACC). This is a comprehensive coding
scheme for features, their attributes and attribute. This allows for joint naval operations between
sovereign countries and requires naval personnel to have familiarity amongst traditional S-57 and FACC.

h. CADD/GIS Technology Center (Tri-Service) Spatial Data Standard (SDS). Primarily used for
civil and military installation mapping and facility management.

i. US. Army Corps of Engineers (USACE) Regional Engineering and Environmental Geographic
Information System (REEGIS). A data dictionary for inland waterways developed by the Mississippi
Valley Division for engineering, navigation and flood control structures along the Mississippi River.

3-16. Mandatory Requirements

Mandatory Corps accuracy standards, QC criteria, and QA requirements are identified in Tables 3-1 and
in subsequent explanatory paragraphs in this chapter.

3-8



EM 1110-2-1003
1 Jan 02

Chapter 4
Survey Accuracy Estimates for Dredging and Navigation Projects

4-1. General Scope

This chapter defines the hydrographic surveying accuracy standards used in Table 3-1. It also provides
guidance on statistically evaluating the accuracy of an observed geospatial point (i.e., a depth measurement)
or a set of points in a database. Such evaluations are used in assessing the accuracy of a hydrographic
survey relative to channel clearance, dredge measurement and payment, and related coastal engineering or
hydraulic engineering computations.

4-2. Hydrographic Survey Accuracy

Hydrographic surveying is, in its most basic form, a two-legged, open-end traverse. The first leg of the
traverse is the positioning of the survey platform. The X-Y location of the survey boat is typically
determined by visual or electronic methods described in this manual. The elevation of the boat is usually
obtained relative to the elevation of the local water surface. Thus the vessel position and elevation are
independent measurements—each with their own accuracies. The underwater depth measurement—the
second leg of the open-end traverse--is made relative to the water surface using mechanical or acoustic
methods. Depth measurement methods have widely varying accuracies. Unlike conventional terrestrial
surveying, there is no method to “close out” the traverse on a measured depth. Therefore, the accuracy
assessment of an observed depth can only be estimated using statistical assumptions. In addition,
hydrographic surveying has few real-time quality control indicators to verify or check its resultant accuracy.
Since the subsurface point is not visible, even gross blunders are difficult to detect. Maintaining prescribed
accuracy criteria, therefore, requires precision, care, and quality control in the measurement process. There
are few opportunities to correct or adjust the data after the fact.

a. Vessel horizontal position accuracy. A survey vessel's horizontal position is determined by an
open-ended survey method--trilateration, triangulation, or traverse. Because these positioning methods have
no independent check, the accuracy of an offshore position is totally dependent on the precision of the
measuring process. The positional accuracy is a function of the measurement method, distance from the
reference baseline, atmospheric conditions, sea state, and numerous other factors. Positional accuracies can
vary from less than 0.5 meters (carrier phase real-time-kinematic (RTK) DGPS) to over 20 meters when
visual location methods are used.

b. Depth measurement accuracy. Depth measurement accuracy likewise has many potential error
components. These include measurement method (mechanical or acoustic), sea state, water temperature and
salinity, transducer beam width, bottom irregularity, bottom consistency, and vessel heave-pitch-roll
motions. In addition, the depth must be referenced to the local water surface which, in turn, must be
referenced to a datum plane at some remote point. All these factors make up the error budget of the depth
measurement.

c. Combined horizontal and vertical accuracy. The overall accuracy of an observed bottom depth
elevation is dependent on many random and systematic errors that are present in the measurement processes
used to measure that elevation. This makes any quantitative comparisons of the observed elevations
difficult, particularly in areas of irregular terrain. Thus, any efforts to compare different surveys made over
the same presumed point must factor in the inaccuracies in all three dimensions and their resultant impact on
an existing terrain gradient. An overall assessment of the accuracy of an individual depth or bottom
elevation must also fully consider all the error components contained in the observations that were used to
determine the point. The resultant accuracy of a single depth point is represented by a 3-D error ellipsoid, as
shown in Figure 4-1. The dimensions of this ellipsoid are indicated by the standard errors in all three
dimensions—sy, Sy, and s;. The size and orientation of this 3-D ellipsoid is determined from all the various
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error components (“uncertainties”) that made up the position and depth measurements. In general, the
dimensions of the ellipsoid are larger in the X and Y planes, due to positional accuracy being less accurate
than the depth measurement (e.g., 2 meter DGPS accuracy and +1 foot depth accuracy).

Positional uncertainty
ellipse Positioning system

Water surface elevation

Transducer elevation

Depth measurement
i uncertainty

—

Depth error ellipsoid

ﬁ/sv

Figure 4-1. Three-dimensional uncertainty of a measured depth

d. The accuracy of hydrographic survey measurements is therefore highly dependent on the
accuracy of each measurement component, including calibrations, parametric correlation (time, distance, or
velocity) of the measured components, reductions, and corrections made to the data. It is also highly time-
dependent, given the inability to make frequent calibrations, short-term physical changes in the
measurement mediums (water and air), and the wide area over which these variations may occur.
Hydrographic surveys can exhibit different results when measurements are repeated at different times. This
variation becomes obvious when comparing cross sections (and resultant end area volumes) measured by
different survey crews and/or systems, or even the same crew and system in many cases. It is extremely
difficult to independently verify the accuracy of a dynamic hydrographic measurement. In general, the
accuracy of a hydrographic survey can only be estimated based on results obtained during repeated
equipment calibrations. Since these calibrations are not always performed in a dynamic (on-line)
environment, the ultimate accuracy must be estimated (thus the use of the term “estimated accuracy”) using
statistical estimating measures. Other techniques that may be used to evaluate the accuracy of a
hydrographic survey include cross-check lines and performance tests in multibeam surveys. These are
described in later chapters of this manual.

4-3. Accuracy, Precision, and Root Mean Square Error

A clear distinction must be made between the terms accuracy and precision when referring to a
hydrographic measurement or series of measurements (i.e., a data set from a particular survey). These
concepts are illustrated in the depth observation dispersion curves in Figure 4-2. In this figure, observed
depths are dispersed around a "true" value that is unknown. The depth observations contain both random
errors and systematic biases. Biases are often referred to as systematic or external errors and may contain
observational blunders. A constant error in tide or stage would be an example of a bias. Random errors are
those errors present in the measurement system that cannot be easily minimized by further calibration.
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Examples include echo sounder resolution, water sound velocity variations, tide/staff gage reading
resolution, etc. The precision of the observations is a measure of the closeness of a set of measurements--or
their internal agreement-- shown as O ranpom error 10 the figure. This is synonymous with “repeatability.”
Accuracy relates to the closeness of measurements to their true or actual value. Accuracy, therefore,
includes both precision (O ranpom Error) and any systematic biases (shown as O gjas ) that may be present.
For example, a depth digitizer may repeatedly display a given depth to precisely + 0.1 ft; however, the
accuracy of the depth may be only + 1.5 ft when other error components are included. Repeated
observations during a static calibration will not always remove systematic biases that may be present--e.g., a
tidal datum error in a depth observation. High precision, or repeatability, does not necessarily indicate high
accuracy. Apparently scattered data may be highly accurate, whereas highly repeatable data could have
large undetected biases.

a. The upper curve in Figure 4-2 illustrates such a case. The measurements have a high "precision”
of say + 0.2 ft but there could be a (-) 1.3 ft bias due to a tidal modeling error at the work site, a bar check
calibration blunder, or erroneous squat/settlement correction. A smooth, flat bottom in calm waters would
yield a small variance such as the + 0.2 ft value.

b. The lower curve is an example of a low "precision" depth measurement. In this case, the depth
observations vary by say + 0.8 ft (O ranpoM Error) but there is only a small (+) 0.1 ft bias in the observations.
The random error component could be due to such causes as uneven bottom topography, bottom vegetation,
positioning error, or speed of sound variations in the water column--errors that are difficult or impossible to
remove by calibration. The small (+) 0.1 ft bias indicates that most systematic errors have been removed.

c. Both curves shown in Figure 4-2 occur in real hydrographic survey data sets. The preferred
distribution is the lower curve in that the systematic bias is minimal. A degree of randomness in the
observations is far more tolerable than systematic bias errors. Thus the objective is to minimize the biases
in a survey. Biases can be estimated using cross-line checks or multibeam performance tests.

O raroos TIGHTLY GROUPED MEASUREMENTS
emor | +0.2 ft —

HIGH PRECISION
HIGH REPEATABILITY
LOW ABSOLUTE ACCURACY

P=(68%

/' DISTRIBUTION
ﬂ? FUNCTTON |RMS =(0.22+1.32) 2 =413t
g,
4} " Bias (-) 1.3 ft
VALUE 1oUE VALUE
I
| MEAN VALUE SCATTERED MEASUREMENTS
; +0.8 ft LOW PRECISION
o Travoon LOW REPEATABILITY
P=68% ERROR HIGH ABSOLUTE ACCURACY

z

TRUE VALUE

|RMS=(0.82+0.12)"2=408ft

ROOT MEAN SQUARE (RMS) ERROR: Ope’ = Opupad *+ Tpias’

Figure 4-2. Typical dispersion curves for depth observations
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d. Root Mean Square error measure. Given geospatial depth observations containing both random
errors and systematic biases, a consistent accuracy measurement is required. These biases and random
errors can be combined to obtain the Mean Square Error (MSE) or Root Mean Square (RMS) error of a
depth observation. The equation for computing one-dimensional MSE or RMS error is:

RMS error =sqrt [ O eanpomErrRoR + O sus ]
(Eq4-1)

The RMS error estimator is used for comparing relative accuracies of estimates that differ substantially in
bias and precision. The random error and bias components in Equation 4-1 can be estimated from actual
depth comparisons--either relative to a fixed "true" surface (e.g., lock chamber) or based on duplicate
measurements over the same terrain.

(1) The distribution curve shown in Figure 4-2 could represent repeated depth measurements taken
over some "true" point--say observations made in a regulated lock chamber where the depth is accurately
known and controlled. In practice, such a "true" (or known) elevation in a lock chamber is rarely ever
available, and depth accuracies must be estimated using comparative readings taken over the same point on
the bottom (i.e., cross-line checks or performance tests). If the depth observations are randomly distributed,
the mean of all the observations will fall at the peak of the distribution curve. The mean of a sample series
of n depth measurements x is computed by:

Mean depth zy =2[z; ]/ (n)
(Eq 4-2)
where
n = number of observed depths in sample
z ;= individual observed depths (i=1 to i =n)

The difference of the mean z 4, from the "true" depth (shown as O gjas in Figure 4-2) represents a systematic
error in the observations that was not removed by calibration or modeling. The precision to which the mean
is computed is a function of the number of observation "#.” The more observations in the sample, the more
precisely the mean can be determined. Some biases are difficult to identify or remove. Examples of this
type of bias are temperature change, salinity changes, and tidal modeling. These biases are systematic in
nature but will vary randomly in time and position. They may be considered random from survey to survey,
and this allows their error contribution to be estimated with statistics.

(2) The shape, or spread, of the bell-shaped error distribution curve is an indicator of the dispersion
in the depth observations--i.e., the random errors. The upper curve in Figure 4-2 indicates tightly packed
observations and the lower curve indicates high variability in the observations. If the depth errors are
assumed to be random, then the dispersion of the depth observations can be estimated by computing the
Standard Error (s ; ) of the sample:

Standard error s, = sqrt[ (1/(m - 1) S[z: - zu]’ ]
(Eq4-3)

The magnitude of the dispersion is shown as O ranpom error 10 Figure 4-2. This distance represents the +
one-sigma (1-0) points on the normal distribution curve, with the cross-hatched area being a probability of
68% that the computed mean of the observed depths falls within this area of the curve. For example, on the
lower curve, 68% of observed depths would fall within + 0.8 ft from the mean. This means that a
hydrographic survey data set containing hundreds or thousands of geospatial points has a dispersion of + 0.8
ft at the 1-0 (68%) level. 32% of the depths can be expected to fall outside the + 0.8 ft interval. Which
individual depths are inside or outside this interval cannot be determined--only that the estimated 1-0
standard deviation of the survey is + 0.8 ft. The overall RMS accuracy may be larger if biases are present in
the data.
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(3) The RMS error is estimated by substituting the standard (random) error (Equation 4-3) and bias
(Equation 4-2) into Equation 4-1. This is illustrated in Figure 4-2.

e. RMS error should not exceed the stated tolerance in Table 3-1 for a USACE survey class.
Minimization of the many random and systematic errors (and blunders) present in horizontal and vertical
measurements is accomplished by repeated instrument calibration, adherence to prescribed procedural
criteria, and recognition of limitations in the measurement equipment. Careful field procedures, coupled
with adequate survey planning, equipment selection, and equipment maintenance, are also essential.

/- Subsequent chapters in this manual discuss some of the more common error sources in
hydrographic surveys. These factors apply to manual hydrographic survey methods or those using
electronic positioning and to echo sounding depth measurement systems. All these factors are capable of
producing errors that behave systematically, resulting in biases in a given survey. One objective of the
criteria presented in this manual is to reduce the magnitudes of these errors to tolerable levels and then
presume that they will offset one another randomly (noise like), with the resultant horizontal and vertical
standard errors falling within the prescribed levels for each survey class.

4-4. One-Dimensional Depth Accuracy Estimates--95% Confidence Estimation Level

RMS depth errors are computed and reported at the 95% confidence level in accordance with FGDC
Geospatial Positioning Accuracy Standards (Parts 1 and 3)--see Appendix A. USACE depth accuracy
tolerances in Table 3-1 are expressed at this 95% confidence level. This simply means that on average 19 of
every 20 observed depths will fall within the specified accuracy tolerance. Since the 1-sigma (68%)
standard is computed when depth accuracy is assessed, it can be converted to a 95% RMS confidence level
statistic by the following:

RMS (95%) depth accuracy = 1.96 - RMS (68%)
(Eq 4-4)

a. The above formula assumes the data are random and contain no large biases. It represents the
area under the +1.96-0 points on the distribution curves in Figure 4-2. This area covers 95% probable error
of all points in a data set. For example, when a data set for a pre-dredge survey of a 45-ft project is reported
accurate to + 2.0 ft, this means that 95% of the points in the data set will have an error with respect to true
ground position that is equal to or smaller than the reported accuracy value. 5% of the depths in the data
set will have errors exceeding + 2.0 ft. Again, it is impossible to determine which particular depth in the
data base lies within or outside the stated accuracy tolerance. If the pre-dredge survey was performed using
multibeam equipment, and 100,000 points are in a binned grid, some 5, 000 of these points could be outside
the 95% tolerance level. For this reason, a single depth observation above a required grade cannot be
assumed to be representative of the area—multiple observations above grade are needed to statistically
defend any assessment. Unlike land-based topographic and photogrammetric surveys, it is extremely
difficult to independently determine the resultant accuracy of any hydrographic survey. Photogrammetric or
topographic survey elevation accuracies are assessed by comparing observed elevations with those
determined by a “significantly” more accurate method—e.g., a photo-derived elevation point is tested
against that obtained by a spirit level or total station. Typically 20 or more points are tested and if 19 of 20
fall within the required tolerance, then the survey is deemed to be within the required accuracy.
Hydrographic surveys do not have “significantly” more accurate independent method of testing observed
data. Most depth measurement methods contain inherent errors of such magnitude that it is difficult to
statistically certify one method as more accurate than the other. One exception might be testing observed
depths inside a lock chamber.

b. Confidence of accuracy estimates. Confidence intervals are used to provide an indication of how
good an accuracy estimate is and how much it can be relied on (Mikhail, 1976). Confidence intervals are
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also termed degree of confidence. The confidence interval describes a boundary within which there is a
probability that the computed mean (or standard error) of depths in a data set fall relative to the true or
actual mean value (which is not known). The larger the observed data set, the better is the confidence of a
computed mean or standard error. Confidence intervals of means or standard deviations are also expressed
at the 95% level. The confidence interval of the mean has also been termed the standard error of the mean.

(1) For example, assume 50 depth comparisons are made between cross-line intersections from two
overlapping surveys conducted on different days. Average water depth was 45 ft. The bias between the two
surveys was (-) 0.02 ft--i.e., negligible. The computed standard deviation for the 50 points was + 0.85 ft.
The 95% confidence interval of the computed mean (+ 0.24 feet) is computed by standard t-distribution
statistical methods.

+(tons) (s)/(n) " = 4201 - 0.85 /(50) "> = +0.24 ft

where t= t-test critical value from Student-t probability table with (50-1) degrees of freedom and
0.025 probability
s = computed standard deviation of the sample
n = number of data values in sample

The 95% confidence interval of the computed mean is then shown as:
Probability { (-) 0.26 < computed mean (- 0.02 ft) <(+)0.22 } =0.95 (95%)

This means that the computed mean (-0.02 ft) is uncertain up to + 0.24 ft at the 95% confidence level. It
also means that a sufficient number of comparisons must be made in order to assess the accuracy of a
survey. If it is required to achieve a + 0.2 ft confidence in the mean to preclude against the existence of
systematic biases, then more comparison points than 50 are needed. Had 100 cross-line comparisons been
conducted, then the confidence interval of the computed mean would be + 0.17 ft, and the confidence range
shown as:

Probability { (-) 0.19 < computed mean (-0.02) <(+)0.15 } =0.95 (95%)

With 100 comparisons, the + 0.17 estimated confidence of the mean is below the desired +0.20. To achieve
a more reliable (or confident) estimate of the mean requires considerably more data set comparisons. Better
accuracies are also achieved with smaller standard deviations in the data.

(2) Minimizing biases by assessing the standard error of the mean is critical for hydrographic
surveys involving payment. Any constant bias present in a survey must be evaluated and reduced. Corps
QA Performance Tests allow a difference (or tolerance) of up to 0.2 feet when two surveys of the same area
are compared--see Performance Test standards in Tables 3-1, 9-1, 10-1, and 11-2. However, a much smaller
mean difference is desired in practice. To ensure that the standard error of the mean does not exceed, say a
+ 0.05 ft level, then the number of comparisons can be computed given the assumed survey's 1-0 RMS error
(function of project depth). If a survey is performed in 50-ft of water (i.e., required RMS accuracy =+ 2.0
ft), and a +0.05 ft confidence in the mean is desired, then, at minimum, some 1,500 cross-line or multibeam
comparison points are needed. This number of comparisons would only be practical for multiple transducer
or multibeam surveys.

(3) The 95% confidence of the computed standard deviation can also be estimated using statistical
methods--see Mikhail, 1976.
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4-5. Depth Measurement Error Components

Major error components of electronic echo sounding depth measurement methods are described in the
following paragraphs. From these error sources, relative accuracy estimates for varying project conditions
can be derived. The criteria standards for depths in Table 3-1 were established from these estimates.

a. Depth measurement system. The precision of any depth measurement will, in general, degrade
as a function of water depth. The accuracy of an echo-sounding measurement degrades with depth due to a
number of electronic and physical factors inherent in the sound travel-time measurement process, i.e.,
changes in water temperature, salinity, etc. Multibeam depth measurement accuracy typically degrades over
the outer beams on the array, depending on the type of depth resolution method employed and the bottom
characteristics or reflectivity. Beam refraction (ray bending) can also be a problem if not corrected. Older
analog recording devices have mechanical movements that contribute to inaccuracies in the recorded depth.
These errors are minimized by frequent calibration of the echo sounding equipment.

b. System calibration and alignment. Calibration of electronic echo sounding instruments is, in
itself, an imprecise process, particularly in deep-draft projects. Because bar check calibrations are
performed while the vessel is stationary, actual dynamic survey conditions are not truly simulated. The bar
check procedure is not error-free due to line slope in currents, signal strength variations between the bar
plate and the typical bottom condition, loading changes during calibration, and other factors. The accuracy
of a bar check calibration ranges from +0.1 to +0.2 ft, depending on the depth of the bar and sea conditions.
On small boats, personnel movement during bar checks may vary the transducer draft from that under
normal running conditions, causing a constant index error to occur. Velocity probes are in themselves
dependent on the accuracy and stability of their initial reference calibrations. Calibration of multibeam
swath systems is especially critical. Repeatability of some patch tests is difficult to achieve, due to
inadequate vessel position and terrain factors.

¢. Resolution of measured elevations. An accuracy of less than 0.1 ft is not possible on mechanical
recording echo sounders with relatively small-scale vertical divisions. Electronic depth digitizing devices
typically record and log depth data to a precision (not accuracy) of +0.1 ft.

d. Echo sounding system draft/index errors. Echo sounding measurements made from a hull- or
side-mounted transducer must be corrected for the distance between the transducer and the reference water
surface. This distance is normally referred to as the “draft” correction. Due to mechanical and electrical
indexing errors present in an echo sounding device, this “draft” correction is not always equal to the
physical (as-measured) distance between the water surface and transducer plate. Thus, the so-called “draft”
setting on an echo sounder should not be arbitrarily adjusted based only on short-term physical
measurements of the vessel's draft. Only a bar check calibration will effectively confirm this distance or
confirm that it is stable over the long term. Subsequent loading changes during the survey (added personnel,
fuel, etc.) may be adjusted for based on differential changes to a vessel's draft. The adequacy of such
adjustments should have been confirmed by a bar check calibration. Errors due to inadequate compensation
for the varied index, loading, and draft variations are systematic and can be significant, especially on small
boats with side-mounted transducers. These errors can exceed 0.5 ft in some instances.

e. Vertical reference datum. Hydrographic depth measurements are reduced and referenced to the
local water surface at the time the measurement is made. This water surface is normally referenced to an
on-shore reference benchmark or gage. The accuracy of the entire process is highly variable, and systematic
errors in the survey can result if adequate precautions are not taken. The most significant error component
involves the assumed stability of the water surface between the on-shore gage and the survey vessel. This
stability is usually valid in most non-tidal lakes, impoundment reservoirs, and rivers where extensive stage
surface modeling has been performed, and staff gages can be set at every 0.2- to 0.4-ft change in river slope.
In these areas, interpolated vertical reference accuracies within +0.1 ft are attainable. However, on coastal
navigation projects subject to tidal influences, any surface gradients between the gage and underway vessel
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must be corrected--usually by imprecise extrapolations from an on-shore gage to a distant point offshore.
Performing this correction is complex and costly, and is more fully explained later in this manual.
Uncorrected tidal surface gradient errors can exceed more than 2 ft, depending on the tidal range, ebb/flood
characteristics, gage location relative to work site, and other physical factors associated with tidal variations.
Since tidal gradient variations involve time- and location-dependent parameters, on-line or after-the-fact
correction is difficult and time-consuming. These types of errors are often manifested by apparent vertical
disagreement in surveys conducted at different times over relatively stable and flat areas.

f. Platform stability. Sea conditions obviously impact the ability to reference a depth measurement
to the uniform water surface alongside the survey vessel with precision. This applies to difficulties in
interpreting the superimposed effects of sea roll, pitch, and heave on a depth measured with an echo
sounder. Errors due to this source are assumed to be random over the long term, and are usually
compensated for by meaning or averaging a series of short-term observations. This is done visually when
fluctuations on an echo sounding record are averaged. The accuracy of this correction is only as good as the
interpretative skill and experience of the individual performing the reduction. The apparent mean of the
fluctuations may not be accurate given varying roll and pitch periods. Because this interpretative process is
not an exact science, constant biases may result in some cases. Electronic depth digitizing and automated
depth recording software may not be any better. Depths collected and averaged over, say, one second may
also fail to compensate for the actual roll, pitch, and heave periods experienced by the vessel. Thus,
depending on the severity of sea conditions, an individual elevation (or sounding) contains an error
component resulting from this source. Heave-pitch-roll-yaw motion compensators have been developed to
minimize this error.

g. Vessel velocity. Since echo sounding instrument calibrations are performed while the vessel is
stationary, the “draft” index derived during that calibration may vary from the index occurring while the
vessel is under way. This is due to changes in the vessel's trim while under way. This variance is often
referred to as squat, or as a squat correction. It is systematic and varies as a function of velocity. A squat
calibration is performed to measure the change of trim. However, the calibration process itself is not totally
precise, especially on smaller boats where personnel and loading characteristics can vary significantly
between the time of the squat test and the time of the actual survey.

h. Subsurface material density and echo sounding sensitivity. The relative density of the
subsurface material affects all depth measurement methods, especially echo sounding instruments, which
are highly dependent on finite density changes to distinguish between and record acoustical returns. On
sounding poles, sounding disks, and lead lines, the surface area, weight, and drop velocity determine their
stopping or refusal points. In many instances, these points are difficult to establish, especially when these
devices continue to free-fall under their own weight in low-density sediments. Echo sounding returns are
dependent on the frequency of the acoustic pulse, receiver sensitivity settings, and distinct density changes
in the subsurface material. Difficulties arise in areas with suspended sediments (fluff) present, such as
naturally occurring fluff or disturbed sediments from dredging operations. Small variations in sensitivity (or
signal gain) settings can cause large variations in the return point. These errors are systematic, and no
definitive methods exist to fully compensate for them. Dual-frequency sounders and other devices have
been developed to handle this problem. In many instances, echo sounding measurements need to be
augmented with lead line measurements.

4-6. Quantitative Assessment of Depth Measurement Accuracy

Given the error sources described above, a quantitative estimate can be made of the resultant accuracy of a
depth measurement--see Table 4-1. The magnitude of each error component is estimated based on the type
of equipment used, the project depth, tide gradient, and typical sea states for four representative project
conditions. The resultant RMS error is computed by taking the square root of the sum of the squares of the
error components. The RMS is multiplied by 1.96 to convert it to a 95% confidence accuracy level which is
consistent with FGDC accuracy reporting requirements--see Appendix A.
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Table 4-1. Quantitative estimate of acoustic depth measurement accuracy in different project conditions

Single-beam 200 kHz echo sounder in soft, flat bottom
USCG DGPS vessel positioning accurate to + 2 m RMS
All values in + feet

Inland Navigation Turning basin Coastal entrance Coastal offshore
Min river slope 2 ft tide range 4-ft tide range 8-ft tide range
Staff gage < 0.5 mile Gage < 1 mile Gage <2 mile Gage > 5 mile
12-ft project 26-ft project 43-ft project 43t project
<26-ft boat <26-ft boat <26-ft boat 65-ft boat

Error Budget Source No H-P-R No H-P-R No H-P-R H-P-R corrn

Measurement system accuracy 0.05 0.05 0.1 0.2

Velocity calibration accuracy 0.05 0.1 0.1 0.15

Sounder resolution 0.1 0.1 0.1 0.1

Draft/index accuracy 0.05 0.1 0.1 0.1

Tide/stage correction accuracy 0.1 0.15 0.25 0.5

Platform stability error 0.05 0.2 0.3 0.25

Vessel velocity error 0.05 0.1 0.1 0.15

Bottom reflectivity/sensitivity 0.05 0.1 0.1 0.2

RMS (95%) +0.37 ft +0.66 ft +0.90 ft +1.32 ft

Allowed per Table 3-1 +0.5ft +1.0 ft +1.0ft +20ft

From the above table, the following conclusions may be made:

a. The major error components in the depth error budget are tide/stage corrections and sea state
corrections. Tide correction accuracy can be improved by use of RTK DGPS techniques. This would be
required had the offshore coastal project involved a rock-cut channel--the + 1.33-ft RMS would have
exceeded the + 1.0-ft RMS allowed for such a project. Sea state inaccuracies can be minimized by use of
heave-pitch-roll sensors.

b. Obtaining acoustic depths to an accuracy much better than +0.3 ft will require conventional
differential leveling techniques. In shallow waters, lead lines or sounding poles may be used. Such
methods are feasible on some nearshore construction projects (revetments, groins, jetties, etc.). Total
stations may also be employed. Foresight distances must be limited based on the accuracy of the level
employed, equality with backsight distance, and rod/target visibility, with 500 ft being about the maximum
practical limit to maintain +0.1 ft accuracy.

¢. Under average river and harbor project conditions, the estimated accuracy of an individual (i.e.,

shot point) echo sounding depth falls approximately between +0.4 and +1.0 ft, with larger errors between
+1.0 and + 2.0 ft occurring as physical and acoustic conditions degrade--i.e., deep-draft projects located in
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open waters off shore. Depth measurement equipment and accuracy criteria contained in this manual
account for these estimated resultant accuracies. It is possible to reduce some of the error component
magnitudes shown in Table 4-1. This could result in significantly better accuracy estimates for a specific
project area. This may be accomplished by obtaining higher-resolution (higher frequency) echo sounders,
RTK DGPS centimeter-level horizontal and vertical positioning, accurate heave-pitch-roll sensors, intensive
velocity calibration programs, etc. In effect, taking steps to minimize as many error components in Table
4-1 as possible.

d. On offshore entrances and in distant submergent disposal areas subject to uncertain or unverified
tidal influences, or in any survey area subject to less than ideal survey conditions due to higher sea states
and/or uncertain tidal/stage levels, elevation inaccuracies of +1 ft or greater may be expected. Data depic-
tion and evaluation should properly account for this uncertainty by an appropriate note.

e. The error estimates in Table 4-1 assume a flat, smooth bottom; thus no error component is
included for bottom undulations, acoustic beam width footprint, fluff, or vegetation. Such conditions would
further degrade the depth accuracy assessment.

/- Corps engineering standards require that depth elevations on navigation projects be
displayed/plotted to the nearest 0.1 foot. Such a resolution is not statistically consistent with the accuracy of
typical acoustic depth observations. It could be argued that depths should be rounded to a level that is
representative of their accuracy--e.g., nearest quarter, half, or even foot.

g. The resultant depth accuracy of a survey can be highly variable, regardless of the particular
accuracy tolerance specified for the project. Thus, the estimated resultant accuracy must be evaluated on a
project-by-project basis, and adequate control procedures should be taken to meet the criteria for each
survey. If this is not feasible, a realistic assessment of the survey accuracy should be clearly identified on all
drawings and contract specifications, including equitable consideration and adjustment to contract accep-
tance and/or payment.

4-7. Approximate Field Assessments of Depth Measurement Accuracy

The depth accuracy estimates in Table 4-1 are based on an assumed error budget for the measurement
process given the typical project conditions indicated. It is far more desirable to determine the resultant
accuracy of measurements based on actual observations. This can be approximately achieved by comparing
different data sets taken over the same area--e.g., Cross-Line checks in single-beam surveys and
Performance Tests in multiple transducer or multibeam surveys. These methods are described in the
chapters covering these systems. These assessment methods can only be considered an approximate
estimate of depth accuracy since the two data sets are usually obtained from the same instrument platform.
In addition, both data sets may have similar inaccuracies. These tests are, however, good quality assurance
indicators and should be performed on all critical projects. They also tend to indicate the existence of
systematic biases in the data. Results of Cross-line and Performance Tests conducted to date correlate fairly
closely to the assumed accuracies derived in Table 4-1. The following example is taken from actual field
data collected on a coastal entrance project . The project is subject to a tidal range of nearly 7 feet with
significant tidal phase and range differences between the entrance and offshore points. The cross-lines were
run as cross-sections over 50-ft spaced longitudinal lines, at different tide phases, and in depths ranging
between 48 and 53 feet of water. Tides in this channel reach some 5 to 10 miles offshore were obtained
using RTK DGPS techniques with the reference station based at the entrance. Differences shown in the
table below were determined using Coastal Oceanographics HYPACK software.
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Table 4-2. Kings Bay Navy Base Entrance Channel (Cut 1N) Cross-Line Comparisons
Surveyboat Florida, Jacksonville District

1-2 August 2000

RTK DGPS positioning and elevation. Heave compensation active.

Search radius set at 10-ft

Single beam cross line check differences in feet

+1.16 -072 -019 -147 041 -0.07  -0.71 +0.43
-0.14 +086 -152 -050 -0.41 -0.61 +0.98 +1.71
-089 -029 +060 -195 +126 +0.02 -0.05 -0.26
+2.04 -024 117 079 +0.19 +0.88 +0.99 +0.38
+0.55 -016 -028 -089 -4.05 -046 -045 +0.56
+082 -069 +036 043 -067 -035 -16 +0.17
-053 -024 +045 -012 -086 +1.77 +045 -1.65
+1.95 -0.04 +057 +0.00 +0.61 +0.91 +0.88 -0.80
+0.33 +0.09 +1.15 -0.08 +0.03 +0.38 -0.14

+1.08 -0.06 +0.17 -118 +0.10 -0.07 -0.05

Total number of cross-check observations = 78

Mean of Differences (-) 0.043 ft << than 0.2 ft maximum

Confidence of computed allowable bias (Table 3-1)
mean (95%) +0.21 ft

Standard Deviation (67%) +0.944 ft

95% Estimated Accuracy +1.85ft < than + 2.0 ft allowed

a. Mean difference. The mean of the differences (-0.04 feet) indicates there is no large systematic
(constant) bias present in the data. Had tidal values been extrapolated from an onshore tide gage, obtaining
such a small difference would have been impossible--carrier phase RTK DGPS is the only effective
procedure to provide accurate tidal models in distant offshore channels. The 0.2-foot allowable mean
difference is a prescribed Corps tolerance--see the QA standards shown for single-beam and multibeam
systems in Chapters 9, 10 and 11. Check surveys exceeding this value are suspect in that constant
systematic biases are present, and such a bias will adversely impact dredge payment computations. It is
difficult/impossible to determine which one of the two check surveys is in error since both were performed
using similar equipment and techniques. It was also demonstrated in a previous section that the confidence
level of this mean difference is not good due to an insufficient number of cross-line points. In fact, the
confidence or standard error of the mean (95%) is only +0.21 ft. If a far more confident mean is required,
then additional cross-line points would be needed.

b. Number of cross-line checks required. The mean difference computed between the comparative
surveys is an indicator of possible constant or systematic depth biases. The + 0.2 ft tolerance specified in
Chapter 9 for single-beam cross-line check comparison surveys may be too large to be acceptable for some
surveys. A + 0.1 ft or + 0.05 ft tolerance may be demanded to ensure no constant bias in dredged quantity
computations. Regardless of the actual mean difference computed, an estimate of the confidence of that
mean difference value may be significant. This can be estimated using confidence interval estimation and
the "standard error of the mean" statistics discussed earlier. From these statistics, an approximate number of
cross-line checks can be estimated.

(1) The number of cross-line checks is a function of the desired 95% confidence level of the
computed mean and the estimated variance of the data set. For example, if the mean difference of 40 cross-
line checks is computed as (-) 0.11 ft, the 95% confidence interval estimation of this (-) 0.11 ft value might
only be + 0.25 ft. Thus, the confidence interval of the computed mean is somewhere between (-) 0.36 ft and
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(+) 0.14 ft. This may or may not be an acceptable range, nor is there much confidence in the accuracy of the
(-) 0.11 mean difference. What this indicates is that in insufficient number of cross-lines were obtained.

The + 0.25 ft "standard error of the mean" is large--more data comparisons are required to reduce this range
down to an "acceptable" level. The estimated variance of the data also affects the confidence of the
computed mean. Fewer checks would be required for tightly grouped data--e.g., < 15-ft shallow draft work
with an estimated 95% accuracy of + 0.25 ft (Table 3-1).

(2) The following is a tabulation of the theoretical number of cross-lines required for a given survey
accuracy (Table 3-1). Numbers of comparisons are computed for different confidence levels of the
computed mean. These are computed by solving for n in the standard formula:

Standard error of the mean (95%) = +1.96 (6/n ")
(Eq 4-5)

where 0 = population standard error (i.e., estimated 1-0 accuracy at various project depths)

n = number of observations

Table 4-3. Cross-line Comparisons Required for Different Confidence Intervals

Estimated Depth Accuracy Confidence Interval of Computed Mean (95%)
95% * +0.21t +0.1ft +0.05 ft
+0.25ft 2 6 24
+05 ft 6 24 96
+1.0 ft 24 96 384
+20 ft 96 384 1536

* These 95% values relate to estimated depth accuracies in Table 3-1. The 1-0
deviation is used in the computation

From the above tabulation, it is clear that the computed mean for lead line surveys in shallow water can be
determined with relatively few cross-line checks. This is because the expected depth accuracy is good in
shallow depths. The number of cross-line checks increases as the desired confidence level in the mean
difference increases. For less accurate acoustic surveys in deeper water depths, more comparison points are
required. In a deep-draft 50-ft project, at least 100 check points should be obtained to ensure a + 0.2 ft
confidence in the mean. Higher confidence levels would require an impractical number of comparisons for
most single-beam cross-section surveys--only overlapping multibeam or multiple transducer surveys could
(economically) obtain these higher numbers.

(3) Although cross-check line checks are required as a QA process in single-beam survey (Chapter
9), the resultant value of the mean difference must account for the statistical uncertainty in the computation-
-plus the fact that the surveys may not be independent. With few cross-line check points, the apparent mean
difference between the surveys is, at best, only a rough indicator of the true difference. It is, however, better
than having no QA comparison, and will indicate any large blunders that may exist.

c¢. Standard deviation. The standard deviation computed at the one-sigma level is adjusted to the
95% confidence level. This 95% deviation (+ 1.85 ft) in Table 4-2 is typical of results in deep-draft
navigation channels of uneven topography. It is, however, less than the + 2.0 ft allowable accuracy defined
in Table 3-1 for project depths greater than 40 feet. Without RTK vertical elevations and heave
compensation, the deviation would have been much larger--probably exceeding the allowable tolerance.
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Some of the variation could be attributable to the uneven bottom topography coupled with the 10-ft
HYPACK search radius. The footprint size of the acoustic beam covers a larger area in these 50-foot
depths, causing a generalization in the recorded depths. In general, however, standard deviations at this
level would be expected based on the estimated results back in Table 4-1 and the fact that this distant project
area represents a "worst case" condition than that assumed in Table 4-1. (Note that the computed standard
deviation is not the same as the RMS in that the (-) 0.04 ft is not included. The difference is negligible
given the small mean bias--the RMS (95%) could be computed from Equation 4-1, e.g., RMS (95%) = 1.96
(0.944% +0.043 %) " = +1.85 ft). Like the computed mean above, the confidence level of the computed
deviation could also have been computed--Mikhail, 1976. Such a computation would have shown that the +
0.94 standard deviation actually lies somewhere between + 0.8 and + 1.2 (95% confidence level).
Additional cross-line comparisons would have reduced this spread.

d. Multiple transducer or multibeam comparison. Had the above project been surveyed using
swath survey systems, then two digital elevation models could have been generated with which to perform a
comparison. Thousands of comparison points would have resulted rather than the 78 in the single beam
example. Regardless of the number of comparative points, the computed mean and deviation should not be
significantly different--at least within the range of the confidence interval estimations described above. The
standard deviation of multibeam data might be slightly higher since the accuracy of the outer rays is not as
good as near-vertical depths. However, the confidence level of the mean would have a very small value
since a larger number of points are included.

e. Unaccounted biases. 1t is again emphasized that such comparisons are only indicators of data
quality. There could be biases in the data that would not be detected. Examples might include: (1) a
constant error in the tidal datum reference plane or MLLW elevation reference, (2) an error in the DGPS
vertical geoid model, or (3) a constant vessel draft error. Data outliers can also be present in the data, such
as the 4.05 foot difference in Table 4-2. These outliers represent values well outside the 95% confidence
level. They may or may not be correct. Typically, outliers falling more than 3 times the estimated standard
error (i.e., 3 - 0.944 ft) are rejected.

f- Final analysis of results. The nearly + 2 foot depth deviation in this example clearly exhibits the
case that individual depth observations contain significant random errors. It also illustrates that a single
depth observation cannot be evaluated based on the "apparent accuracy" of its plotted value (i.e., nearest 0.1
foot). Moreover, this case shows that the accuracy of a survey must be evaluated based on the statistical
agreement of the entire data set--or portions of that data set. Minimizing constant bias errors is far more
important than reducing deviations. More refined acoustic measurement techniques will have to be
developed if more accurate depth observations are required.

4-8. Evaluation of Depth Accuracy on Dredging Projects

Evaluating channel clearance on dredging projects involves a review of the soundings obtained on the final
after dredge survey and/or final channel clearance sweep survey. Numerous shoals or strikes above the
required grade may be present on these surveys. The project manager or contracting officer's representative
(COR) must determine whether these shoals/strikes above grade warrant additional work effort to assure
project clearance, or they are isolated, stray soundings within the "noise" (i.e., accuracy) level of depth
measurement. Therefore, this assessment of above-grade soundings must consider (1) the error budget of
individual depth measurements, (2) their relative magnitude, (3) survey accuracy standards specified for the
project--Table 3-1, and (4) the detection repeatability of the acoustic system.

a. The object detection standard in Table 3-1 specifies that a minimum of three acoustic "hits" be
obtained on a potential shoal or strike. These hits should ideally be obtained on repeated passes over an
object. A single pass is adequate if numerous hits above grade are obtained, and the depths are consistently
above the required grade.
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b. A single hit 0.1-ft to 0.5-ft above grade presents problems. This hit could be the edge of a shoal
or rock of larger size and shoaler elevation. If the estimated accuracy of the depth measurement process
used is + 1.0 ft, then this could be an observation lying within that 95% accuracy tolerance--e.g., taken when
a vessel without heave compensation was surging down in the trough of a wave. Such a potential variation
between depths and surveys is clearly exhibited in Table 4-2. Thus, additional observations are needed to
confirm the existence (or non-existence) of material lying above the project grade. Additional passes should
be run over the area. If acoustic hits above grade are repeatedly obtained on these additional passes, then a
high probability exists that a shoal or rock strike is present in the channel. The confidence levels of shoal
detection can be estimated given (1) height of hits above grade (dZ), (2) standard error of depth
measurements (s), and (3) number of hits (n). Using approximate t-density functions, it can be shown that
all three of the above factors (variables) will determine the overall confidence of detection, which can be
roughly computed by the following:

taont = sqrt(n) (dZ) /s

For example, given 3 hits averaging 1-ft above grade and a + 1.0 ft standard error, the detection confidence
is roughly 75%. If only 2 hits were recorded, the confidence of a shoal drops to 60%. If 10 hits are
recorded, the confidence of detection is 98%. Thus, obtaining a 95% detection confidence may require
more than 3 hits, depending on the magnitude of the three variables described above.

¢. Obtaining multiple hits with a single, narrow beam echo sounder is difficult. Stealth-like objects
may not always be detected with vertical beams. Close line spacing must be run over a suspected strike--
e.g., 10 ft to 20 ft intervals. A multiple transducer or multibeam system is far more efficient in detecting
strikes and confirming them with multiple passes. Multibeam sweeps should be conducted such that the
beam aspect is varied from near-vertical to an outside beam. Multibeam side scan imagery on the outer
beams will also be of value in detecting strikes above grade. On critical projects, towed side scan may be
necessary to locate strikes.

d. The relative height of an object or shoal above grade will determine the need for clearance. This
may depend on the location of the shoal within the channel, type of bottom material, size of shoal, potential
navigation hazard, etc. The project COR makes the final determination on whether to mobilize or
remobilize a dredge to remove the object/shoal.

4-9. Evaluation of Dredge Quantity Estimates Based on Depth Accuracy and Density
Three primary factors impact the accuracy of dredge volume computations, in this order:

e Terrain irregularity and data density

* Bias errors in depth measurements

e  Deviation of depth observations

It has been shown that data density has the most important effect on the overall accuracy of a quantity
computation. Required data density is a function of the irregularities in the terrain, as is clearly illustrated in
Figure 4-3. Systematic biases in the depth database will obviously cause constant dredge volume errors.
The deviation or estimated accuracy of the depths can cause volume errors if the standard error is large and
an insufficient number of points are observed. A volume derived from a densely gridded/binned multibeam
survey will yield a more accurate quantity than that obtained from 100-ft spaced cross-sections, even if the
depth accuracy (i.e., standard deviation) of the multibeam survey is not a good as the cross-section depths.
These concepts are discussed below.
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Figure 4-3. Single beam versus multibeam coverage--Port of Los Angeles. Drawings compare low density
single beam coverage (bottom view) with detailed multibeam coverage (top view). Dredged sections are
generalized in the single beam coverage. (Coastal Oceanographics, Inc. and Los Angeles District)

a. Terrain irregularity impacts on volume accuracy. The effects of terrain irregularities on dredge
volume computations depend on the density of data coverage. When end areas are computed for single-
beam cross-sections, large variations in the end areas would indicate terrain irregularity exists between the
sections. Even if the cross-section data points were absolutely error-free (no bias or standard deviation)
large volume errors due to terrain irregularity would still exist due to lack of measurements between the
100-ft sections. These effects can be illustrated by the following single-beam survey example.

Given: Typical 400-ft wide box-cut channel (no side slope quantities computed)
Predredge shoaling fairly uniform at around 10 feet above pay grade
100-ft cross-sections run over 3,000 ft Acceptance Section
Standard average-end-area volume computation

Station Cross-sectional End Area
60+00 3850 sq ft

61+00 4125

62+00 3975

63+00 4225

64+00 4150

89+00 4125

90+00 3950

(1) In looking at the variations in end areas for the 31 cross-sections, it is determined that their
average deviation is approximately + 100 sq ft. If depth measurement biases and deviations are assumed to
be zero, then this end-area variance between cross-sections in a uniform shoal area is due to irregularities in
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the terrain. Had cross-sections been observed at 1-ft intervals (e.g., multibeam) then the end-area variations
would be expected to be significantly less. The volume error over due to this +100 sq ft can be computed
by comparing the quantities over the section for a 4,000 sq ft and 4,100 sq ft end area. The percentage
quantity error is simply:

% error in volume = (100 sq ft /4000 sq ft ) - 100% = 2.5 %

This 2.5 % error equates to 370 cy per 100-ft section or about 11,000 cy over the entire acceptance section
(which has a total yardage of nearly 450,000 cy).

(2) Had the bottom terrain been more uniform, then the computed end-area variations would be
smaller. A variation of + 20 sq ft would have represented only a 0.5 % error on this project. If the end-areas
were linearly increasing or decreasing (sloping shoal), then this slope would be considered in looking at
variations in end areas. On the other hand, had there only been an average of 4 feet of shoaling above grade,
then the relative volume error would be larger--i.e., (100 sq ft/1,600 sq ft) - 100% = 6.25%.

(3) Minimizing end-area volume errors due to terrain irregularities between single-beam cross
sections is often impractical. Since the only way to minimize the error is to decrease line spacing, practical
limitations prevent this. Decreasing line spacing to, say 20 ft, adds field survey time and cost. In addition, a
20-ft line spacing is near the tolerance of the ability to control the survey vessel on line. Since most
average-end-area computations assume cross-sections are equally spaced--i.e., no off line steering
deviations--projecting these lines over 20-ft distances is no longer valid. However, given the sparse cross-
sections data sets, a TIN model may be generated for all the observed data points and volumes computed
using the vertical TIN prismoidal elements rather than average-end-area projections. This would represent a
more accurate volume computation than average-end-area methods. See additional discussion in Chapter 15
(Dredge Measurement and Payment Volume Computations).

b. Impact of depth measurement bias errors on volume computations. The causes of depth bias in a
data set were discussed in the preceding paragraphs. A constant depth bias in the data set is estimated from
cross-line checks or multibeam performance test data. The effect of a constant depth bias on a dredged
quantity computation is fairly obvious--the error projects over the entire dredging section (e.g., Acceptance
Section). Thus, minimizing any depth biases is critical. Using the 3,000 ft acceptance section in the above
example, the quantity error due to a 0.1 ft depth bias can be approximately computed by projecting the bias
over the entire section:

volume error = 0.1 ft - 400 ft - 3,000 ft / (27 cy/ft) = 4,450 cy
percent error = 4,450 cy /450,000 cy = 1 %

In the above example, it is seen that the bias error (1%) is smaller than the error due to terrain variations
(2.5%). This corresponds to theory and is roughly what occurs in practice. Bias error can become more
significant in offshore tidal areas where modeling becomes difficult.

c. Impact of deviations in depth observations on volume computations. From the sample
computation from the Kings bay project cross-line data in Table 4-2, the standard deviation of the depth
measurements was estimated to be + 0.9 ft, or + 1.8 ft at the 95% level. If there are no biases in the data,
volumes computed over a given area from an infinite number of observed data points would have no error
due to inaccuracies in individual depths. However, an infinite number of points are never observed. When
single-beam cross-sections are taken, "full-coverage" is observed along the section if depths are recorded at
intervals of 10-15 per sec. Normally, however, for both single-beam and multibeam surveys, data sets are
generalized or "thinned"--i.e., binned or gridded. For example, single-beam cross-section data collected at
1-ft intervals may be generalized to points every 5- or 25-ft along the line, or dense multibeam data may be
generalized into one data point in a 5 x 5 ft (25 sq ft) cell. This generalization is usually performed to
reduce the size of the database. Either an average of all the points in a range or area is used or a single point
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nearest the cell center is used. The following over-simplified example illustrates how the data point
accuracy and number of points can affect the dredge quantity computation.

Given: 100-ft single beam cross-section run over 26.0 ft lock chamber

OFFSET DEPTH  Depth Used
0 26.1 26.1
5 26

10 26
15 26
20 26.2
25 26 26
30 259
35 259
40 26
45 26.2
50 259 259
55 26
60 26
65 25.8
70 259
75 26.3 26.3
80 26
85 257
90 26.1
95 26
100 26.2 26.2

(1) The mean of the 21 depths observed at 5-ft intervals is 26.0 ft and their 1-0 standard deviation is
+0.14 ft. This indicates no bias in the data was observed in this dataset. The 95% confidence of the mean
is + 0.06 ft. Thus, if all the points were used to compute an end-area of this cross-section, the accuracy of
the end area would be good.

(2) If depths were thinned to the even 25-ft intervals as shown in the above table, and only these
depths used to compute the end-area of the cross-section, the end area accuracy would degrade significantly
due to the few data points used. In this example, the mean of the five points is 26.1 ft, which, in effect adds
a false 0.1 ft bias to the data. This 0.1 ft bias would be projected over the project area. The 95% confidence
of this mean is also only (roughly) + 0.14 ft., indicating little confidence in the measurements and ultimately
the volume.

(3) The above illustrates that higher data density improves volume accuracy, either for average-end-
area cross-sections or full DEM/DTM binned models. Larger numbers of data points negates out random
errors in the individual data points. Improperly thinning datasets will cause errors in the volumes. The
values from Table 4-3 may be used to roughly estimate the number of points needed along a cross-section to
ensure some level of confidence in the end-area. For example, to maintain a confidence level of + 0.05 ft on
a 30-ft project (estimated 95% depth accuracy is + 1.0 ft), at least 400 points should be collected. For a
shallow-draft project, then only 100 data points would be needed to ensure + 0.05 ft confidence.

d. Conclusions.

(1) Terrain irregularity has the major impact on the accuracy of volume computations. These
effects are minimized by increasing data density and using spatial volume computation methods. Average-
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end-area volume computation methods should only be used on projects with relatively uniform bottom
terrain and where linearized end-area variations between successive sections are less than 0.5%. If end-area
variations are large due to irregular bottom topography, then closer spaced cross-sections should be run or
full-coverage multibeam surveys obtained.

(2) When sparse data sets (i.e., cross-sections) are observed, TIN or dense grid volume computation
methods using prismoidal projection elements are more accurate than average-end-area methods. If full
multibeam datasets are observed, volumes should not be computed by passing sparse cross-sections through
the dataset and using average-end-area methods.

(3) Collected survey data used for volume computations should not be thinned in order to minimize
volume errors due to data density and data point variance. If thinning is needed due to data processing
limitations, it should be kept to a minimum. The degree of bottom irregularity will determine the amount of
allowable thinning--i.e., maximum cell size. All observed depths on single beam surveys should be used in
computing end-areas. For multibeam surveys, cell sizes should generally not exceed 5x5 ft bins. The
smallest bin size that can be efficiently computed should always be used.

(4) Other factors may impact dredge volumes. These may include errors due to fluff, vegetation,
short-term draft or velocity variations, or sensitivity drift. These errors are difficult or impossible to
quantify.

4-10. Horizontal Positioning Accuracy Estimates

The horizontal position accuracy standard specified in Table 3-1 is a two-dimensional circular (radial)
accuracy measure. A circular accuracy is an approximate estimate in that it approximates a 2-D error
ellipse, as shown in Figure 4-4. The Federal (FGDC) and Corps positional accuracy standard is specified
relative to this 95% confidence level. This means that on average 19 of 20 observed positions will fall
within the required standard. The standard could be evaluated by comparing the observed position with a
higher accuracy position. In a static mode, this can be done by recording DGPS positions with the
receiving antenna set up over a known geodetic control point. Differences in X and Y coordinates
between the known position and observed position are recorded, RMS errors are computed for each
coordinate, and the two-dimensional positional error is estimated at the 95% level. It is far more difficult
to evaluate the positional accuracy on a moving vessel since a more accurate position is not easily
obtained with which to compare the observed position.
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Figure 4-4. Two-dimensional radial positional accuracy estimates

a. Two-dimensional elliptical positional accuracy. Computed horizontal positions from surveying
measurements produce coordinate pairs on a flat map of two dimensions. The ellipse in Figure 4-4
represents a joint probability distribution of the errors in the X and Y directions. This elliptical distribution
assumes no biases are present in the data. It represents a 39% probability. The dimensions of the ellipse are
defined by its two axes—a and b—and its orientation relative to the X-Y grid. The standard error in each
X-Y dimension is defined by the lengths of the tangents to the ellipse--s, and s, --as shown in Figure 4-4.
This ellipse will have standard deviations sy, sy, and correlation (s,,) unless the axes of the ellipse are
oriented parallel with the coordinate system axes. These standard deviations are computed directly from the
ellipse’s dimensions and orientation. The probability of locating a randomly selected computed position
within a standard error ellipse is 39.4%. Any error in the x or y direction will distort the ellipse in a
perpendicular sense to show the magnitude of the error. The two-dimensional ellipse in Figure 4-4 indicates
the x coordinate component has the greatest error. Often, however, constant positional biases may be
present. These biases may exceed the apparent dispersion levels of the data. The biases must be included in
any estimate of the 95% positional confidence.

b. Two dimensional error measures. The error ellipse refers to probability as a measure of survey
precision quality. Ifthe circle (special case of an ellipse) could represent the error, then one number could
define the precision of survey measurements. A radial error measure is used to approximate the ellipse.

The radius 7 of the Circular Standard Error (CSE) circle is computed from the standard deviations--s, and s,
—in the error ellipse, as shown in the figure. This CSE circle represents a 39% probability. A more common
circular approximation is the 63% circle, or IDRMS. It is computed by taking the square root of the sum of
the variances in x and y. It may also be approximated by multiplying 1.1414 times the average of the
standard deviations—a valid assumption if the ellipse is nearly circular. The 63% 1DRMS circle is also
known as a /-deviation RMS--i.e., IDRMS. A 2DRMS is defined as two deviations of circular error with
probabilities of approximately 98%. The 95% error circle shown in Figure 4-4 is 1.73 times the radius of
the IDRMS circle. GPS manufacturers typically use a 2DRMS (i.e., approximately 98%) measure of
positional accuracy, not the 95% radial accuracy measure used by FGDC and this manual. Another circular
error approximation is the Circular Probable Error (CPE)—a 50% probability. Errors computed by the
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statistical methods are linked to the probabilities that the actual error at a given point will not exceed the
computed error value. The actual error at the given point may be far less. Probabilities predict computed
errors based on the theory of repeated trials. In mapping, repeated measurements are rare and the actual
error is unknown except for upper and lower limits. See Bowditch, 1984 for additional information.

¢. Horizontal positioning error components. The estimated accuracy A of a vessel's offshore
position can be generalized by the following expression (in matrix form):

Two-dimensional Accuracy A = 002" Q
(Eq 4-6)

where 0y is the estimated standard error of each component of the particular positioning system used (tag
line, microwave range, GPS satellite range, etc.). Each measurement component may have different
estimated standard errors. Variable Q (cofactor matrix) is a two-dimensional geometric factor associated
with intersection angles of ranges or angles used to coordinate the offshore point (circular range-range
intersection, circular range-transit azimuth intersection, or multiple range intersections).

(1) The resultant estimated accuracy A is a two-dimensional term containing the variances and
covariances of the particular observation. A reduced form is usually best represented by an ellipse (see
Figure 4-4) since the geometrical component Q influences the accuracy in varying magnitude and direction.

(2) Standard error of individual observations. The standard error (0p) term is a function of the
estimated accuracy of the measurement system, including survey methods and techniques used to calibrate
the system. Each EDM or GPS satellite range will have a standard error associated with it. This standard
error is not the internal precision of the range measurement. It must additionally include an estimate of the
systematic (or constant) biases present. As explained earlier, determining the standard error (or standard
deviation) of a dynamic hydrographic distance measurement is extremely difficult and can only be roughly
estimated from a limited number of static calibration checks. For example, estimates of a total station EDM
range measurement will normally be based on the unbiased standard deviation of the calibration
comparisons over a fixed baseline, namely:

o =sqrt [E(X; - X0)?]/[n—1]
(Eq4-7)
where
X ;= Observed distance observation
n = number of observations (i = 1 through n)

X ,, =mean of all observations

(3) Average deviation. For many practical survey purposes, it is often simpler to compute the
“average deviation” rather than the standard deviation:

Average deviation = [ 2 |X,, - X;|//n
(Eq 4-8)
where 2]X,, - Xj| is the sum of the absolute values of the deviations (signs disregarded).

(4) Geometrical factors. This can be the major error component in the resultant accuracy of an

offshore position. All offshore positioning methods commonly used on engineering surveys reduce to
determining the coordinate intersection of two or more lines that have been generated by constant distances
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or angles from the reference points ashore or from satellites. These lines are often termed “lines of
position.” The relative strength of a position is a direct function of the angle of intersection between these
lines. The strongest position “fix” is usually obtained when two position lines intersect at 90 deg. As the
angle of intersection deviates from 90 deg, the relative strength of position weakens. In positioning systems
in which the standard error increases with distance offshore (e.g., total station range azimuth), the strength
of position will also vary with the distance from the observing unit. Systems that observe more than two
lines of position are termed “redundant” or “multi-ranging.” GPS satellite position involves four or more
lines of position. The angle by which these three or more lines intersect is also factored into this
geometrical component, although in a more complex manner. When the standard error components are
plotted (at a large scale) for each line of position, the intersections can be generalized to a trapezoidal figure
(in the case of two observations only) which roughly depicts the 2-D positional error. From this plot and/or
data, a standard error ellipse of constant probability can be derived. The size and shape of this error ellipse
vary directly with the angle of intersection between the lines of position and the range error. The one-sigma
standard error ellipse is a figure that represents a 0.39 probability; or there is a 39-percent chance that the
position falls somewhere within this ellipse. Conversely, there is a 61-percent probability that the position
falls outside the ellipse—see Figure 4-3. Due to changing geometry, the size and direction of the error
ellipse will vary as a survey vessel traverses from point to point in a project area. Particular note should be
made that the uncertainty of a position can be several magnitudes larger along one (semi-major) axis. This
may be significant on some projects where detail is critical in one dimension. The error ellipse is only a
graphical representation (or approximation) of a position's estimated accuracy. For a number of reasons,
because of the non-random (or non-normal) distribution of errors in surveys, this representation must be
considered approximate. Since error ellipses are difficult to conceptualize, an elliptical positional accuracy
estimate is usually approximated by a circle whose radius represents some function of the ellipse's axes--
e.g., CSE, 2DRMS.

d. Geometrical Dilution of Precision (GDOP). Another statistic commonly used in static and
kinematic GPS surveying is the Geometric Dilution of Precision (GDOP). This term is directly related to
the Q term in Equation 4-6, and is used as an indicator of a position's degradation due to changing
intersection geometry. For the simple case of a 2-D horizontal position, the term Horizontal Dilution of
Precision (HDOP) is used. HDOP is computed as follows:

HDOP = Tr|Q|/ 0, = [of +0/]/0
(Eq 4-9)

where 77 |Q | is the trace of the @ matrix and 0 is the assumed accuracy of a satellite or EDM range
measurement. For a positioning system of given accuracy and a desired horizontal accuracy limit, a
maximum HDOP limit may be established. Data points outside this HDOP would be rejected. Since
HDOP varies with location on non-GPS surveys, it is applicable only to a static point. In the case of a
hydrographic survey being positioned using differential GPS, the moving reference satellites will vary the
GDOP/HDOP with time rather than position in a given project area. This is opposite to the case of a vessel
moving relative to the fixed EDM (or angular) reference stations.
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4-11. FGDC Accuracy Reporting Criteria

The FGDC Geospatial Positioning Accuracy Standards, Part 3: National Standard for Spatial Data
Accuracy uses root-mean-square error (RMSE) to estimate positional accuracy. The FGDC defines
RMSE as the square root of the average of the set of squared differences between dataset coordinate
values, and coordinate values from an independent source of higher accuracy for identical points. RMS
errors are computed for both the X and Y coordinates, then are combined to obtain a 95% positional
accuracy estimate--see FGDC reference at end of chapter. Accuracy is reported in ground distances at the
95% confidence level. Accuracy reported at the 95% confidence level means that 95% of the positions in
the dataset will have an error with respect to true ground position that is equal to or smaller than the
reported accuracy value. The reported accuracy value reflects all uncertainties, including those
introduced by geodetic control coordinates, compilation, and final computation of ground coordinate
values in the product.

a. Horizontal. The reporting standard in the horizontal component is the radius of a circle of
uncertainty, such that the true or theoretical location of the point falls within that circle 95% of the time.

b. Vertical. The reporting standard in the vertical component is a linear uncertainty value, such
that the true or theoretical location of the point falls within + of that linear uncertainty value 95-percent of
the time. The reporting accuracy standard should be defined in metric (International System of Units, SI)
units. However, accuracy will be reported in English (inch-pound) units where the point coordinates or
elevations are reported in English units.

Corps position and elevation (depth) accuracy statistics, accuracy assessment techniques, and reporting
methods, as defined in this manual, are designed to conform to the above FGDC standards.

4-12. References

Bowditch 1984

Bowditch, Nathaniel, The American Practical Navigator: An Epitome of Navigation, Appendix Q:
Navigational Accuracy, Defense Mapping Agency Hydrographic/Topographic Center, 1984

Mikhail 1976
Mikhail, Edward M., Observations and Least Squares, 1976

4-13. Mandatory Requirements

There are no mandatory requirements in this chapter.
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Chapter 5
Project Control, Coordinate Systems, and Datums

5-1. General Scope

This chapter provides guidance on the required geodetic reference datums and coordinate systems for
USACE navigation and flood control projects. General guidance is also provided on setting survey control
for dredging projects and positioning aids to navigation in these projects. The major emphasis in this
chapter is on vertical reference datums for navigation projects--tidal, river, lake, pool, and flood control
reservoirs. This chapter has minimal coverage of horizontal coordinate systems, horizontal datums, and
control survey methods since this material is fully covered in other engineer manuals listed in Appendix A.
In addition, nearly all hydrographic surveys and dredge positioning are now controlled by established,
nationwide DGPS networks; thus reducing the need to establish supplemental horizontal control on
dredging and navigation projects.
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MIAMI PARK 8 MILES NORTH
BEACH " — —

II MITIGATION SITE

BISCAYNE

MIAMI BAY GOVT CUT
CHANNEL
WIDENER

CHANNEL
500 FT. X 42 FT.

TURNING BASIN
1600 FT X 42 FTY
USABLE INCREMENT
NO. 2

CHANNEL
500 FT. X 44 FT.

FISHER
ISLAND -y DISPSOiTLLE;REJ.

\lu cur OFFSHORE
BEND —_——)
WIDENER

MIAMI HARBOR,
FLORIDA

CHANNEL
LOCATION MAP 400 FT X 42 FT
USABLE INCREMENT
NO. 1

Figure 5-1. Channel and basin layouts for a typical deep-draft navigation project
5-2. Horizontal Control for Navigation and Flood Control Projects

Throughout the Corps, authorized engineering and construction projects are referenced to a variety of
horizontal systems. Hydrographic surveys performed on dredging, navigation, and flood control projects
must utilize the existing design dimensions for the project--Figure 5-1. In general, a horizontal reference
system for a project is defined by the grid system covering the project and the origin (or reference datum) of
that grid system. Grid systems used in the Corps include: Geographical (latitude-longitude), State Plane
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Coordinate Systems (SPCS), Universal Transverse Mercator (UTM) grid system, and Chainage-Offset grid
systems. These varied grid systems are usually (but not always) referenced to a local, regional, national, or
international datum, such as the North American Datum (NAD) or the World Geodetic System (WGS).

a. Project control. All engineering projects should have permanent control monuments established
along the project’s perimeter. These marks are used to control offshore surveying and construction, and to
define limits and scopes of work in contract plans and specifications. They may also serve as boundary
monuments defining the project’s limits. This control ideally has been connected to nearby National
Geodetic Survey (NGS) control of higher-order accuracy, or connected to state or regional control surveys.
Boundary monuments should have been connected to local property corners, rights-of-way, section corners,
etc. The density of horizontal control was once determined by the need for visual dredging ranges and
baseline requirements along each reach of a project. Typically, permanently monumented control points
were required at 500 to 2,000 feet intervals along each side of a navigation project, and at denser intervals
along jetties, beaches, and near structures. These points were generally accurately controlled within
themselves. Ties to regional or national network systems were not always necessary. The recent use of
GPS has largely eliminated the need for dense survey control around a project.

b. State plane coordinate systems. Navigation and flood control projects should be referenced to
the local State Plane Coordinate System (SPCS) for that area. These X-Y grid systems are used to define
project boundaries, construction limits, dredging limits, and channel dimensions. Hydrographic surveys are
performed relative to these grid systems and data are collected in these coordinates. A limited number of
Corps projects are referenced to the Universal Transverse Coordinate (UTM) grid system, a worldwide
military grid system. Usually, UTM coordinates are determined by direct transform of local SPCS
coordinates.

c. Reference systems for dredging control. Most engineering and construction work, including
dredging, is aligned to a local project coordinate system. The datum for such local systems is typically a
reference monument/baseline or, in the case of river and harbor construction, an artificial point such as the
point of intersection (PI) between two channel alignment centerlines—see Figures 5-2 or 5-3. This PI may,
in turn, be referenced by azimuth and distance to one or more monuments ashore. From such reference
datum points, a local project grid is aligned to the project azimuth using standard station-offset coordinate
convention. Most projects are additionally connected to the National Geodetic Reference System (NGRS)
network using the local SPCS. The NGRS in itself may be defined by different datum references — the
NAD 1927 or NAD 1983.

d. Global Positioning System (GPS). Differential GPS techniques are now used for setting most
horizontal control on USACE projects--see EM 1110-1-1003 (NAVSTAR GPS Surveying) for procedures
and standards. As detailed in EM 1110-1-1003, GPS satellite coordinates are referenced to the WGS 84
system, which has a direct relationship to the North American Datum of 1983 (NAD 83). GPS geocentric
coordinates referenced to the WGS 84 ellipsoid must be converted to either the NAD 27 or NAD 83 datums,
depending on which of these is used for a particular project. The NAD 27 or NAD 83 system is then
converted to the local State Plane Coordinate System or Universal Transverse Mercator grid system. Most
data acquisition software will perform these conversions automatically, using CORPSCON type conversion
software. If not, it will be necessary to manually enter the WGS 84-NAD 27/83 conversions (in geocentric
coordinate differences) for the local area. These conversions may be scaled to the nearest meter from
contour maps depicting the differences in geocentric coordinates. The small difference between WGS 84
and NAD 83 (which uses the GRS 80 reference ellipsoid) is not significant for most Corps applications.

e. North American Datum. Most local project datums in USACE have been referenced to the NAD
27 coordinate system by direct survey connections with higher order monuments in the NGRS network.
SPCS or UTM coordinates on common reference monuments or artificial alignment points define this
relationship. Angular (or geodetic/geographic) latitude and longitude coordinates are sometimes used.
Many USACE projects will eventually be converted to the redefined NAD 83. CORPSCON, a coordinate
conversion program, should be used to convert to and from North American Datum of 1927 (NAD 27).
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[ Supplemental project control. Supplemental project control may be needed in areas where GPS
is inoperable (near bridges, power plants, etc.), or when fixed monuments are needed for beach
renourishment projects or boundary control. Survey control for most hydrographic work should be
established to 3" Order, Class I accuracy standards (1 part in 10,000)—see Table 5-1. Control should be
established from the National Spatial Reference System (NGRS) monuments where possible. Supplemental
points within a project may be established by 3™ Order, Class II (1:5,000) procedures. Topographic
mapping and surveying methods are described in EM 1110-1-1005 (Topographic Surveying). Standard
engineering and construction surveying methods are acceptable for laying out baselines of limited range.
Monumentation should conform to the requirements indicated in EM 1110-1-1002 (Survey Markers and
Monumentation). Horizontal positions should normally be referred to (connected with) either NAD 27 or
NAD 83. NAD 83 is the preferred datum. However, the continued use of NAD 27 will be acceptable until
the surveys and project control systems can be converted to NAD 83. In either case, the horizontal datum
actually used will be clearly noted on all plots, charts, maps, and coordinate files. All positions reported to
other agencies should be in state plane coordinates, expressed in feet or meters within the proper zone.
Exceptions to this will be allowed when UTM coordinates are used to eliminate the use of several state
plane coordinate zones on a single project.

Table 5-1. USACE Point Closure Standards

Horizontal Control Surveys
USACE Classification Point Closure Standard (Ratio)

Second Order Class | 1:50,000
Second Order Class Il 1:20,000
Third Order Class | 1:10,000
Third Order Class Il 1: 5,000

4th Order - Construction Layout 1: 2,500 - 1:20:000

Vertical Control Surveys

USACE Classification Point Closure Standard (Feet)

Second Order Class | 0.025 sqrt (M)
Second Order Class Il 0.035 sqrt (M)
Third Order 0.050 sqrt (M)

4th Order - Construction Layout 0.100 sqgrt (M)

(M--distance in miles of level line)

g. Chainage-Offset coordinate systems. Navigation and flood control projects are locally
referenced using an engineering chainage-offset system--Figure 5-2. Hydrographic surveys are
performed relative to this system. Hydrographic data acquisition systems are also designed to operate on
a chainage-offset system. Some systems allow use of geodetic latitude and longitude. Usually, SPCS
coordinates are input to the system for reference, and the coordinates of the local chainage-offset grid are
internally transformed to survey-specific cross sections or longitudinal range offsets.
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Figure 5-2. Chainage-offset project control scheme for a typical deep-draft navigation project--Cape
Canaveral, FL (Jacksonville District)

(1) Station. Alignment stationing (or chainage) zero references are arbitrarily established for a
given project or sectional area. Stationing on a navigation project usually commences offshore on coastal
projects and runs inland or upstream. Stationing follows the channel centerline alignment. Stationing may
be accumulated through each PI or zero out at each PI or new channel reach. Separate stationing is
established for widener sections, turning basins, levees, floodwalls, etc. Each district may have its own
convention. Stationing coordinates use “+” signs to separate the second- and third-place units (XXX +
XX.XX). Metric chainage often separates the third and fourth places (XXX + XXX.XX) to distinguish the
units from English feet; however, some districts use this convention for English stationing units.

(2) Offsets. Offset coordinates are distances from the centerline alignment of the channel or
structure. Offsets carry plus/minus coordinate values. Normally, offsets are positive to the right (looking
toward increasing stationing). Some districts designate cardinal compass points (east-west or north-south)
in lieu of a coordinate sign. On some navigation projects, the offset coordinate is termed a “range,” and is
defined relative to the project centerline or, in some instances, the channel-slope intersection line (toe).
Channel or canal offsets may be defined relative to a fixed baseline on the bank or levee.

(3) Azimuth. Channel azimuths are computed relative to the two defining PlIs. Either 360-deg

azimuth or bearing designations may be used. Azimuths of navigation projects should be shown to the
nearest second.
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Figure 5-3. Chainage-offset control for a 400-ft coastal navigation project. Widener section has separate
chainage-offset system from main channel. Note project stationing accumulates between channel reaches

h. Other local alignments. Different project reference grids may be established for widener
sections (Figure 5-3), turning basins, and disposal areas. River sections and coastal beach sections are often
aligned perpendicular to the project/coast. Each of these sections is basically a separate local datum with a
different reference point and azimuth alignment. Beach sections may also be referenced to an established
coastal construction setback line. Circular and transition (spiral) curve alignments are also found in some
rivers, canals, and flood control projects such as spillways and levees. Hydrographic surveys will generally
be aligned to the chainage and offsets along such curves.

i. River systems. Surveys along inland waterways, such as the Mississippi River, are often
referenced to either arbitrary or monumented baselines along the bank. In many instances, a reference
baseline for a levee is used, and surveys for revetment construction are performed from offsets to this line.
Separate baselines may exist over the same section of river, often from levees on opposite banks or as the
result of revised river flow alignments. Baseline stationing may increase either upstream or downstream.
Most often, the mouth of a river is considered the starting point (Station 0 + 00), or the river reaches are
summed to assign a station number at the channel confluence. Stationing may increase consecutively
through PIs or reinitialize at channel turns. In addition, supplemental horizontal reference is made to a river
mile designation system, in particular when interpolating stage gradients between two points (sections).
River mile systems established years ago may no longer be exact if the river course has subsequently
realigned itself. River mile designations are used to specify geographical features and provide navigation
reference for users.
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Jj. Automated survey coordinate systems. To perform a translation from SPCS to the project
chainage-offset coordinate system (or vice versa), only two points common to both grid systems are
required--or, one common point and an azimuth relationship. When a series of cross-sections is run on a
given project, the common coordinates of the end points of one of these sections is input in the automated
positioning system. These points are commonly termed the “start point” and “stop point,” and basically
define an artificial reference baseline--refer to Figure 5-4. Actually, a new reference grid/datum is
established for the automated positioning system. These end points are selected such that the full project is
covered. In dredging work, the end points are placed a sufficient distance outside the channel toes to ensure
adequate side slope coverage. The length of this artificial baseline is used to measure the distance along the
offset track, and is displayed to the helmsman for reference. The “left-right” indicator displays the lateral
deviation from the track. On a uniform channel, section “offsets” are run parallel to this reference baseline.
Most automated systems allow input of a constant offset increment--e.g., 100-ft-spaced cross sections.
Hydrographic systems vary in the way lines are computed by the system. For some nonuniform sections
(river sections, beach profiles, etc.), a separate reference line may have to be input for each desired line.
Some systems allow a series of these reference lines to be saved in a database. Due to the possibility of
accumulated round-off errors in the internal software, care should be taken not to project this reference line
beyond 10 to 20 times its length. Vessel guidance and “distance along track” measurements are performed
relative to this reference baseline and its offsets. Automated system input reference computations are
performed in the field. A record of these computations should be made in a field book or on a worksheet.
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Figure 5-4. Reference baselines and coordinate systems used in automated data acquisition systems
k. Direct surveying on project coordinates. Many construction surveys are performed directly on

the project coordinate system, and are not referenced to any SPCS or NGRS grid systems. Tag line
baselines are normally laid out on the local project datum, and all subsequent coordinates are referenced to
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that station-offset system. Any type of automated positioning system can be operated using project
coordinates. One advantage is that displayed coordinates are in the station-offset system. A disadvantage is
that resultant positions may not be referenced to the local SPCS datum.

5-3. Positioning of Aids to Navigation in Authorized Projects

Surveys to determine the positions of navigation aids (NAVAIDs) in estuaries, inland rivers, harbors, or
lakes may be required as part of some hydrographic surveys. Specific NAVAID positioning requirements
will be contained in project instructions or scopes of work. Navigation aid positions will be transmitted to
other mapping agencies for inclusion on charts, notices to mariners, etc. Failure to identify/locate critical
NAVAIDs on surveys for contract plans and specifications could lead to subsequent contract disputes,
especially if temporary NAVAID relocation is required during the contract period. Since these aids are
critical in controlling navigation, special care shall be used to obtain accurate positions consistent with the
standards specified in Table 3-1. Since it is not always practical (or necessary for design/construction
purposes) to locate every NAVAID on a project, only major, permanent NAVAID structures require
topographic survey methods and precision. Such structures include lighthouses and fixed sailing ranges on
major navigation channels. These types of NAVAIDs are distinguished from the more numerous smaller
fixed beacons, daymarks, piles, dolphins, and the like, which hereafter will be termed semi-permanent fixed
NAVAIDs. Buoys, lighted or otherwise, are called floating NAVAIDs. Permanent fixed NAVAID
structures should be positioned to USACE 3rd Order, Class II standards per Table 5-1. Semi-permanent
fixed NAVAIDs and floating NAVAIDs may be positioned within the accuracy levels of the hydrographic
survey system being used--e.g., 2-meter code-phase DGPS. Positions of navigational aids should be
reported in the form of State plane coordinates on NAD 27 or NAD 83, and expressed in feet along with the
accuracy to which they were positioned. Values reported to USCG and other maritime interests should be
provided with their geographic latitude and longitude coordinates and the accuracy to which they were
positioned. USCG criteria for NAVAID positioning may call for USACE Third Order, Class I accuracy.
When NAVAID locationing is performed in support of, and funded by the USCG, that agency's accuracy
requirements should be adhered to. Otherwise, Third Order, Class II, or DGPS-level accuracies described
above will suffice.

5-4. Vertical Control for Navigation and Flood Control Projects

Providing an accurate vertical reference is perhaps the most important aspect in hydrographic surveying.
This is especially critical on river and harbor navigation projects that are subject to varying tidal phase and
range, sloping river stage, and uncertain vertical network benchmark accuracies. Figure 5-5 depicts the
various vertical reference planes used on Corps projects—ranging from coastal ocean navigation to
headwater flood control reservoirs. The various hydraulic reference planes are shown relative to the NGVD
29 national reference. The newer NAVD 88 vertical reference system is different from and not parallel with
the NGVD 29, as will be explained in later sections. The NGVD 29 approximates a mean sea level datum.
NAVD 88 does not; in fact it is 3 feet below mean sea level on the US West Coast--refer to Figure 5-8.

5-7



EM 1110-2-1003

1 Jan 02
\ ! \ LAKE OR
| | LOWWATERPOOL | RESERVOIR POOL
| } REFERENCE PLANES } REFERENCE DATUMS
INLAND WATERWAY |
| LOW WATER V) =T (ﬂ',,[: C‘isl_))
COASTAL AREA | REFERENCEPLANE | YUSUS
UNDER —»—>| } ****** MAINTAINED &
TIDAL INFLUENCE | ! REGULATED
I B ST PROJECT DEPTH
DEEP DRAFT FLOW
<
PORTIHARBOR ZONE ——> P (TYPICAL) LOCK / DAM CONTROL
NGVD 29 e LWR STRUCTURES NGVD 29
I S
- % | ~ f/ NAVD 88
MEAN LOWER LOW WATER
REFERENCE PLANE VARIOUS EXCAVATION GRADES
o (MAINTAINED PROJECT DEPTHS)

Excavated Project Grade Parallels
32-FOOT PROJECT Reference Datum Plane — Not NGVD 29 or
(TYPICAL) NAVD 88.

42-FOOT PROJECT Low water reference datums are derived
(TYPICAL) from tidal, stage, and/or flow duration

characteristics, which are independent of

the geodetic datum derivation / definition.

Figure 5-5. Vertical reference planes for navigation and flood control projects

a. Tidal areas. In offshore coastal areas, navigation projects are referenced to a tidal datum—Mean
Lower Low Water (MLLW) throughout CONUS. This MLLW reference plane is not a flat surface but
slopes as a function of the tidal range in the area. Tidal range can increase or decrease near coastal
entrances; thus the MLLW must be accurately modeled throughout the navigation project. The required
project depth also slopes as a function of the tidal range in an offshore area. The project depth is parallel to
the MLLW curve as shown in Figure 5-5, an indication of decreasing tidal range towards shore. If the tidal
range were increasing in Figure 5-5, then the slope of the grade and MLLW curve would be downward. At
some point near or upstream of an entrance, the MLLW curve crosses the NGVD 29 plane, being influenced
by river slope but still subject to tidal range superimposed on this slope. The required grade at all points on
the navigation project is dependent on tidal modeling--i.e., determining the elevation of the MLLW datum
plane from a series of gage observations at each point. A number of tide gages may need to be established
along a navigation project to adequately model the MLLW curve. Depending on the magnitude of the tidal
range and linearity of the slope, recording gages may need to be placed at 0.5- to 5-mile increments along
the project. Gages should be spaced such that the accuracy of the MLLW elevation at any point in the
project is +/- 0.1 ft. This may be achieved by 3 to 30 days of observations. The MLLW reference elevation
between the gages is estimated by linear interpolation.

b. River areas. Proceeding up river in Figure 5-5, a constant maintained navigation depth will
slope with the average river surface. River datums are referenced to a low water reference plane (LWRP),
such as the LWRP 1974 reference used in the unregulated portion of the Mississippi River. Like tidal
MLLW, the low water river datum must be determined from gage/staff observations at sufficient points
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along the river to adequately define the surface. The spacing of these observations must be sufficient to
allow linear interpolation between staff gage points. For a river that drops 0.5 ft/mile (e.g., Mississippi)
gages or benchmarks may be required at least every quarter- to half-mile in order to reference hydrographic
surveys.

c¢. Controlled river pools. Between river control structures, low water pools are used to reference
maintained navigation depths, as shown in Figure 5-5. Since these pools themselves may exhibit some
slope, sufficient gages/benchmarks within the pools should be established to account for any minor slope.

d. Reservoir pools. Depths in controlled reservoirs are usually referenced to a national vertical
datum (e.g., NGVD 29 or NAVD 88).

e. Great Lakes. Depths in the Great Lakes and connecting channels are referenced to the
International Great Lakes Datum (IGLD) of 1985. IGLD 85 represents a low water datum from which
navigation is maintained. The datum must be adjusted for slope in the connecting channels between the
Great Lakes.

5-5. Tides and Tidal Datums

A datum is defined as the base elevation used as a reference from which to reckon heights or depths.
Example datums which most surveyors are familiar with are mean sea level, mean lower low water
(MLLW) and mean high water. Tidal datums are defined in terms of the rise and fall or phase of the tide.
High Water is the maximum height reached by a rising tide while Low Water is the minimum height
reached by a falling tide. Vertical datums are used as a reference on NOS nautical charts. Depths are
referred to MLLW--also called chart datum. Heights, such as towers and bridge clearances, are referred to
Mean High Water (MHW). A tidal benchmark is a fixed vertical monument used to reference a local tidal
datum. A minimum of three benchmarks is required unless the station datum is connected to NAVD 88.

a. Hydrographic surveys in tidal areas should be referenced to a base elevation on NAVD 88. In
areas where this is not possible, hydrographic surveys in tidal areas should be referenced to a base
elevation on NGVD 29, which has been determined by meaning the tide heights over the National Tidal
Datum Epoch. The National Tidal Datum Epoch is the specific 19-year period (Metonic cycle) adopted
by the NOS as the official time segment over which tide observations are taken and reduced to obtain
mean values (e.g., MLLW) for tidal datums. The present National Tidal Datum Epoch is 1960 through
1978. Due to the long-term rise in global sea level and land subsidence, tidal datums are constantly
changing and require continuous monitoring and updating. It is the mission of the NOS to collect tidal
data and to reduce it to a mean value relative to the National Tidal Datum Epoch; therefore, NOS tidal
datums should be used as a basis for hydrographic surveying in tidal areas. The National Tidal Datum
Epoch is reviewed annually by NOS for possible revision and must be actively considered for revision
every 25 years.

b. NOAA's User's Guide for the Installation of Bench Marks and Leveling Requirements for
Water Level Stations prescribes the requirements for connecting USACE tidal bench marks to the national
vertical network maintained by U.S. Coast & Geodetic Survey (USC&GS). The relationship between
MLLW to both NAVD 88 and NGVD 29 will be made clear where NAVD 88 data is available.
Hydrographic surveys in tidal areas should be referenced to NAVD 88 instead of the older NGVD 29.
There are several reasons that NGVD 29 is not supported for these surveys. The old data was adjusted by
different manual methods--the new data is collected and adjusted by least squares using digital computers.
Many of the 107,000 kilometers measured for the NGVD 29 adjustment have been destroyed by:
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* the Interstate Highway System construction,
« subsidence in Texas and Louisiana,

» earthquakes in California,

* flooding in the Midwest

* mass wasting on hillsides

* vegetation

In addition, 730,000 kilometers of levels were measured for the North American Vertical Datum of 1988
(NAVD 88) of which 625,000 kilometers were measured with better equipment.

¢. Listed below are some definitions of types of vertical datums and their sources used in USACE.

National Geodetic Vertical Datum of 1929 (NGVD 1929)

* Geodetic datum derived from an adjustment of the first order level network of the United States
and Canada.

* In the adjustment, local mean sea level (MSL) was held fixed at 26 tide stations, 21 in the U.S.
and 5 in Canada.

North American Vertical Datum of 1988 (NAVD 1988)

* Geodetic datum derived from an adjustment of the first order level network of the U.S., Canada,
and Mexico.

* In the adjustment, local MSL was held fixed at Rimouski, Quebec, Canada.

* Releveling First-Order Network

* Least Squares Adjustment

* Decided on Minimum Constrained System

* Primary BM at Father Point, Rimouski, Quebec

» Satisfied IGLD Requirements

* NAVD 88 not tied to MSL for U.S. coastline

International Great Lakes Datum of 1955 (IGLD 1955)

* Geodetic datum derived from first order level network along connecting channels of the lakes
and water level transfers across the various lakes.

* In the adjustment, local MSL at Fathers Point, Quebec was held fixed.

International Great Lakes Datum of 1985 (IGLD 1985)

* Geodetic datum derived from first order level network throughout the Great Lakes in the U.S.
and Canada.

* In the adjustment, local MSL at Rimouski, Quebec was held fixed.

5-6. Tide Stations

To facilitate the process of establishing tidal datums, tide stations are operated at various locations for
long- (primary), medium- (secondary), and short-term (tertiary) durations--refer to Figure 5-6.

a. Primary control tide station. Long-term tide stations are referred to as primary control tide
stations. These are tide stations at which continuous observations have been made over a minimum
19-year Metonic cycle. Their purpose is to provide data for computing accepted values of the harmonic
constants essential to tide predictions and to the determination of tidal datums. The data series from these
stations serves as a primary control for the reduction of relatively short series of observations from subor-
dinate tide stations through comparison of simultaneous observations, and for monitoring long-period sea
level trends and variations.
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b. Secondary control tide station. Medium-term tide stations are referred to as secondary tide
stations. These are stations at which continuous observations have been made over a minimum period of
one year but for less than a 19-year Metonic cycle. The series is reduced by comparison with
simultaneous observations from a primary control tide station. These stations provide for a 365-day

harmonic analysis, which includes the seasonal fluctuation of sea level.
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Figure 5-6. Schematic map showing relationship of tide stations

c. Tertiary tide station. Short-term tide stations are referred to as tertiary tide stations. These are
tide stations at which continuous observations have been made over a minimum period of 30 days but for
less than one year. The series is reduced by comparison with simultaneous observations from a secondary

control tide station. These stations provide for a 29-day harmonic analysis.

d. Comparison of simultaneous observations. This is a reduction process in which a short series
of tidal observations at any place is compared with simultaneous observations at a control station where
tidal constants have previously been determined from a long series of observations. It is usually used to
adjust constants from a subordinate station to the equivalent of those that would be obtained from a
19-year series. The National Tidal Benchmark System (NTBMS) provides datum information for
previously occupied tidal measurement locations. Listed below are the general statistics for this system.
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Number of stations: approx. 6000
East Coast: 3000

Gulf Coast: 500

West Coast: 1000

Alaska: 1200

Pacific Islands: 150

Great Lakes: 177

5-7. Need for Updated Tidal Datums

Since tidal datums used for hydrographic surveying are referenced to benchmarks that are subsiding with
the land relative to sea level, they should be monitored and updated constantly to remain valid. For
example, in the Hampton Roads area of Virginia, failure to update tidal datums could result in errors of as
much as 1.41 ft per century. Even larger errors can result if tidal datums are based on less than a 19-year
mean, or, as in some Pacific coast projects, if earthquake activity has occurred.

a. An old and inaccurate rule of thumb often used in dredging is that datum planes be kept level
in reference to sea level datums for any given reach of river or throughout any given stretch of dredging,
even in areas where the local MLLW was not level. This creates a special problem near inlets and can
result in a benchmark having two different dredging datum elevations, one for upstream, another for
downstream, and neither corresponding to local MLLW. Level dredging datums will be discussed later in
more detail.

b. It should also be noted that if dredging datums do not agree with true local MLLW, one of two
problems will result. If dredging datums are below MLLW, charts will show depths shallower than
reality, creating more dredging and giving local mariners and pilots a false impression of shoaling. If
dredging datums are above MLLW, charts will show depths greater than reality, decreasing the amount of
dredging and causing local mariners and pilots to run aground. In the first situation (normally found in
areas where tidal datums are not kept current because of rising sea level and land subsidence), the error
gives shipping an unrecognized safety factor at the expense of extra dredging. In the second situation, the
error could cause a ship grounding.

5-8. Accurate Tidal Datums

Considering the ongoing rise in sea level relative to the landmass (Figure 5-7), accurate and up-to-date
tidal datums are required to ensure that channels are dredged to the proper depths. Inaccurate datums
result in unknown over- or under-dredging. Over-dredging provides an unknown and expensive safety
factor that is not required. Under dredging can cause disastrous groundings. The optimum design depth
cannot be obtained unless the proper tidal datum is correctly utilized. In areas charted by NOS, hydro-
graphic surveying datums for dredging should be the same as NOS chart datums (MLLW).

5-9. NOS Tidal Datums
NOS has modified and updated its methods of determining and labeling the various tidal and chart datums
for all coasts of the United States. The National Tidal Datum Convention of 1980 became effective
November 28, 1980. This convention:
* [Established one uniform, continuous tidal datum system for all marine waters of the U.S., its terri-
tories, the Commonwealth of Puerto Rico, and the Trust Territory of the Pacific Islands, for the

first time in history.

* Provided a tidal datum system independent of computations based on type of tide.
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* Lowered chart datum from MLW to MLLW along the Atlantic coast of the U.S.
*  Updated the National Tidal Datum Epoch from 1941 through 1959, to 1960 through 1978.
*  Changed the name Gulf Coast Lower Water Datum to MLLW.

* Introduced the tidal datum of Mean Higher High Water (MHHW) in areas of predominantly
diurnal tides.

¢ Lowered Mean High Water (MHW) in areas of predominantly diurnal tides.

a. USACE navigation projects that are referenced to older datums (e.g., MLW along the Atlantic
coast or various Gulf coast low water reference planes) must be converted to and correlated with the local
MLLW tidal reference established by the NOS. Changes in project grades due to redefining the datum
from MLW to NOS MLLW will normally be small, and in many cases will be compensated for by
offsetting secular sea level or epochal increases occurring over the years. Thus, impacts on dredging due
to the redefinition of the datum reference are expected to be small and offsetting in most cases.

b. All USACE project reference datums, including those currently believed to be on MLLW,
must be checked to ensure that they are properly referred to the latest tidal epoch, and that variations in
secular sea level, local reference gage or benchmark subsidence/uplift, and other long-term physical
phenomena are properly accounted for. In addition, projects should be reviewed to ensure that tidal phase
and range characteristics are properly modeled and corrected during dredging, surveying, and other
marine construction activity, and that specified project clearances above grade properly compensate for
any tidal range variances. Depending on the age and technical adequacy of the existing MLLW reference
(relative to NOS MLLW), significant differences could be encountered. Such differences may dictate
changes in channels currently maintained. Future NOS tidal epoch revisions will also change the project
reference planes.

c. Conversion of project datum reference to NOS MLLW may or may not involve field tidal
observations. In many projects, existing NOS tidal records can be used to perform the conversion, and
short-term simultaneous tidal comparisons will not be required. Tidal observations and/or comparisons
will be necessary for projects in areas not monitored by NOS or in cases where no recent or reliable
observations are available.

(1) Since the shoreline, as depicted on NOS nautical charts and bathymetric maps, is the MHW
line, the computational method adopted by this convention provides one uniform and continuous
shoreline along all coasts of the coterminous U.S., Hawaii and Alaska, U.S. possessions, Puerto Rico, the
Virgin Islands, the Trust Territories of the Pacific Islands, and UN Trust Territories under
U.S. jurisdiction.

(2) Use of this computational method also allows states that have designated the MHW line as the
boundary between private and state land and have one, two, three, four and/or six tides per tidal day along
part (or all) of their coast, and two tides along the rest, to implement the tidal datum of MHW so that they
will possess one uniform and continuous boundary between private and state lands.
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Of particular importance for USACE--refer also to Figures 5-9 and 5-10:

Atlantic coast. Along the east coast of the U.S., the tide is semidiurnal with two high waters (on
average) each tidal day. The chart datum has been changed from MLW to MLLW. This will be
given lowest priority when publishing new values. However, MLW on the 1941-1959 epoch will
closely approximate MLLW on the 1960-1978 epoch. Thus, MLW on the 1941-1959 epoch will
continue to be acceptable until the MLLW data on the 1960-1978 epoch are available.

Gulf coast. Along the Gulf coast of the U.S., the tide is mixed in some areas and diurnal in others.
There are other tides associated with islands, distances up bays and estuaries, and within lagoons.
The presence of diurnal tides in the Gulf, and the fact that they do not stay purely diurnal at any
one place, caused the tidal datum of MHW, as previously defined, to be non-uniform and dis-
continuous. In order to provide a uniform and continuous MHW Line, this convention intended
that all (except in very special cases) high waters appearing with adjacent ranges equal to or
greater than 0.1 foot be used in the mean for the datum of MHW regardless of the type of tide.
For the MHHW line, the one high water of a diurnal tidal day and the highest high water of a
multiple high water tidal day will be used in the mean for the datum. The MLW and MLLW lines
are determined by similar computations of their respective datums. The name of the chart datum
has been changed from Gulf Coast Low Water Datum (GCLWD) to MLLW, only to be consistent
with those of other coasts of the United States. The GCLWD is a tidal datum that was used as an
NOS chart datum from November 14, 1977, to November 27, 1980, for the coastal waters of the
U.S. Gulf Coast. GCLWD is defined as MLLW when the type of tide is mixed and was MLW
(now MLLW) when the type of tide was diurnal.

Pacific coast. Along the west coast, the tide is almost always mixed, with two high waters (often
unequal in height) each day. The chart datum will continue to be MLLW.

d. These modifications have provided one uniform and continuous chart datum, MLLW, for all
coasts of the U.S. With few exceptions in these coastal tidal areas, MLLW should be the dredging datum.
This datum should be based on local tidal observations and computations referred to the National Tidal
Datum Epoch. To ensure this, hydrographic surveys should be based on MLLW and should also be
related to the NGVD 29 and NAVD 88, as specified previously. This allows continuity and identification
of the slopes of local MLLW datums for long channels or when various reaches are dredged.

e. Depths of USACE navigation projects in coastal areas subject to tidal influences are currently
referred to a variety of vertical reference planes, or datums. Most project depths are referenced to a local
or regional datum based on tidal phase criteria, such as MLW, MLLW, Mean Low Gulf, or GCLWD.
Some of these tidal reference planes were originally derived from U.S. Department of Commerce, NOS
observations and definitions used for the various coasts. Others were specifically developed for a local
project and may be without reference to an established vertical network (e.g., NAVD 88 or NGVD 29) or
atidal reference. Depending on the year of project authorization, tidal epoch, procedures, and the agency
responsible for or connected to the reference datum, the current adequacy of the vertical reference may be
uncertain or, in some cases, unknown. In some instances, project tidal reference grades may not have
been updated since original construction. In addition, long-term physical effects may have significantly
impacted presumed relationships to the NOS MLLW datum.
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/- Since 1989, nautical charts published by USC&GS, U.S. Department of Commerce, reference
depths (or soundings) to the local MLLW reference datum, also termed a "chart datum." USCG Notices
to Mariners also refer depths or clearances over obstructions to MLLW. Depths and clearances reported
on USACE project/channel condition surveys provided to USC&GS, for incorporation into its published
charts in plan or tabular format, must be on the same NOS MLLW reference as the local chart of the

project site.

VARIATIONS IN MEAN RANGE OF TIDE AT SEATTLE, WA
1900 - 1996
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Figure 5-9. Example of mean range of tide on Pacific coast

g. The Water Resources Development Act of 1992 (WRDA 92), Section 224, requires
consistency between USACE project datums and USC&GS marine charting datums. This act amended
Section 5 of the Rivers and Harbors Appropriation Act of 1915 to define project depths of operational
projects as being measured relative to a MLLW reference datum for all coastal regions; only the Pacific
coast was previously referenced to MLLW. The amendment states that this reference datum shall be as
defined by the Department of Commerce for nautical charts and tidal prediction tables (NOS) for a given
area. This provision requires USACE project reference grades to be consistent with NOS MLLW.

h. Implementation actions. A number of options are available to USACE commands in assessing
individual projects for consistency and accuracy of reference datums, and performing the necessary tidal
observations and/or computations required to adequately define NOS MLLW project reference grade.
Datum establishment or verification may be done using USACE technical personnel, through an outside
Architect-Engineer (A-E) contract, by another USACE district or laboratory having special expertise in
tidal work, or through reimbursable agreement with NOS. Regardless of who performs the tidal study, all
work should be closely coordinated with both the USC&GS and NOS in the Department of Commerce.

i. Technical specifications. The general techniques for evaluating, establishing, and/or

transferring a tidal reference plane are fully described in the USACE and Department of Commerce
publications.
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5-10. Establishing Tidal Datums

Establishing tidal datums for the United States and its territories is the primary responsibility of NOS.
Depending on the location, NOS may already have all the necessary information to ensure that proper
tidal datums are utilized for hydrographic surveys. This would include NOS tidal benchmarks in the
immediate vicinity of the project site (the tidal characteristics at the project site should be the same as
those at the site of the tidal benchmarks) and 1960-1978 epoch and NGVD values (NAVD 88) and
descriptions for these marks.

a. Department of Commerce contacts. Before and during the course of any tidal study, close
coordination is required with NOS.

b. Sources. If in-house forces are not used, the following outside sources may be utilized to
perform a tidal study of a project, including any field tidal observations.

(1) Architect-Engineer (A-E) contract. A number of private firms possess capabilities to perform
this work. Either a fixed-scope contract or indefinite delivery type (IDT) contract form may be utilized.
In some instances, this type of work may be within the scope of existing IDT contracts. Contact NOS to
obtain a typical technical specification which may be used in developing a scope of work.

(2) Reimbursable support agreement. Tidal studies and datum determinations may be obtained
directly from the NOS, Department of Commerce, via a reimbursable support agreement. A cooperative
agreement can be configured to include any number of projects within a district. Funds are provided to
NOS by standard inter-agency transfer methods and may be broken down to individual projects. Contact
the Chief of the Ocean and Lake Levels Division to coordinate and schedule a study agreement.

c¢. Scheduling of conversions. Section 224 of WRDA 92 did not specify an implementation
schedule for converting existing projects to NOS MLLW (or verifying the adequacy of an existing
MLLW datum). It is recommended that a tidal datum study be initiated during a project's next major
maintenance cycle.

d. If all necessary tidal datum information is not available, one of the following methods may be
utilized.

(1) NGVD/MLLW differential method. This involves NOS tidal benchmarks in the immediate
vicinity (tidal characteristics the same as those at the project site) with 1960-1978 and NGVD elevations
and project benchmarks with NGVD elevations. Direct comparison of the existing project datum to the
actual NOS tidal datum can be made by computing the NGVD/MLLW differential for the tidal bench-
marks and comparing it with the NGVD-project datum differential at the project site. In effect, this is the
same as leveling between them. The error in the existing project datum can then be computed and
corrected by applying the NGVD/MLLW differential to the project benchmarks.
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Figure 5-11. Schematic of method of differential leveling

(2) Leveling and NGVD/MLLW differential method. This involves the same situation outlined in
the first method, except that neither the project datum nor the NOS tidal datum has been related to
NGVD. Field leveling (Figure 5-11) is needed to develop the required relationships, after which the
differentials, errors, and necessary corrections are computed as discussed above.

(3) Leveling to a known tidal datum method. This involves leveling from the project site to a
known tidal datum due to the nonavailability of NGVD at either site. Tidal characteristics are assumed to
be the same at both sites. If the leveling is too costly, operating tide stations at both sites and performing
simultaneous comparison computations to determine the datum at the project site may be more efficient.

(4) Interpolation method. This involves interpolation between two existing sites where tidal
datums were previously determined. The estuary's tidal characteristics are assumed to be changing at a
fairly constant and linear rate, with one previously established tidal datum upstream and another one
downstream of the project site. The upstream project site and downstream sites will have to be related to
each other by one of the above methods or by transfer through simultaneous staff reading at all three sites.
The differentials can then be computed as outlined in the NGVD/MLLW differential method. A linear
interpolation can then be performed. Finally, errors in the existing project datum and necessary
corrections are computed as outlined in the NGVD/MLLW differential method.

(5) Operating tide stations method. This involves situations in which existing tidal datums are
not reliable, are too far from the project site, or do not exist. Operation of a tide station is required to
establish the datum. Since 19 years of records are required to establish an accurate tidal datum, the
principles of comparison of simultaneous observations should be employed to adjust short-term readings
to the 19-year equivalent, with several tide stations operated simultaneously. One station should be at the
project site (tertiary) and another one at a primary station site. Depending on the geographical rela-
tionships and tidal characteristics, a secondary station may also be required. Primary stations operated
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throughout the United States by NOS provide the 19 years of continuous readings required. NOS also
operates some secondary stations possibly providing the seasonal comparisons required. The operation of
tertiary stations on project sites and possible reinstallation and operation of gages at previous secondary
sites for simultaneous comparisons will be required. Due to the potential use of the tidal data for marine
boundaries and other non-dredging purposes, collection of adequate data for court verification should be
considered. This generally requires three months of data at the tertiary station along with data for the
same three months at the associated secondary and primary stations. Arrangements should be made for
NOS to process the data and determine the tidal datum. A cooperative agreement with NOS may be initi-
ated by contacting the Chief, Ocean and Lake Levels Division.

e. Tidal reference boundaries. Figure 5-12 depicts various jurisdiction zones on the Atlantic
Coast. Determination and demarcation of the MHW line is often required for some Corps regulatory
permitting activities. Procedures and accuracy standards may vary widely between jurisdictions and/or
projects. The processes for performing MHW demarcation surveys are beyond the scope of this manual.
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3 n.mi. 9 n. mi.
Privately Owned | State Owned Tidelands Territorial Sea Contiguous Zong
Uplands Inland Waters Exclusive Fishing
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Figure 5-12. Diagram of terminology of tidal datums on Atlantic Coast
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5-11. Equipment and Field Work Associated with Operating Tide Stations

To determine a tidal datum at a given site, a true and accurate record of the tide levels and times should be
obtained. The length of this record depends upon the local characteristics and other factors previously
discussed. The three types of tide stations (primary, secondary, and tertiary) usually require different
amounts and types of facilities and services.

a. Structures. The purpose of the structure is to protect the installation. A variety of structures
may be used, including buildings, piers, wharves, and pilings in open water. Primary stations usually
require buildings; secondary stations may require a small house depending on the location and envi-
ronment; and tertiary stations can usually be installed on any supporting structure.

. e rﬁﬂ"r-lrﬂ'l-l

Figure 5-13. Primary automatic gage to record tides

b. Gages. The purpose of the gage is to record continuous times and water level heights at the
site--Figure 5-13. This is usually an automatic electromechanical type recorder. The only variation in
gages from primary to tertiary stations would be that primary stations may have more than one gage and
may have additional equipment for telemetering the data to other locations.

¢. Float wells. A float well is a stilling well in which the float of a float-actuated gage operates.
A stilling well is a vertical pipe with a relatively small opening (intake) in the bottom. It is used in a gage
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installation to dampen short-period surface waves while freely admitting the tide, other long-period
waves, and sea level variations, which can then be measured by a tide gage sensor inside. The well
provides a protected place for a float, which is connected to the gage by a wire or cable, to maintain itself
at the water's surface for accurate recordings. In general, larger wells of 12 inch diameter with small
intakes are used with primary and secondary stations to provide more damping effect for accurate
readings. Smaller wells of 4 in. diameter with small intakes are generally used with tertiary stations for
ease of installation for shorter periods.

d. Staffs. A tide staff is a tide gage consisting of a vertical graduated staff from which the height
of the tide can be read directly. It is called a fixed staff when secured in place so that it cannot be easily
removed. A portable staff is one designed for removal from the water when not in use. For such a staff a
fixed support is provided. The support has a metal stop secured to it so that the staff will always have the
same elevation when installed for use. The staff provides a means for manual observations to verify
recordings and serves as a fixed reference for recording water levels and a direct connection to tidal
benchmarks. Staff types can vary from an electric tape device to a vitrified or fiberglass staff.

e. Observers. A local tide observer is required to provide a daily manual check to verify
recorded data. NOS requires five observations per week in most situations.

f- Reports. Weekly reports are submitted to the district by observers for monitoring purposes.
Records can be obtained that document any changes or modifications to the gage or staff for proper data
processing and reduction.

g. Leveling. Leveling from the staff or the electric tape to tidal benchmarks is the means of
transferring the tidal datums to permanent marks for future use and ensuring staff stability. 3™ order
leveling is usually required.

h. Benchmarks. Benchmarks are used as a fixed reference and permanent record of the tidal
datums. Benchmarks are established in accordance with the standards set forth in EM 1110-1-1002. In
low-lying marshes and beach areas, deep-driven rod-type marks driven to refusal are required.

5-12. Off-Site Tide Observations

These observations usually occur in inlets, offshore entrance channels, and open waters of bays where
on-site tide observations are not easily obtained.

a. Errors associated with off-site tide observations are as follows:

(1) Figure 5-14 shows two tide curves of equal range with a 1-hr time offset. The solid line
represents the tide at the project site, and the dashed line represents the tide at the observer's site. The tide
height at the two sites will coincide only once every 6.2 hr. At all other times, errors will occur at a
maximum of 0.6 ft (for the case shown) at the middle of each ebb and flood tide. If the first survey were
done on an ebbing tide and the second survey were done on a flooding tide, or vice versa, the error would
be doubled, resulting in a total maximum error between surveys of 1.2 ft.

(2) Figure 5-15 shows two tide curves with a 0.5-ft range difference and a 1-hr time offset. The
solid line again represents the tide at the project site, and the dashed line represents the tide at the
observer's site. It is again shown that the tide heights at the two sites will coincide only once about every
6 hr. At all other times, errors will occur at a maximum of 1.0 ft near the end of a flood tide and at 0.5 ft
near the end of an ebb tide. If two surveys were made with the first near the end of an ebb tide and the
second near the end of the flood tide, the error would be compounded to a total of 1.5 ft. Note that larger
tide ranges or increased time offsets will create even larger errors than those shown here.
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Figure 5-14. Errors from off-site tide observations. (Equal range of tide with 1 hour time offset)

b. Depending on the geographical location and local tidal characteristics, several alternative
solutions should be considered to eliminate these errors:

(1) The first would occur where it is possible to surround the site with several tide stations
operating simultaneously. Appropriate interpolations could provide accurate on-site tidal data. If all tide
stations and the survey and dredge vessels were equipped with telemetering devices, this could be done in
real time onboard. Note that the tidal datums should have been determined in advance of the surveying or
dredging. Without telemetering devices, the recorded tides could be analyzed and the appropriate
interpolations performed with tide correctors computed for use in postprocessing and plotting the
hydrographic surveys. The dredge would require real-time information to ensure proper operation.
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(2) Another approach would be required if the site could not be surrounded by tide stations. In
this case, an on-site tide station could be installed on an offshore platform and actual tides recorded. This
would require collecting enough reliable data to determine a tidal datum as previously discussed through
short-term simultaneous readings and comparisons with secondary and primary control tide stations.
Once the datum was established, real-time tides could be telemetered to the survey and dredge vessels or
the recorded tides could be used later to postprocess and plot the surveys.

(3) In areas where it is not feasible to maintain an offshore tide station indefinitely, a zoning
approach may prove adequate. This would involve operating onshore tide stations simultaneously with
the offshore station as outlined above. However, by mathematical modeling or zoning of the tidal regime
in the offshore area, the offshore station could be removed and the tides at the offshore site accurately
projected from the onshore tide stations, which would continue to operate. Some districts have had lim-
ited success with offshore tide gages using either acoustic or pressure sensing devices to determine
offshore water elevations. Historical information for zoning models and predicted information from tide

tables may be provided by NOS.

c. The key to utilizing offshore tide stations effectively is to collect enough data for a datum
determination through the method of comparison of simultaneous observations with secondary and
primary control tide stations before the channel design is complete.

5-13. Water Level Reference Planes

The following sections describe some of the low water reference planes used in the Great Lakes and on
inland waterway systems.
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5-14. International Great Lakes Datums

a. The Great Lakes-St. Lawrence River system area (Figure 5-16). The official datum is now
IGLD 85. IGLD 85 was officially established in January 1992, replacing IGLD 55. Districts working
with the previous official datum, IGLD 55, were to have moved over from IGLD 55 to IGLD 85 by
January 1993. This changeover cannot be accomplished in a practical sense until NOAA publishes the
IGLD 85 benchmark data for the area. IGLD 85 data is available for the gages, but the spacing of the
gages is not dense enough to support project control. As soon as NOAA data is available for a project
area, IGLD 85 should be used for any hydrographic surveys on the Great Lakes.
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ST. MARYS RIVER

ST. CLAIR RIVER

LAKE ST. FRANCIS (46.2)
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Figure 5-16. IGLD 85 datums for the Great Lakes-St. Lawrence River systems

(1) The earth's crust experiences movements around the entire Great Lakes-St. Lawrence River
system area and therefore must be vertically readjusted every 25 to 30 years. This crustal movement is
called isostatic rebound, which is the gradual rising of the earth rebounding from the weight of the
glaciers during the last glacial age. The reference point for IGLD 55 was Pointe-au-Pere (Father's Point),
Québec. When IGLD 55 was created, it was known that readjustment would be necessary due to the
effects of isostatic rebound. Crustal movement is not uniform across the Great Lakes basin and causes
bench marks to shift not only with respect to each other, but also with respect to the initial reference
point. Subsidence and other local effects can cause bench marks to shift as well. In addition to these
reasons, new surveying technology and adjustment techniques made the time ripe to revise the datum.

(2) The Coordinating Committee on Great Lakes Basic Hydraulic and Hydrologic Data revised
the IGLD 55 datum and established IGLD 85. This committee has input to the international management
of the Great Lakes-St. Lawrence River system. Representatives from the U.S. and Canada are members
on this committee. The efforts of the Coordinating Committee to revise IGLD 55 and establish IGLD 85
were coordinated with the efforts to establish the new common international vertical datum for the U.S.,
Canada, and Mexico, NAVD 88. 1985 is the central year of the period during which water level infor-
mation was collected for the datum revision (1982-1988). The reference zero point for IGLD 85 is
located at benchmark #1250G, at Rimouski, Québec--see Figure 5-16. This benchmark has an IGLD 85
elevation of 6.723 m and IGLD 55 elevation of 6.263 m. IGLD 85 increases the number and accuracy of
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benchmarks in the Great Lakes area. Agencies within both the U.S. and Canada will use IGLD 85. NOS
and the Canadian Hydrographic Service (CHS) began reporting water levels referenced to IGLD 85 upon
its implementation in January 1992. For a period of time, conversion factors for both IGLD 55 and IGLD
85 water level data will be provided by NOAA/NOS Great Lakes Section and CHS. The monthly water
level bulletins published by USACE and CHS will reflect this information.

(3) IGLD 85 will not change water levels established for federal flood insurance programs in the
U.S. These levels are referred to NAVD 88. Elevations common to both NAVD 88 and IGLD 85 are
available from NOAA/NOS Great Lakes Section and NGS Vertical Network Branch. Lake-level
outflows will not be affected by the datum change to IGLD 85. As benchmark information becomes
available, navigation, construction, and other improvement work on the Great Lakes should be referred to
IGLD 85. Either datum is acceptable until the benchmark data is available for the respective USACE
district. Drawings should include a note for the vertical IGLD datum in use to avoid blunders.

(4) USACE permit applications will still be referenced to the Ordinary High Water Mark
(OHWM) as defined under Section 10 of the Rivers and Harbors Act. As benchmark information
becomes available, new applications should reference IGLD 85.

b. Each of the Great Lakes has an independent low water reference plane, or chart datum. The
elevations of these planes of reference on IGLD 85 are shown in Figures 5-16 and 5-17.

c. Low water datums are also established at points along the connecting channels where surface
gradients occur. Improvements to navigation projects (including surveys) within these areas are
performed relative to the low water datum for a particular reach of a river. Surveys performed within any
section of a connecting waterway must be appropriately corrected for these datum gradients (Figure 5-
17).
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GREAT LAKES, CONNECTING CHANNELS AND ST. LAWRENCE RIVER
WATER LEVELS AND DEPTHS
Department of the Army, Detroit District Corps of Engineers

The present and expected water levels on the Great Lakes, Connecting Channels and the St Lawrence River, as well as the
penod-of-record average levels for the Great Lakes, are given in Inches above (+) or below(—) Low Water Datum (LWD). Low
Water Datum is a plane of reference used on a navigation chart. Itis also known as Chart Datum. The Low Water Datums for each
location below, are given in feet on International Great Lakes Datum, 1955.

Period-of record® Present Period-of record® Expected Low Water
Average Levels Levels Average Levels Levels Datum
20 JAN 20 JAN 90 2 FEB 5> FEB 90
GREAT LAKES i " " s
Lake Outario + 15 + 14 + 16 + 13% 242.80
Lake Erie +-16 + 18 + 16 + 18 568.60
Lake St Clair +13 + 12 + 10 + 10 571.70
Lakes Michigan-Huron + 13 + 4 + 13 + 3 576.80
Lake Superior + 4 - 3 + 3 - 4 600.00
ST. LAWRENCE RIVER
© Above Long Sault Dam + 1 - 4 237.50
(® Above Iroquois Dam + 19 + 16 239.90
Ogdensburg + 11 + 10 242.20
Alexandria Bay + 12 + 12 242.60
Head of River at Cape Vincent + 14 + 13 24280
DETROIT RIVER
Lake Erie at Pelee Passage + 18 + 18 568.60
Mouth of River at Gibraltar + 16 + 16 568.77
Head of River above Belle Isle + 12 + 11 571.47
ST. CLAIR RIVER
() Mouth of River at St Clair Flats + 12 + 10 571.70.
(») Algonac + 9 + 8 572.50
() St Clair + 7 + 6 574.04
09 Blue Water Bridge + 5 + 4 576.25
) Head of River at Fort Gratiot + 4 + 3 576.50
(2 Lake Huron Approach Channel + 4 + 3 576.50
ST. MARYS RIVER
§® Mouth of River at Detour + 4 + 3 576.80
West and Middle Neebish + 7 + 7 577.00
Head of Little Rapids + 12 + 11 57760
6) Below Locks + 14 + 14 577.8
Above Locks 0 0 599.50
Head of River at Point Iroquois - 3 - 4 600.00

Available water depth is determined for a location by adding (if+) or subtracting (if—) the amount from the above table to the
appropriate channel depth shown in the profile on the backside of this table or to the water depths shown on National
Oceanic and Atmospheric Administration (NOAA) navigational charts.

CAUTION: Depths so determined are rcprcsénutivc of a still water surface elevation, disturbed by neither wind nor other
causes. Depths, however, may be reduced or increased as much as several feet for short periods of time due to these disturbances,
or when sections of channels develop shoals. Vessel masters should refer o™ Local Notice to Mariners™ for extent of shoaling and
scattered bedrock projections in all channels.

Figure 5-17. Reference datums for connecting channel in the Great Lakes
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d. Geopotential numbers for individual benchmarks are the same in both the NAVD 88 and the
IGLD 85. A difference between IGLD 85 and NAVD 88 is that the IGLD 85 benchmark values are given
as dynamic heights and the NAVD 88 values are given in Helmert orthometric heights. Dynamic heights
show potential energy of a system, whereas orthometric heights are the result of geopotential number
(energy surface) divided by local gravity. The dynamic height for the same point on IGLD 85 and IGLD
55 can vary between 1 cm and 40 cm. Orthometric elevations from differential leveling will not yield
dynamic elevations. The differences between the two datums (e.g., IGLD 55 and NGVD 29) have been
determined from differential leveling and long-term stage observations. These differences are published
where stage observations have been made. For example, on Lake Erie (IGLD 55 = 563.6 ft), differences
between NGVD 29 and IGLD 55 are (-) 1.57 ft at Cleveland, OH, (-) 1.45 ft at Toledo, OH, and (-) 1.29 ft
at Buffalo, NY. To establish a reference datum at any point from a NGVD 29 benchmark elevation
requires application of the NGVD 29-IGLD 55 conversion for that area, including any required interpo-
lations between reference points.

e. Other local reference planes have been established by local jurisdictions (Table 5-2). These
local reference planes can be related to either IGLD 85 or NAVD 88. If the data is not available to refer
to IGLD 85, then IGLD 55 may be referred to; if the data is not available to refer to NAVD 88 then
NGVD 29 may be referred to. The relationship between the various datums should be clearly indicated
on all drawings or plots of surveys performed in such areas.

Table 5-2.
Local Datum Reference Elevations
IGLD (1955)
Area Elevation (feet)
Chicago city datum plane 578.18
Cleveland city datum plane 573.27
Buffalo city datum plane 574.28
Milwaukee city datum plane 579.30

For example, at Chicago, the difference between IGLD 55 on Lake Michigan and the Chicago City
Datum Plane is:

IGLD 55 Lake Michigan: 576.80 feet
Chicago city datum - 578.18 feet
Difference () 1.38 feet

In other words, an IGLD 55 Lake Michigan elevation adjusted relative to the Chicago city datum would
decrease 1.38 ft. Differences between all points in an area may not be constant. Velocity head, pressure
head, and vertical adjustment residuals are factors.

5-15. Low Water Reference Planes (LWRP) -- Middle and Lower Mississippi River

On the Mississippi River, between the mouths of the Missouri and the Ohio Rivers (the Middle
Mississippi River), depths and improvements are referenced to a LWRP. No specific LWRP year is used
for the Middle Mississippi north of Cairo, IL. Below Cairo, IL, depths and improvements along the
Mississippi River are referenced to the 1974 LWRP--see Figure 5-18--and most recently, the 1993
LWRP. These hydraulic-based reference planes were established from long-term observations of the
river's stage, discharge rates, and flow duration periods developed about the 97-percent flow duration line.
The elevation of the LWRP drops gradually throughout the course of the Mississippi; however, some
anomalies in the profile are present in places (particularly in areas containing a rock bottom). The
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gradient is approximately 0.5 ft per river mile. The ever-changing river bottom will influence the LWRP.
Changes in the stage-discharge relationship will influence the theoretical flow line for the LWRP.
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Figure 5-18. Profile of Lower Mississippi River 1974 low water reference plane

a. Construction and improvements along the river are performed relative to the LWRP at a
particular point. Differences in LWRP elevations between successive points along the river are
determined from simultaneous staff readings and are referenced to benchmarks along the bank. The
LWREP slope gradients between any two points must be corrected by linear interpolation of the profile.
Thus, over a typical 1-mile-long section of river with a 0.5-ft gradient, each 1,000-ft O/C river cross
section will have a different LWRP correction, each dropping successively at 0.1-ft increments.

b. From 1993 on, NAVD 88 should be used as the common reference plane from which LWRP
elevations are measured, if possible. The relationship of all project datums to both NGVD 29 and NAVD
88 will be clearly noted on all drawings, charts, maps, and elevation data files. All initial surveys should
be referenced to both NAVD 88 and NGVD 29. If this is not possible then NGVD 29 should be used as
the common reference plane from which LWRP elevations are measured until the move to NAVD 88 can
be made. Differences between the LWRP and NGVD 29 are published for the reference benchmarks
used to control surveys and construction activities. In some FOAs, surveys are performed directly on
NGVD 29 without regard to the LWRP profile (elevations above NGVD 29 are plotted rather than
depths). The LWRP depths are then contoured from the plotted NGVD 29 elevations, with the LWRP
profile gradients applied during the contouring process.
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c. If a survey is conducted over a given reach of the river, the LWRP-NAVD 88 and/or the
LWRP-NGVD 29 conversion must be interpolated based on the slope profile over that reach. For
example:

@ River Mile 736.0: LWRP = 181.5 NGVD 29
@ River Mile 736.4: LWRP = 182.2 NGVD 29

The 0.7-ft drop in 0.4 mile is linearly interpolated for any river cross section run within this 0.4-mile
stretch, i.e., a river cross section at mile 736.2 would use a 181.85-ft conversion from NGVD 29 to
LWRP.

5-16. Other Inland Water Reference Systems

Controlled portions of the Mississippi are referred to pool levels between the controlling structures.
Although a variety of reference datums are used on other controlled river systems or impoundment
reservoirs, most are hydraulically based and relate to some statistical pool level (e.g., "normal pool level,"
"flat pool level," "minimum regulated pool level," etc.).

a. On the Mississippi River above Melvin Price Locks and Dam at Alton, IL, to Lock and Dam
No. 22 at Saverton, MO, (Figure 5-19) the reference used is related to the minimum regulated pool
elevation. These pools are regulated referenced to a "hinge point." The pools are drawn down when the
river's flow will provide adequate navigation depths naturally. When the flows are reduced to low
volumes, the pools are reestablished and are essentially level. The depths and improvements along this
reach of the Mississippi River are referenced to the "minimum regulated pool" elevations.

b. On the Mississippi River above Lock and Dam No. 22 at Saverton, MO, to St. Paul, MN, a
"flat pool level" reference is used, and soundings are shown as "depth below flat pool." The flat pool is
the authorized elevation of the navigation project and can be referenced to any number of local datums.
Most commonly, this level is referenced to the mean sea level (MSL) datum of 1912, the general adjust-
ment which preceded 1929. Conversions between MSL 1912 and NGVD 29 are available. The Illinois
Waterway pool elevations (Figure 5-20) are referred to NGVD 29; however, relationships to numerous
other datums are also made.

¢. Vertical clearances (bridges, transmission lines, etc.) are usually measured relative to high and
low waters of record, or relative to full pool elevations. Shore lines shown on river drawings and naviga-
tion maps may be referenced to a low water datum (i.e., LWRP). On the Mississippi River above Lock
and Dam No. 22 at Saverton, MO, the plotted shore line is referenced to full pool stage at dams with
discharges equaled or exceeded 90 percent of the time. Given the variety of reference levels, special care
must be taken to properly identify the nature and source of all vertical reference datums used on a project.
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5-17. Tides and Water Level Stage Measurement Systems--Reference Gage Location

Criteria for each survey class are given in Table 5-4. The vertical reference benchmark and/or staff
should be located as close to the work area as possible to minimize the effects of tidal phase lags and
range differences (or river slopes) which may exist between the staff site and the project area. The possi-
bility of a wind setup may be minimized by working during low wind velocity conditions (less than 15
knots). The staff should be located on the same body of water as the project area (e.g., do not observe
tides on intracoastal waterways for work offshore). The same benchmark/staff should be used for all
surveys associated with a project. Vicinity sketches should be maintained in project records indicating
the precise gage location in relation to surrounding features. To assist in reestablishment of the datums
used, a minimum of three tidal benchmarks should be set or chosen within 500 ft of the gage and, by
leveling, their elevation above the tide datum determined. Descriptions of each benchmark are to be
written in accordance with EM 1110-1-1002.

5-18. Tidal Zoning

Tidal zoning is the practice of dividing a hydrographic survey area into discrete zones or sections, each
one possessing similar tidal characteristics. One set of tide reducers is assigned to each zone. Tide
reducers are used to adjust the soundings in that zone to chart datum (MLLW). Tidal zoning is necessary
to correct for differing water level heights occurring throughout the survey area at any given time. Each
zone of the survey is geographically delineated such that the differences in time and range do not exceed
certain limits, generally 0.2 hr and 0.2 ft respectively; however, these limits could change depending upon
the type of survey, location, and tidal characteristics. The tide reducers are derived from the water levels
recorded at an appropriate tide station, usually nearby. Tide reducers are used to correct the soundings
throughout the hydrographic survey area to a common, uniform, uninterrupted chart datum. On large
bays, tide gage zoning should be used to find the correct water elevation at the vessel. Tidal zonings, as
developed by the NOS, are used where there is a difference in water level slope and/or time of tidal phase
between the tide gage and survey sites. For many surveying requirements in these areas, it is impractical
and cost-prohibitive to actively maintain tide gages close to the survey site, making the use of tidal zon-
ings advantageous. Figure 5-21 shows a tidal zoning model for Chesapeake Bay. Table 5-3 lists
corrections for the model at the Cape Henry Channel location relative to the southern-most tide gage on
the southerly end of the Chesapeake Bay Bridge Tunnel. Note that all the time corrections are negative.
This is because the entire Cape Henry Channel is east of the gage toward the Atlantic Ocean.
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Figure 5-21. Chesapeake Bay tidal zones

5-34



EM 1110-2-1003
1 Jan 02

Table 5-3. Cape Henry Channel Tidal Zoning
Tide Correction Factors Based on Chesapeake Bay Bridge Tunnel Gage

10 July 1991
Zones Station to Time of Occurrence Height Ratio
Station
A -20+00 -23 min high water
to -17 min mean x 1.21
+20+00 -11 min low water
B +21+01 -17 min high water
to -13 min mean x 1.15
+133+00 -09 min low water
Cc +133+01 -11 min high water
to -9.5 min mean x 1.08
+239+73 -08 min low water
D +239+74 Direct on CBBT gage
to " N/A
+332+86 "

Example of tidal zoning correction for tidal zone B:

Channel Station 100+00 Time 1000 EST

Tide stage occurs 13 minutes (on average) later at CBBT tide gage ...

Gage reading at 1013 EST: +2.00 ft above MLLW
height ratio: x1.15

Gage reading corrected for
time and height to be applies
to the 1000 EST sounding + 2.30 ft above MLLW

i.e., 1013 EST
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Table 5-4.
Tides and Water Levels Measurement Criteria

Minimum Standard per Survey Class
Criteria

Hard Material Soft Material Other Surveys
Gage/Staff Location (1) On-Site On-Site Near-Site
Tidal Zoning Requirements Determine on Case-by-Case Basis Not Required
Gage Reading Frequency As needed for 0.1-ft surface change
Leveling Frequency -- Gage to Benchmarks
(3rd Order Levels -- 2 BM's Required) per Start & Finish of Project Project Start Only
Project
Start/Finish Difference in Gage Reference 0.05 ft 0.1ft n/a
Elevation
Staff Marking Intervals 0.1 1t
Least Count of Readings 0.1ft
Stilling Wells Required if Sea States Exceed 0.5 ft 1.0t 2.0ft

(1) An on-site gage for "Hard Material" is defined as a location relative to the project area such that not more than a
0.1-ft surface gradient exists between the two sites. Slopes of 0.3 and 0.8 ft are allowable for "Soft Material" and
"Other Survey" gages, respectively. Tidal or surface gradient zoning is required if these criteria cannot be met.

5-19. Gage Reading Intervals

During the course of a survey, gage readings shall be recorded in either standard field books, forms, or
automated printouts--see Figure 5-22.

a. Tidal. For each survey class, gage readings will be taken at intervals equal to or shorter than
those indicated. Readings at proper intervals will ensure a correct determination of the actual tidal curve.
Because certain reduction computations use only high and low readings, care should be taken near the
time of high or low water to take accurate readings.

b. Inland. The slope or gradient of the water surface along inland streams and rivers is
constantly varying. Water surface determinations should be made daily at 1-mile intervals or less. For
more critical navigation and dredging surveys, determinations shall be made a minimum of twice daily at
intervals not exceeding 0.5 mile, except near major stabilization or improvement structures where water
surface determination should be made immediately upstream and downstream of the structure. The water
surface should be computed for each section by a method similar to that previously described.
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Figure 5-22. Tide gage/staff readings recorded in a surveyor's field book

5-20. Leveling Frequency

On major coastal projects, leveling from at least two tidal benchmarks to the gage (or staff) should be
performed at the beginning and end of a project. USACE 3™ order standards should be followed for all
differential leveling work. The tidal benchmarks which reference the tide staff should be connected with
at least two firmly established benchmarks, preferably USC&GS/NOS marks, on NAVD 88 where
possible and NGVD 29 where the appropriate data for NAVD 88 is not available. This is critical since
the entire project will be referenced to the established datum at that point. Any oddities or anomalies in
the vertical datum should be investigated. All subsequent surveys should utilize the same benchmark.
When temporary staffs are set for short duration surveys, they should be periodically checked for move-
ment, especially if the staff is situated in an unstable location. A temporary benchmark (TBM) should be
set adjacent to the gage/staff to facilitate this checking process. On stable river surfaces, lakes, or reser-
voirs, the surface elevation may be obtained from a level rod shot to the surface each day. In such stable
mediums, a staff or gage would not be necessary. Staffs or water level/tide gages may be set to directly
read on the local low water reference datum, project datum, or at any arbitrary level (Figure 5-23).
Setting staffs/gages to read directly on the local datum helps to preclude conversion blunders.

5-21. Start/Finish Difference in Gage Elevation

Gage leveling should be performed before and after a payment survey project, and the measured gage
elevation should be within prescribed limits to ensure that the gage has not been disturbed or settled.

5-37



EM 1110-2-1003
1 Jan 02

5-22. Staff Markings/Least Count of Readings
All gages/staffs are to be marked to 0.1 ft, and readings are to be expressed to the nearest 0.1 ft. This
precision will ensure the required accuracy in reduction computations. However, if prevailing conditions

permit reading to 0.01 ft, this should be done to improve accuracy. Unit markings will be dependent on
whether the gage is set to an absolute or reference datum.
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Figure 5-23. Procedure for setting a staff gage relative to a construction datum plane
5-23. Stilling Procedures

Water surface fluctuations at a gage should be stilled so that the maximum range of water rise and fall
with one wave passage is negligible. Stilling well construction ranges from the very simple Plexiglas
tube to a more complex float system in a PVC tube. Electronic filters are also used to still the surface
fluctuations. The orifice for water entry should be located near the well's bottom and at least three
multiples of wave height below the surface . The opening's size should be regulated to permit adequate
movement of water into or out of the well for long-term tide changes but to prohibit a significant water
exchange during passage of a wave crest or trough. On some offshore gages, the stilling well itself is
used to support the gage platform.

5-24. Mandatory Requirements

The criteria in Table 5-1 and Table 5-4, including supplemental explanatory paragraphs, are considered
mandatory.
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Chapter 6
Planning and Processing Surveys for Civil Works Projects

6-1. General Scope

Providing quality hydrographic data on dredging, navigation, and flood control projects requires careful
planning and evaluation of all phases of the process. Those process considerations include: basic
identification of areas to be surveyed and the conditions under which they will be surveyed, use of in-
house hired labor or Architect-Engineer (A-E) service contract forces, dredging performance and time
constraints, the most appropriate equipment to collect the data, data density requirements, development of
a general survey plan and subsequent site specific survey plans, data processing, data presentation, and
data archival and retrieval. Other general factors to be considered might include geodetic survey
methods, hydrographic survey methods, computer systems design, acceptable vessel modifications, safe
vessel operation, and regional knowledge of survey conditions. This chapter will discuss these items.

The chapter is divided into four sections:

Section I: General Guidance in Performing Hydrographic Surveys for Engineering and
Construction

Section II: Planning Survey Coverage
Section III: Data Processing, Editing, and Plotting Options

Section IV: USACE Standards for Survey Coverage, Processing, and Plotting

6-2. General Planning Considerations

A variety of resource options are available for ordering or procuring hydrographic surveys of USACE
projects. These surveys may be obtained from either in-house (hired labor) forces or contracted forces.
Contracted forces include A-E contractors or construction contractors--usually dredging firms. A-E
contractors may be either specialized surveying firms or design firms with in-house or subcontracted
surveying capabilities. The project engineer/manager must weigh the costs and benefits of these different
source options. Although data quality is the most important consideration, cost often becomes a primary
planning criteria. Some of the more critical factors are discussed below.

a. Project funding. Often only limited project or study funds are available for site plan mapping
or surveying. Funding limits will often dictate the scope of work, often restricting the data density that
can be collected and resultant data quality. Limited funds often necessitate a search for the most
economical survey force. Survey costs can vary widely between in-house crews and between A-E
contractors. Often geography, or mobilization distance to the project site, is a major factor. However,
there are many other factors that can cause large cost differences between crews. Over-capability is one
factor; e.g., using multibeam-equipped vessel with a 5-man crew to run single-line beach profiles that
could be performed more efficiently by a 2-man topographic survey team. Obtaining optimum cost
services may require comparisons between in-house and contracted survey forces, or even comparisons of
capabilities and costs between survey crews.

b. Response time. Project or study milestones may put receipt of survey data on a critical path.
In-house or A-E contractors may have varying response capabilities that should be evaluated if rapid
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delivery of survey information is critical. Most field hydrographic survey crews have (or should have at
this time) a "field-finish" capability. This means that a fully edited and processed survey can be delivered
from the field--in MicroStation or AutoCad format--usually on the same day the survey is performed.
When critical project milestones are dependent on site plan data, project engineers should expect a rapid
response to a data request--including expedited "field-finish" deliverables. Ordering or procuring such
service may often take longer than performing the work. In-house forces may not be immediately
available. A-E contracting task orders can take from 2 to 6 weeks to process, depending on the command.
Not all districts maintain A-E labor-hour contracts that allow immediate response. Alternative rapid
response options include verbal notices to proceed by the Contracting Officer or credit card purchase of
services. Dredging projects have strictly mandated deliverable milestones--see chapter on dredging
support surveys for details. These time standards will often dictate whether in-house or contracted forces
will be used to perform dredge measurement and payment surveys, based on response capabilities.

¢. Project scope and location. Many dredging payment surveys are relatively small projects,
typically less than one-day effort with current surveying technology. Thus, it is not uncommon for
mobilization and demobilization time to far exceed the actual survey time. This is especially true if the
survey crew has a long travel distance to the work site. Small-scope survey projects always cost more per
unit than large efforts, due to mobilization and general overhead costs, among other factors. To reduce
costs, it is always desirable to bundle geographically close projects under one order. When this is not
feasible, then the most capable survey crew nearest the work site should be located.

d. Survey performance and productivity capabilities. The survey crew selected for a project must
be capable of performing the work in accordance with the required accuracy and quality specifications,
such as those in this manual. All in-house or contract survey forces have varying hydrographic surveying
capabilities. These variations could involve equipment and/or personnel. Experience and capability must
be demonstrated based on past performance. Assessing such capabilities is difficult and time consuming
for a study/project manager--he must rely on the advise of someone familiar with the individual survey
crews (in-house or A-E). Survey crews with updated technology and equipment is another indicator of
performance capability. It is also a good productivity indicator. An example of productivity increases for
a typical project is shown in Table 6-1. The table indicates that survey productivity has increased by a
factor of about 75 times since the 1960s and about 10 times since 1993. This later increase is primarily
due to implementation of DGPS positioning. However, the data density, accuracy, and quality have also
significantly increased since 1993 (and especially since 1973) given that a full-bottom coverage
(multibeam) survey was obtained on the latest survey. This table also illustrates that a 3-man survey crew
today equals the output productivity of three to five crews in 1993.

Table 6-1. Annual Project Condition Survey--Tampa Harbor 43-Foot Project
Gulf of Mexico to Port of Tampa
Field Survey Time Required to Perform Survey

Year Positioning Coverage Crew-Days Man-Days
to 1973  Visual (tag line) 200 ft O/C 360 1800
to 1993  Microwave 100 ft O/C 40 280
toDate DGPS 100 % (Multibeam) 8 24 1

"EMC, Inc (Greenville, MS) ... 1997 (using 3-man crew)

IMPACT: Decreased fieldwork...Increased data density, accuracy & data processing
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Section |
General Guidance in Performing Hydrographic Surveys for Engineering and
Construction

The guidance provided in this section was developed by the Los Angles District whose coastal
engineering construction projects, shallow- and deep-draft navigation projects, and inland reservoir
projects are as varied as any other district in the Corps. The guidance focuses on some of the more
critical aspects involved in planning, equipping, performing, and processing hydrographic surveys for
engineering projects. Although developed from the perspective of the Los Angles District, many of the
recommended planning considerations are applicable Corps-wide.

6-3. Survey Equipment and Instrumentation Requirements Relative to Project Scope

It is important to have a good understanding of the areas that will be surveyed to make the necessary
decisions on how to survey them. For example, if 90% of the hydrographic surveying is going to be in
water less than 15 feet deep, it would be a waste of resources to use a multibeam system to perform the
work (unless the survey is to locate small items). A better choice would be a multiple transducer swath
system or a single-beam system. If the water depth exceeds 15 feet, then the multiple transducer swath
system starts to become inappropriate and the single-head multibeam system becomes a better choice.
Also, shallow water often precludes the use of deep draft vessels. The general classifications for survey
conditions are: water depth, channel width, fresh or salt water, water current strength, tubidity, wave
conditions, and weather. Each one of these can effect the type of vessel to use and the equipment that
would be used aboard the vessel.

a. The most appropriate equipment for data collection is subject to many considerations. A
single-head, multibeam-equipped survey boat will probably cost more than $400,000. This commitment
of resources must be considered carefully. It is also required that commands obtain approval from
HQUSACE prior to acquisition of multibeam equipment. Considerations are workload, type of work,
skill level of personnel, safety, and data requirements. These items are tightly interrelated, but must be
addressed. If just one of these items fails the whole survey system fails.

b. Workload must be sufficient to support the cost of the equipment and personnel. This is true
of in-house work crews or contractors. A multibeam survey vessel should be programmed for most of the
year. If the workload drops below 50% utilization then there may be a problem. In some circumstances
the survey boat has other duties, or the limited requirement is sufficient to support the vessel.

c. The type of work relates to the different survey situations. Some situations warrant the use of
a multibeam system and others may not. An example would be to acquire an in-house or contract
multibeam vessel and use it to check the condition of non-critical depths in a channel, knowing that it
would cost significantly less to utilize a different survey system. If all the work were in shallow water
(less than 15 feet deep) it would not be a good use of a single-head, multibeam system to perform the
survey. If the work were in rough open sea conditions, a multiple transducer swath system would be a
poor choice of equipment.

d. However, key personnel will still need to be fully knowledgeable of the entire system and
have a special knowledge of certain aspects of the data collection and processing systems. Without a
complete knowledge of the entire process it will become difficult to efficiently survey or contract a survey
in that particular district. It therefore follows that before acquiring a complex system such as multibeam,
management must decide if sufficient personnel skills are available.
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e. Data requirements are always increasing in complexity. Several years ago there were no
digital files, only the paper plot. Now the paper plot is not significant, only the digital file has a real use
to the navigation community. With the advent of computer-aided drafting and design (CADD), and
modern surfacing programs, providing digital data has become a necessity. This requirement has driven
hydrographic surveying to the use of more complex survey systems. The current state-of-the-art system
has a solid dedicated work boat (20-ft to 30-ft in length), a multibeam echo sounder, a single-beam digital
echo sounder, digital compass, Global Positioning System (GPS) navigation, and a motion reference unit.
It must also have onboard editing, data processing, and plotting capabilities--i.e., "field-finish"
capabilities. It is clear that the future dictates that surveys cover the full bottom accurately and quickly.

/. Turbidity and other water conditions have an effect on the type and make of the echo sounder
to be used. Different echo sounders operate differently in turbid conditions. It is essential that the echo
sounder used be initially tested in the working conditions that it will be expected to perform in. This test
will provide an evaluation as to which type of equipment will generally meet the survey requirements.
When contracting hydrographic surveying it is important to verify the type of echo sounder that will be
used, and if unsure of its performance, request a test. If there are others in the area using the same
equipment, they may be referenced and that may suffice for the evaluation.

6-4. Selection of Appropriate Survey Vessel for Project Area

A wide variety and number of survey vessels are used throughout the Corps. This would be expected
given the Corps is by far the largest agency or organization in the world performing hydrographic
surveys, and the types of water resource projects surveyed are highly varied. Corps surveys are
performed using conventional V-hull boats, catamarans, tugs, open skiffs, LARCs, pontoon boats,
underwater sleds, air boats, surface-effect vessels, swamp tractors, converted barges, jack-up barges,
aircraft, and jet skis. Sizes of these platforms range from 14 ft up to 120 ft. Some of these vessels are
depicted on Figure 6-1. Each district has unique project features and working conditions that dictate the
type of vessel used. These may include project depth, inland or coastal navigation channels, geographical
range of projects, personnel, dredging program size, and typical sea states encountered, to name a few.
Selection of the most appropriate type vessel for the project conditions is critical to both production and
cost. Larger vessels (greater than 26-ft) are generally more effective (and safer) on open ocean entrance
projects; however, their daily operating cost is high. Smaller, trailerable boats (less than 26-ft) are more
efficient on inland navigation projects and coastal harbors and entrances. They also provide more
flexibility to rapidly mobilize between projects. Their daily operating costs are significantly lower than
larger platforms. Smaller vessels are more subject to sea state motion, which can adversely impact data
quality. Smaller vessels may not be able to effectively or safely operate in outer entrance channels of
deep-draft coastal projects. Thus, a number of factors must be considered in selecting a survey vessel for
a particular application. Some of the more important factors are discussed below.
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SV.Lynnhaven, Norfolk:DiStrict
Norfolk Harbor
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SV Paj, Detroit District

' Detroit River

Figure 6-1. Sample of Corps survey vessels used in different project applications

a. Channel width will limit the size of the vessel due to maneuverability issues and inability to
fully cover shallow side slope depth out to the required prism. Also, long narrow channels are much
easier to survey using longitudinal survey lines than cross-section survey lines. Longitudinal lines lend
themselves to the use of multibeam systems.

b. Fresh or salt water will also dictate the type of equipment that will be usable. Some fresh
water vessels are not designed to be used in salt water and will lead to equipment or engine failure.
Generally salt water craft are designed to handle larger wave conditions. Most hydrographic survey
equipment is designed to be used in both environments; however, computer equipment is another issue.
In salt water conditions, more care must be provided to the protection of the computer due to salty air
getting to the electronics. Thus, a sealed cabin environment is essential.

c. Water current strength will affect different vessels and equipment differently. It is suggested
that the vessel be tested in the water current conditions that it will be required to work in, before
purchasing or contracting is completed, to verify that the vessel and crew can perform the required work.
Generally a 23-ft to 30-ft vessel with 150-250 HP work best in most conditions. Hull design is best
decided by local knowledge of the water current and wave conditions.

d. Wave and general sea state conditions will require different types of vessels. In the past large
survey vessels were required to reduce the affect of the heave, pitch, and roll created by heavy sea states.

6-5



EM 1110-2-1003
1 Jan 02

Now with state-of-the-art motion reference units being able to eliminate most of these sea state effects,
smaller survey vessels can be used. However, the vessel must be able to have a cabin sufficient to house
the survey equipment, the vessel operator, and the equipment operator. The design should be as low to
the water line as possible to make the vessel less subject to pitch and roll as possible. Generally if the roll
exceeds or is maintained at seven degrees the vessel becomes too uncomfortable for continued survey
operations.

e. Safety is a consideration for both in-house and contracted surveys. The survey vessel must be
sea worthy at all times it is in use. The vessel should be designed with the concept of it being a survey
boat and have all of the needed brackets and electrical fixtures permanently placed on the boat. If the
boat has an over the side transducer mount, it should be fixed so that the mount can pivot and swing back
if an object is struck. This can be done with a shear-pin or other similar device. Items should not be
mounted on the vessel that will cause it to be open to the water if an accident should happen. Through-
the-hull designs for mounting equipment should have the top of the well open to the deck so that any
water forced into the well will simply flow onto the deck and then back into the water. Assignments as to
who is responsible for safety need to be made clear and documented. The vessel must be designed to
operate in the waters were the survey are routinely performed. Survey equipment must be placed in the
vessel so as not to interfere with emergency exits or the pilot’s view of traffic over 360 degrees. In open
ocean areas, life saving provisions must be made for the crew should the vessel sink. These include raft,
survival suits, emergency beacon, lights, water, food, flares, and emergency radio. In areas near shore or
in inland navigation systems, other provisions can be made, but they should be clearly spelled out. A
contractor should provide a report on how they will handle safety situations on the survey job.

f. Weather plays a major role in the vessel design. Most survey vessels are provided with an
enclosed cabin; however, in severe weather it becomes a requirement. When contracting surveys weather
conditions are a factor in vessel selection. For example, it would be prudent to carefully inspect a vessel
coming from Florida to do hydrographic surveying in Alaska. Likewise, a Gulf Coast surveyor may not
have the right equipment for the Pacific Northwest due to different wave conditions encountered in the
Pacific. Another factor is work areas with high heat and humidity conditions--these areas require air-
conditioning to keep the equipment running.

g. Logistics is one of the day-to-day problems that the surveyor must deal with. Contractors
realize that they must be able to mobilize their boat to the survey site. Some districts have specific areas
that a boat works and thus mobilization is not such a large issue. However, for the most part, districts,
dredging firms, and A-E contractors must move their survey boat and personnel to a location easily and
quickly. This usually means that the boat must be trailerable. There are varying degrees of trailerable
boats. Some are legal only with special permits, escorts, signage, and limited routes and times. It is clear
that a boat that does not require any special handling is preferred--and will best ensure that it can get to
the project site when needed. This means the use of a trailerable boat 20 ft to 30 ft in length. Such
length vessels are by far the most common used in the Corps--see Figure 6-2.
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Figure 6-2. Corps standard trailerable survey boat with twin outboard engines and enclosed work cabin
(Surveyboat Boyer, St. Louis District)

h. Weather is an issue that is regional in nature and thus the survey plan must address this issue
with specific attention to adequate vessel design, equipment mounting, equipment selection, personnel
training, and formal weather procedures. The survey vessel must be able to handle any of the expected
weather condition it is to work in. If not, then special planning needs to be taken to insure that personnel
are not exposed to weather the vessel cannot handle. Equipment mounts that work well in calm
conditions may come lose, or worse, cause hull damage in storm conditions. If a vessel gets caught in a
storm condition, then the mountings must be strong enough to hold. Some equipment will work well in
calm conditions, but in storm or rough water conditions they may be operating outside of their
performance range. Personnel should be trained in simple first aid and CPR. Also, they should be trained
in the use of all the onboard safety equipment. Management should set out a formal guideline on
evaluation of weather hazards, and make sure that the crew is aware of them.

i. Daily operating costs for a survey boat, crew, and survey party is another major factor. The
daily operating cost is a function of vessel length, crew licensing requirements, and size of survey crew
attached to the vessel. These cost factors are described in the chapter on A-E contracting. Typical costs
for operating various survey vessels in the southeast US are shown in Table 6-2 below:
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Table 6-2. Average Daily Crew Rates Relative to Vessel Size (1998)

Single Transducer -- USCG DGPS Beacon positioning ... SE CONUS

USACE Arch-Engr
Vessel & Crew Size In-House Contract Rate
26-Ft --4-man crew $1,590 $1,175
26-Ft --3-Man crew $1,340 $1,000
26-Ft --2-Man crew $1,090 $ 825
24-Ft --1-Man crew $ 687 $ 650 (est)
30-40 Ft -- 3-Man $2,200 n/a
50-65 Ft -- 4-6 man crew $3,350 to $4,100 n/a

The higher rates for the larger vessels are readily apparent in the above table. This is primarily due to the
increased operation and maintenance costs and requirement for USCG licensed operators. Vessel
utilization is another factor: there must be a sufficient deep-draft coastal workload to ensure a 65-foot
vessel can be utilized year-round. Ultilization is the main factor behind the lower rates for A-E contract
forces.

J. Data processing and editing should be done on the boat if it has an enclosed cabin. Plotting
can be difficult in limited space or if humidity affects the paper and pens. If it is required to plot at the
site, a better choice may be a trailer or van, with data being delivered periodically from the data collection
boat. The person who collected the data should perform all editing and processing.

6-5. General and Specific Survey Planning

Development of a general survey plan and subsequent site specific survey plans will create a more
efficient survey. The general survey plan addresses the general way that surveys are planned, performed,
and processed. This plan must be well thought out and robust to account for as many contingencies as
possible. This plan includes training, software, equipment maintenance and upgrades, logistics, all data
requirements, schedule, safety, and weather. It may seem that some of these items defy planning;
however, the effort must be made. The site specific survey plan will address local notifications, survey
lines, datum, data density, and specific equipment and personnel that will meet the general survey plan
requirements.

a. Training is probably an ongoing consideration by any surveyor due to constant changes in
technology. A complete training program should be laid out for each employee for the equipment and
software that that employee is expected to use. As these items are updated, continuing education should
be a standard issue in evaluating training needs. Contractors should provide their training background on
their equipment and software when being evaluated. This is usually contained in the Standard Form (SF)
154/155 A-E evaluation submittals.

b. Software is critical to the overall survey system. It would take an entire manual to adequately
detail software guidelines and requirements, and that is not the intent of this section. However, the
software must be robust and free from errors in data collection and processing. The software must
perform all required functions with a minimum of training and confusion. It is critical that the software
provide data quality control in a fashion that allows real-time or near real-time quality control on the
survey boat. And, as a minimum, it must provide X-Y-Z digital files that can be used in a surfacing
program to create contours. It may be easier to construct survey lines in one piece of software, export
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those to the data collection software, then edit the collected data on a third piece of software, and produce
final versions on a forth piece of software. This may be the quickest, but keep in mind that this requires
acquiring, learning, upgrading, and maintaining four different software programs. Thus, a software
package that encompasses most of these features is desired.

c. Equipment will have the largest initial cost, and locks the surveyor into a particular way of
doing business. Some equipment will lend itself to particular types of surveys and others will be more
general in use. It is paramount that a thorough general plan be in place and have USACE approval prior
to purchase of equipment. The same holds for contractors: they will use the equipment they have or can
obtain (lease or purchase) to do the work. It is important that their equipment meets the overall survey
plan.

d. Data requirements are being set by different end users of the data. Some of the Corps of
Engineer's customers are the harbor pilots, port authorities, levee boards, commercial tug and tow
operators, harbor maintenance groups, National Oceanic and Atmospheric Administration (NOAA),
coastal engineers, general recreational boaters, and environmentalists. Each user has a different use for
the data and in some cases a different data requirement. The purpose for the survey will usually dictate
the data requirement (data density, data coverage, and data precision). However, if there is no impact to
cost and schedule, then as many requirements should be addressed as possible in the survey plan.

e. Schedule is often a critical element in a hydrographic survey plan. The data requirement
usually has as a specific deliverable date assigned, such that the survey data collection and processing
occur within a very specific time frame. This requires that the personnel and equipment resources be
adequate to meet this need. In some cases, if the schedule cannot be met, then the survey simply will not
be requested and other sources will be used. Considering this, it is important to plan and analyze all
aspects of a general survey plan with the ability to meet schedule as a prime element of the plan. In
evaluating contractors, it is also import to evaluate their ability to meet schedule and the district’s ability
to contract in a timely manner.

f- Safety is a key element in any plan. This is true for surveying in general and, in particular,
hydrographic surveying. It can not be emphasized enough to survey crews that safety is first and
production is second. If the general survey plan or the site-specific plan omits or is lacking in safety then
it is a bad plan. It is incumbent on the person in charge in the field to evaluate every situation for possible
hazards. If there is an identified hazard, then it needs to be addressed before continuing with the activity.
Contractors are held to the same degree of safety that Corps employees are held to. The Corps safety
manual covers general safety, but does not address all of the safety issues that can happen aboard a survey
vessel. These items need direct management input and resolution.

g. Notifications to the Coast Guard, and the local harbormaster office should be made with
enough time to allow them to notify the local boaters of the survey. This notice should include a simple
map showing the survey area.

h. Survey lines for multibeam surveys (showing the course the survey boat should travel while
collecting data) should follow the contours of the harbor bottom. This will reduce the changes in bottom
coverage created by different water depths. However, when using a single beam survey system, the lines
should run perpendicular to contours. This will help in determining changes in the bottom relief. Survey
lines for multibeam surveys should not be too long. Long lines will generate large data files that are
difficult to edit. Thus a long entrance channel might be broken up into 10,000 ft segments. Multibeam
survey lines also need to be spaced so as to achieve the proper amount of overlap or data density to meet
the survey standard, as described in the following section in this chapter.
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i. Vertical project datum refers to the particular reference point or plan that the survey is
measured from. These datums are commonly referenced to an elevation or a sea level. Rivers have
slopes that must be correctly modeled in order to obtain a constant reference plane. Lake and reservoir
datums differ based on their location. The Great Lakes has a datum that is unique to each major lake.
The ocean has more than one datum. The most common to navigation is Mean Lower Low Water
(MLLW). This datum is established by NOAA. NOAA's tidal monuments are the reference that must be
used to establish MLLW or transfer it to other points in the project. When a survey is performed, an
integral part of the data for that survey is the reference datum. It is required, by good survey practice, to
clearly indicate by note on the published survey the actual vertical reference monument used, and the
procedures used to establish the datum for the survey.

j. Data density will vary based on method of survey, water depth, and need. The method of
survey will be determined by equipment available for the survey, the personnel, and survey site
conditions. If only a single beam survey system is available, then data density will be less; unless the
survey lines are about a half-meter apart and the boat operator can stay exactly on line. With a single
head, multibeam system, the greater the water depth the less dense the data will be, unless multiple passes
are made. It should be noted that data redundancy and data density are not the same thing. Data density
is the number of soundings per unit of area, while data redundancy refers to data overlap or data collected
at a different time at the same location. The type of survey defines data redundancy or data overlap
requirements--refer to Chapter 3. Full coverage surveys deal more with data density insuring that the
whole bottom is measured. These items need to be clearly understood by those requesting the survey and
those doing the survey to insure compliance with the standards in this manual.

k. Specific equipment requirements fall into two groups. The first is operational equipment such
as vehicles, safety gear, and radios. The second is survey equipment such as echo sounders, GPS, and
lead lines. It is important in either case to standardize the equipment as much as possible to limit training,
maintenance, and mistakes. Contractors that have mixed equipment must have their personnel trained in
all the equipment to insure that mistakes will be limited. Management must have in place some sort of
equipment plan for each type of project, and insure that the personnel are aware of that plan. Again,
safety equipment is of no value if some personnel do not know of the equipment and/or how to use it.

[. Personnel for the survey must be qualified to perform the survey. Qualification can be
determined by past experience if that experience is with equipment and methods being used for the
particular survey mission. Another qualification is documented training in the equipment and methods.
Training or experience, or both, must address all operational and survey equipment and procedures. The
number of personnel required to perform a survey mission can vary due to survey method and operational
concerns, but the minimum number required is the number to operate safely.

6-6. Data Management

Data management relates to transporting, processing, presentation, and archival/retrieval of survey data.
In modern hydrographic surveying vast amounts of quality data can be generated very quickly. With the
advances in digital terrain modeling (DTM) programs and CADD, the need for this type of geospatial
data is growing. A solid plan must be in place for moving data from place to place physically, processing
the data, preparing the required deliverable product(s), and achieving this in such a way as to promote
data retrieval and use.

a. Moving data physically or by some digital communications system is critical for the
hydrographic surveyor. With modern data collection systems, collecting gigabytes of data per day is
increasingly common--see Table 6-3 below. The general survey plan must have as a major component
the movement of the data from the survey vessel to the office. This will vary from location to location,
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and the type of equipment in the survey vessel and the survey office. The system needs to be simple and
yet robust due to the environment it is exposed to. It is important to always ensure the data is backed up
in two places.

Table 6-3. Increase in Data Collection Density since 1960 !

Method Soundings/Hr Ratio
Tag/Lead Line (<1960) 20 1
Topo/Total Station 40 2

S/B Echo Sounder >1960 21,600 1,080
Multibeam (EM-100) >1992 292,400 14,620
Multibeam (EM-1000) 324,400 16,200
Multibeam (EM-3000) 1,500,000 75,000

(450 MB/HTr)

LIDAR/SHOALS > 1990 1,400,000 70,000

(3,000 MB/Hr)

! per Survey Crew ... Drop from 5-7 persons (tag/lead line)
to 2-3 persons (multibeam)

b. Processing data in the district office must be carefully planned. It is easy to get confused and
inadvertently delete important data files or apply incorrect tides or velocity files. It is also important to
train personnel not only in the use of the software, but also in the proper interpretation of the data. If at
all possible, the data collector is the preferred data editor. It is important to not over-automate the editing
processes and inadvertently remove objects that do exist. This will require prudent and limited use of
automated editing features of the software, and ensure that each anomaly is identified by a qualified
person. This is time consuming; however, the mistake of removing something like a large rock that
actually exists from the survey is not acceptable.

c¢. Deliverable products can range from the raw data files to completed hydrographic maps with
digital surfaces. The Corps is required to submit its survey data to NOAA for inclusion in their
navigation charts. The format of that data changes from waterway to waterway and through time as
NOAA updates their methods and products. It is important to stay current with NOAA and adjust the
general survey plan to accommodate their needs. Once NOAA converts its charts to the metric system
(they have not converted as of 2001) standards for data presentation will change to meet metric
requirements. Some of those changes are that text height will be three millimeters, grid ticks will be
every 0.1 meters on charts, plots will be on metric sized sheets, and that scales will be replaced by ratios.
A rule of thumb is that data density for engineering purposes (volumes and contours) is an average of all
edited soundings in a three meter square given the coordinate of the center of that square. Another rule is
that plotting at ratios of 1:2,000 or 1:3,000, the density should be about one sounding every 15 meters,
and this sounding should be the sounding closest to the center of the 15-meter square. The use of a non-
averaged sounding near the cell center (or centroid) means that the plotted data represents real
measurements and not calculated measurements. It is becoming more common in industry to supply
digital data as the main product. This has the advantage of being more easily used in DTM and CADD
programs; however, if there is a requirement to sign the deliverable or place a stamp or seal on it, then the
digital file will have to be supplemented with a hard copy of the survey. This will change as electronic
certification procedures are put in place.

d. Data archival and retrieval are required, and good business. The Corps has a FGDC mandate

to make their hydrographic data available through the Internet. Equipment and systems must be in place
or developed to move this data to the Internet to make it available to the public. Currently the best
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methods are to place the data in a district or USACE Internet server or on media such CD-ROM. The
data must also be placed or referenced on the Geospatial Data Clearinghouse--refer to EM 1110-1-2909
(Geospatial Data and Systems) for details on USACE data archiving and retrieval requirements.
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Section Il
Planning Survey Coverage

This section provides guidance for determining the amount of coverage needed for surveys of Corps
navigation, coastal engineering, and flood control projects. It provides additional guidance to supplement
the survey coverage requirements in Table 3-1.

6-7. Density of Data and Line Spacing

Minimum requirements for survey coverage are prescribed in Table 3-1. These are minimum standards and
may need to be adjusted based on project-specific requirements. The density of bathymetric data collected
is determined by a number of project-dependent factors. Some of the considerations used to determine the
required data density and the survey coverage needed to obtain that data density include:

*  Type of construction project (dredging, rock placement, revetment construction, etc.) and
related site investigation requirements.

*  Survey data collection equipment (lead line, analog echo sounder, multiple-array acoustic
sweep system, automated data collection, etc.) capabilities and limitations.

*  Subsurface relief (rock, sand, silt, probability of intermediate pinnacles or shoals requiring
development, etc.).

*  Project economics (costs of surveys relative to engineering and design costs and estimated
construction costs).

*  Method of construction payment and/or computation thereof (in place, daily unit rate, average
end area, triangulated irregular network, etc.).

a. Single-beam line spacing and alignment. From the above evaluation, a line spacing is selected
which will provide the necessary density of coverage--or overlapping coverage in the case of swath
survey systems. On dredging projects, the survey line spacing will govern the amount of coverage over a
given project area, regardless of whether lines are run as cross-sections or run parallel to the project
alignment (profiles or longitudinal lines). For single-beam cross-section surveys, data density usually
covers less than five percent of the project by area. From this relatively low density, quantity
computations are estimated, the major assumption being uniformity of terrain between successive survey
lines or sections. This is normally a valid assumption. It becomes invalid if abrupt changes occur
between lines, in turn causing inaccuracies in quantity take-offs made using average end area methods.
The line spacing densities indicated in Table 3-1 are considered to be representative for USACE
construction and dredging activities. Maintaining these criteria will ensure USACE-wide uniformity on
contracted construction projects. In areas undergoing construction, or where shoals or other irregularities
occur, the line spacing shall be made closer in order to detect and depict the full extent of irregularities.
Far wider spacings are specified by project engineers for non-navigation surveys, such as river sections
for hydraulic models, reservoir sedimentation studies, and coastal engineering transport studies. Cross-
sections are nearly always run normal to the project's centerline alignment, as shown in Figure 6-3, or
relative to a fixed baseline located ashore. These could include levee baselines or beach construction
baselines or setback lines. Project alignments may be straight, circular curves, or transition curves--cross-
sections are run normal to the line or curve tangent. Exceptions may occur in turning basins, wideners, or
other irregular shaped areas.
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Figure 6-3. Cross-section coverage of a typical navigation project

(1) Data acquisition packages (such as HYPACK MAX) have a variety of features to set up
survey lines relative to a project or channel alignment. These are found in its LINE EDITOR and
CHANNEL DESIGN programs. Both straight or curved survey lines can be generated. Survey lines can
be set up to cover turning basins--see example at Figure 6-4. Included with the cross-section alignments
are the channel turning point coordinates along with side slope grades. This data is used for subsequent
end-area volume computations.
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Figure 6-4 HYPACK MAX planned survey lines covering channel and adjacent turning basin including
channel limits and side slope parameters

(2) HYPACK MAX can also be configured to optimize spacing of cross-sections through varying
channel baseline alignments, as shown in Figure 6-5. This so-called SMART CORNERS option can be
used to simplify average-end-area volume computations in these irregular areas; however, in this
example, a TIN model might be an easier method of computing dredge quantities.
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Figure 6-5. HYPACK MAX "Smart Corners" generated planned survey lines covering irregular channel
alignments--cross-section alignment varies over channel intersections

b. Multibeam coverage and line spacing. Acoustic multibeam sonar systems provide full-bottom
coverage from a single acoustic transducer. Entire cross-sections of a channel can be generated many
times a second. Multibeam systems are now capable of providing full-channel coverage surveys in near
real-time, including on-board data processing, editing, color plots, and CADD files for direct import into
MicroStation or AutoCad platform. Quantity computations using full digital terrain models acquired
from multibeam data are significantly more accurate than average-end-area quantity take-offs from single
beam cross-section surveys. These computations can also be performed directly in the field. The primary
application for multibeam systems is for surveys of deep-draft navigation projects--typically those
projects over 20 ft in depth. Multiple transducer systems are more effective in shallow draft projects
when full-bottom coverage is required for channel or clearance requirements. Multibeam swath widths
typically range from twice to seven times the water depth. Thus, for a 45-ft project, a 200- to 300-ft
swath can be obtained with a single pass. Figure 6-6 depicts full swath survey coverage of a 400-ft-wide
deep draft channel with two vessel passes.
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Figure 6-6. Project condition survey coverage of a deep-draft navigation project with two
150-deg multibeam passes

(1) Multibeam line spacing (”L") and the number of longitudinal lines ("N") for a typical
navigation project can be computed using the methods shown in Figure 6-7. The depth (d) is the average
project depth. The sidelap (s) should be set such that overlap exists between the parallel multibeam swath
lines and the toes or side slope limits. Sidelap is intended to compensate for survey line steering
limitations and/or duplicate coverage requirements. A 50% sidelap would provide duplicate bottom
coverage if there were no steering misalignment. For a project condition survey where coverage is only
required between the channel toes, an allowance should be made for vessel steering misalignment. If the
steering accuracy is 120 ft, then the channel width should be increased by at least that amount to ensure
full coverage between the toes. When duplicate bottom coverage is required throughout the channel (i.e.,
50% sidelap), additional lines should be run on each channel toe.
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Figure 6-7. Computing multibeam line spacing on a navigation project given array width, project depth, and
overlap requirements

(2) The following examples illustrate line spacing computations for multibeam surveys:

Given: Project Condition Survey of 40x400 ft channel
(no coverage of side slopes required)
10% overlap between multibeam lines

a =150 deg multibeam swath angle
d = 40 ft project depth
s=10%
at 10% overlap, s = [2d tan (a/2)] - 10%) = 30 ft

Line Spacing: L = 2d tan (a/2) - (1-s) =2 -40 - tan (75 deg) - (1 - 0.1) = 269 ft ... 270 ft
Number of lines: N=1400/270|+1=2

Since the two lines easily cover the channel area, they would be spaced to provide overlap along the toes
and with each other. If a 20-ft steering accuracy is assumed, then the two lines would be run along
channel offsets (+) 85 ft and (-) 85 ft from the centerline. The line spacing in this case would only be 170
ft, resulting in considerable overlapping coverage in the channel center plus a 20-ft tolerance outside the
toes. Running offsets + 100 ft would be adequate for this coverage as well. This line spacing is depicted
back on Figure 6-6.

If, in the above example, a more realistic 120 deg multibeam array is used, then the line spacing would be
reduced as follows:
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Line Spacing: L = 2d tan (a/2) - (1-s) =2 - 40 - tan (60 deg) - (1 - 0.1) = 125 ft
The number of lines required to cover the channel between the toes is:
Number of lines: N=1400/125|+1=3+1=4

If the multibeam array is restricted to 90 deg, as might be the case in a pre/post dredging survey, then the
following line spacing would result for the same project:

Line Spacing: L = 2d tan (a/2) - (1-s)=2-40 - tan (45 deg) - (1 - 0.1)= 72 ft ... use 75 ft
The number of lines required to cover the channel between the toes is:
Number of lines: N=]400/75|+1=5+1=6

If duplicate coverage were required for this project, the sidelap would be increased to 50%, resulting in
the following line spacing:

Line Spacing: L = 2d tan (a/2) - (1-s) =2 - 40 - tan (45 deg) - (1 - 0.5)= 40 ft
Number of lines: N=1400/40|+1=10+1=11

The above computation is based on coverage between the channel toes. Additional lines may be required
for side slope coverage. For a dredging pay survey where multibeam side slope coverage is required, the
line spacing computed above will have to be decreased to account for the shallower depths along the
slope.

(3) From the computed number of lines, an estimate of total lineal multibeam survey miles can be
computed. Given known survey speed and daily rates, the time and cost to conduct the overall survey can
be determined.

¢. Multibeam transducer arrays can be configured to obtain coverage in a variety of methods.
These methods are highly project dependent. Swath systems for dredging work (i.e., developing pay
quantities) generally are set vertically to cover twice water depth. The sensor can be tilted to map vertical
bulkheads, flood walls, levees, bridge piers, and the area beneath moored vessels. Towed sensors can be
used to detail deep excavations, pipelines, and other objects. Use of multiple sensors is also common.

d. Multibeam survey methods do have an advantage over the multiple transducer sweep systems
in that the spacing of the boom-sweep transducers is required to be matched to the depth of the project
being surveyed. If the transducers of a boom-sweep system are spaced for deep-water project surveys, the
transducer spacing must be reconfigured for shallow water projects. If this is not done, large gaps in
coverage could result. If the vessel normally is configured for shallow water surveys, then transducer
interference may occur while surveying deeper areas of a project. On the other hand, multibeam coverage
in shallow-draft navigation projects is limited, generally rendering these systems impractical to use.
Multiple transducer boom systems are capable of providing more efficient full-bottom coverage in
shallow-draft projects.
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6-8. Survey Alignment (Cross-Sections and Longitudinal Sections)

Longitudinal section surveys are often more practical to conduct than cross-section surveys. Full sweep
systems are normally always run longitudinal with the channel alignment. When single-beam echo
sounders are used, cross-section surveys provide a more definitive depiction of the channel or bank's toes
and slopes, which may be critical to engineering design and/or construction acceptance. In USACE, many
districts run cross-section surveys for construction payment work and longitudinal surveys for general
project condition reports. Although cross-section alignments are preferred, safety considerations in some
areas may dictate that longitudinal alignments be run. River and coastal beach sections are normally run as
sections perpendicular to the bank or flow. If construction is involved, survey alignment and payment
methods must also be adequately described in the construction contract specifications.

a. When single-beam longitudinal surveys are performed for contracted construction measurement
and payment, a smaller line spacing should be specified than that shown in Table 3-1. Given the usually
large excavations taken from the side slopes, 25-ft C/C spacing up each slope is usually required to obtain
sufficient detail. Average end area volumes should be computed by mathematically cutting cross-sections
from the longitudinal database. Sections should be derived at 100-ft C/C intervals; however, smaller
intervals (25- or 50-ft spacing) may be used if end area variations are excessive.

b. Swath survey systems are more effective if run in a longitudinal alignment. This includes
multiple-transducer boom array systems and multibeam swath systems. These full sweep systems will
provide 100% coverage, and all recorded data may be used to derive pay quantities.

6-9. Positioning Intervals

The interval at which position fix updates are taken depends on whether manual or automated electronic
positioning methods are employed. Tag line positions are typically taken at 25-ft intervals; automated EDM
or DGPS positioning systems provide (and record) positions at intervals based on time or preset distances
(e.g., every 1 sec or 10 ft). DGPS position outputs are typically 1-sec intervals. Systems updating positions
at denser intervals should use (and record) the smallest interval available.

6-10. Depth Recording Density
Sounding equipment shall be configured to record depths at the maximum possible rate. Depth collection

density is usually input into a data acquisition system in microseconds. The entire database shall be used in
computing pay quantities.
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Section lll
Data Processing, Editing, and Plotting Options

Most USACE hydrographic survey data are either collected by automated systems or converted into an
automated format. Final data processing and plotting are accomplished using onboard or office-based
computer systems. Currently, there is no USACE standard for hydrographic data collection format, editing,
graphic transfer, or plotting format. Efforts toward standardizing graphic data files to a standard format will
require eventual standardization of most hydrographic survey software, graphic file formats, and
topographic/planimetric symbology for both in-house and contracted surveys. This section discusses some
of the general data collecting, processing, and formatting methods used throughout USACE. Following is a
description of a field survey acquisition system and office data processing procedures employed by the
Norfolk District. Although the systems and methods used are specific to Norfolk District, and are slightly
dated, they are still generally representative of current hydrographic software acquisition and CADD
processing systems used throughout the Corps, such as Coastal Oceanographic's HYPACK MAX (Figure
6-8), Trimble's HYDROpro, AutoCAD, and MicroStation.
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Figure 6-8. Coastal Oceanographics HYPACK MAX post processing flow diagram
6-11. HP/UNIX Field Data Collection System--Norfolk District

a. General description. Most hydrographic survey systems are now capable of performing "field-
finish" operations wherein survey data is collected, processed, plotted, and analyzed in the field. Personal
computer (PC) and UNIX-based systems in the field have the capability to process, edit, plot, and perform
quantity computations on single-beam, multiple transducer, or multibeam survey systems. This allows for
immediate data review during critical construction phases--eliminating delays normally associated with the
transfer of data to a remote district office for processing. Most field data acquisition systems are capable of
processing, editing, and plotting multicolor E-size drawings aboard 26-ft survey vessels during
hydrographic surveys or immediately following the surveys.
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(1) The automated hydrographic survey system is based on the UNIX operating system, which
allows it to be both multitasking and multi-user. This means that, along with the many on-line real-time
abilities, when more than one operator is monitoring the real-time data collection, another may view and
compare previous data. The on-line screen is capable of displaying a variety of information to both the
surveyor and the boat operator. Distances to line, toes, and end point are displayed in feet and are
color-coordinated to help in determining position. Speed (in knots) and depth (in feet) are shown in the
lower left corner of the video screen. The lower right window is used to display various messages and
outputs (discussed later). The middle right window is used to display a cross-sectional plot of the project;
toes and other significant features can be input and displayed. The upper right window is used to display a
real-time vertical plot of the cross-section. Toes are displayed in red. A depth (usually project depth) is
displayed on this screen at a 75% position of the vertical screen. The toes and depth bar help to form a
template to allow a fast assessment of data. A previous vertical display of the same cross-section can be
loaded into memory and displayed in real-time to allow the system operator the opportunity to compare the
historical and current cross-sections. All depths on this screen are corrected for tide, if the tide information
was collected in real-time.

(2) Data are collected in two types of formats: dense and plan. The dense depth information is
collected at a rate of 5 soundings/sec. The dense positional information has an update cycle of once per
second. During the post-plot, a position can be determined on any sounding by interpolation. Under normal
survey speeds, depths are recorded approximately every 2 ft. Coordinates are provided approximately every
10 to 12 ft. The plan format of information is recorded at an operator-set distance relative to the navigation
channel toes. For example, if the operator enters 25 ft for this distance parameter, a family of lines spaced
25 ft apart will be displayed to the video screen. As the vessel passes over the lines during a cross-section
pass, the sounding closest to the line will be stored. Because the depth recorder outputs 10 soundings/sec
(and the survey vessel speed is approximately 10 ft/sec), the soundings assigned to these positions are
usually within 1 ft horizontally.

(3) The system has several modes of operation and allows the operator to turn on or off these
various functions:

(a) AUTOMARK: The system will start logging data when the vessel reaches a pre-set distance
from the navigation channel toes.

(b) AUTOBREAK: The system will stop logging data when the vessel reaches a pre-set distance
from the navigation channel toes.

(c) TRIANGLES: The operator can remove any pair of distances used for the solution of the
vessel's position.

(d) BOTTOM SAMPLE: Another display is added to the upper left part of the screen, and this
corresponds to the distance to the end of the line entered. This display changes colors when the survey
vessel passes the point.

() RECON: Surveying may be performed in a "recon" style. No toes are necessary, and sounding
will start from keyboard initialization and end with a keyboard command.

(f) SIDE-SCAN: Used when a fix mark is to be annotated on any other device than the depth
recorder roll.

(4) The operator also has a wide range of options to use to meet the specific requirements of the
survey. The operator can determine the baseline relationships of the microwave positioning shore stations,
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edit parameters real-time, view and edit logged data, and display historical or pertinent data. The system
operator, at any time, may ascertain the quality of his navigation system. When requested, the system will
display a residual for each pair of ranges in use. This residual is the distance (in feet) by which the observed
pair of ranges missed the final computed solution. The final computed solution is obtained by an angle-
weighted least squares solution of the triangles in use (condition equations). Also displayed is the angle
formed by each pair of the ranges used in the position solution. The operator may remove any range-pair
considered too pointed (< 35 deg) or flat (> 145 deg) from the final coordinate position solution. Newer
applications with DGPS positioning can provide GDOP, HDOP, or VDOP quality data to allow real-time
assessment of positional accuracy.

(5) All of the recorded data are logged onto the hard drive of the computer and then transferred to a
floppy disk at a later time. Through the use of other programs aboard the boat, and by keeping the raw data
on the computer hard drive, the operator is able to compare various surveys of the same site prior to
submittal. This also provides insurance against lost data (lost floppies, office computer crashes, etc.).

b. Processing and plotting operations--Norfolk District office. After the initial field work is done, a
survey must undergo several procedures and checks before it can be converted to a usable form. There are a
wide variety of uses for a processed survey; this procedure outlines the necessary steps used at Norfolk
District to convert raw field data into a finished survey with map and volume computations. Following are
the major steps involved in processing a hydrographic survey.

(1) Converting soundings to depths (coastal projects). On some jobs (usually when the vessel is
surveying relatively close to the gage without the need for tidal zoning), the gage reading is entered directly
into the computer following a reception of this information by radio. The gage reading is recorded to disk
with the soundings. In this case, depths are computed directly from the sounding and tide information.
Conversely, for project surveys at a distance from the gage, tidal zoning adjustments are necessary to align
the tide staff readings with the tide state at the survey vessel location. In these cases the tide gage
information must be entered by the processor in the office. The tide readings are adjusted first in time units
and then in ratios of the tidal ranges at the staff and vessel locations.

(2) Interpolating positions. Soundings are typically collected by the survey vessel at a rate of
approximately 5/sec. Large amounts of data are being collected in a real-time mode, so the computer does
not have time, nor is it necessary, to apply a coordinate value to every sounding. It therefore attaches a
coordinate to every fifth sounding (one every second). Soundings are plotted on maps by coordinates, and
all soundings are used when doing volume computations, so it is necessary that all soundings have
coordinate values attached. A computer program is used to interpolate between soundings that have
field-generated coordinates and then to apply coordinates to the intermediate soundings as necessary.

(3) Sorting survey lines. A hydrographic survey consists of rows of soundings usually taken
perpendicular to the centerline of the channel. Each row or line has a section number and a station number.
In order to do volume computations and profiles, and overlap and check section comparisons, the surveys
must start at the lowest station number and increase in ascending order. Due to field conditions and time
restrictions the survey vessels usually cannot fulfill this requirement. Another processing program allows
the processor to put lines in any order necessary to fulfill the requirements of the survey.

(4) Scanning/editing bad soundings. While collecting soundings the depth recorder will, from time
to time, generate some incorrect soundings. The most common causes for this are air bubbles or debris in
the water column, temperature inversions, and even nearby sonar. A computer program is used to scan
every sounding in the survey and display any soundings that fall outside the specified range. This allows the
operator to either change the sounding or let it stand as is. This decision is based on the general trend of the
surrounding soundings, where the suspect sounding is located within the section, the type of survey being
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scanned (condition, plans and specifications, before dredging or after dredging) and the operator's general
knowledge of existing bottom conditions in that area.

(5) Volume computations. Volume computations are necessary for a number of reasons, including
payment to dredging contractors, beach and dike design, placement area capacities, channel design, and
accretion rates, just to name a few. Depending on the purpose and the general shape of the surveyed area,
one of three programs is used to determine volumes. On areas that are more or less rectangular in shape,
volumes are computed with a program written in HP-UX BASIC using the average-end-area method. This
program was written in-house and tailored to Norfolk District's specific needs. This program uses the
processed survey (hydro) files to compute the number of cubic yards that occupy the user-defined templates.
Although this program will compute up to four separate templates in the same run, they must be the same
width and have the same side slopes. The only item that can vary is the depth. During program execution, a
profile is drawn on the screen of each cross-section with the dredging template. A hard copy is generated
showing the end areas of each cross-section at the design depth, the cumulative yardage at each cross-
section at the depth, and the average distance between each section. On areas that are irregular in shape or
have an unconventional dredging prism, a program by Accugraph Corp., MTX 900 (Mountain Top) is used.
This is an interactive CADD/engineering package. There are currently two methods of computing volumes
available within this program. Instead of using text files for their computations, both of these programs use
DTM (digital terrain modeling) files. DTM files are nothing more than ASCII renditions (X-Y-Z point
translation to CADD Files) of the hydrographic survey (X-Y-Z) text files.

(a) The first method is included in the site design portion of the program and best lends itself to
irregularly shaped areas. With this method the volumes are computed by geometric means and, therefore,
no end areas or cumulative volumes per section are available, just the final volume. The CADD operator
must first create a design surface to be compared to the surveyed bathymetry in order to generate a volume.

(b) The second method comes under the "Roads" design portion of the program. Although only one
template can be run at a time, the shape (number of bottom faces and/or side slopes) of the template does not
matter. This program is best used when the dredging prism or design templates consist of more than one
bottom at different elevations with numerous side slopes. The design template can actually include one or
more arcs. With this method the computations are done by the average-end-area method and, consequently,
the operator can specify a printout which will include the end area of the stations and cumulative volumes
per station. In addition, the operator has the option to specify profiles of the sections plotted to any scale he
wishes. The after-dredge survey must be compared to the proposed channel (design surface) in order to
compute the volume. Although the figures were referenced from the road design method DTM using an
average-end-area computation, the site design method using the irregular TIN computation could be used as
well.

(6) Creating a plot file. In order to plot the soundings on a map it is necessary to create a plot file.
This is an ASCII text file that is created from the soundings in the hydro-file using HP-UX BASIC. The
CADD system is then loaded, and the ASCII file is converted into an "easydata" file, which is a special
Mountain Top drawing file. The entire file can now be handled like any other drawing file. The soundings
now appear on the screen depicting the actual track lines that the boat took in the field. The size, interval,
and rotation of the individual soundings are specified when the plot file is created and are determined by the
scale and rotation of the map. Each sounding is located by Virginia State Plane Grid coordinates. This file
can now be used in any mapping application desired.

(7) Creating a DTM file. When creating a plot file the operator has the option to also create a DTM
(digital terrain modeling) file. This is also a type of ASCII file; however, this file consists of nothing more
than X-Y-Z points. These points, when read by the CADD system, are shown in only one size, and a point
can have no rotation, so only the interval is controlled. Usually, the two files are created together and set up
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so that each sounding created for the plot file has a corresponding DTM point. As discussed earlier, a DTM
file can be used for computing volumes, but it also has other uses, such as generating contours and 3-D
models.

(8) Contouring. When mapping hydrographic surveys, it is usually required that the survey be
contoured at some given interval. The interval is based on the intended purpose of the survey. Using a
DTM file, the CADD system has the ability to generate and label the contours at any interval specified by
the operator. This feature is especially helpful on large jobs covering several linear miles. There are some
limitations in this portion of the program, and it is important that the operator be aware of and know how to
deal with them. Because most of the data is in the form of relatively straight lines anywhere from 100 to
400 ft apart, the computer is forced to draw contours across relatively large areas which are not supported by
elevations. This problem usually manifests itself in the form of contours with large loops, contours
crossing, contours passing through the same point, and contours with gaps. As all of these conditions are
unacceptable, it is necessary for the operator to closely examine all computer-generated contours and correct
them where necessary. Incorporating cross-check lines into the survey will eliminate most of these
problems.

(9) 3-D models. In many applications it is useful to create something other than a plan or elevation
view of a project. The CADD system can be used to generate 3-D images of any DTM file. Several types
of views can be created, ranging from perspective and isometric to triametric and orthographic. Having this
type of versatility enables the object to be viewed at any angle, rotation, or elevation. After a wire drawing
has been created, it can then be shaded to further enhance the 3-D effect. Although no valid horizontal
positions or vertical elevations can be tied to these images, they are useful in giving the viewer an overall
picture of terrain that may not be readily visible to the eye. Three-dimensional images are particularly
helpful when implementing dike design for placement areas as well as beach replenishment designs. The
operator is able to merge the dike or beach design with a DTM file of an existing survey of the area and then
create a 3-D image showing the existing ground with the proposed structure in place. This is an extremely
useful tool in conveying new concepts and/or ideas to persons not familiar with the project in question, or
when trying to illustrate the impact (or lack of it) of a particular project on the surrounding area.

(10) Use of layers. In recent years the drawing of maps has evolved from drafting tables to CADD
workstations. Most state-of-the-art CADD systems have a feature called layering. The operator may put
together any combination of elements in a drawing and set them to any of 256 different layers. This allows
the operator to handle large amounts of information quickly and efficiently. Perhaps the biggest advantage
for mapping purposes is that more than one survey can reside on a single base map. Due to limited storage
space it is necessary to make the most efficient use of what space is available. Up to four surveys are put on
a single base map by setting each survey and anything associated with that survey to their own series of
layers. For example, along with the soundings that make up a plans and specification survey, the contours,
navigation aids, typical sections, easements, dredging areas, notes and any other items associated with this
survey would be set to a specific set of layers. Usually a spread of about ten layers is used for a survey and
its related information. On a map containing multiple surveys, the operator need only turn off the layers he
does not wish to view and he is left with a map tailored to the information and survey in question. After a
map has been completed it is archived to an optical disk reserved for that purpose. The base sheet is then
cleared of all surveys and related information and restored to the main mass storage to await the next series
of surveys.

(11) Plotting maps. A plot is usually begun by placing the channel lines on a blank sheet or
computer screen in an orientation for maximum sheet coverage. Other easement boundaries that may
impact construction are also shown. After a survey has been processed, the depths are placed on the sheet
relative to the sheet rotation and the navigation channel alignment. Changes to navigation aids, adjacent
shoreline, utilities, construction notes, and title blocks are made and placed on the drawing. The drawing is
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then plotted as a first draft with felt-tipped pens. The plotted drawing is circulated to engineers for final
inspection or signature in the title block. Following this process the drawing is replotted with the final
changes, signed, and distributed to the appropriate organizations.

6-12. Depiction on Drawings of Observed Positions and Depths

Depths (or elevations) shall be plotted at the recorded position where they were taken. When fully
automated hydrographic systems are used, positions/depths shall not be moved (i.e., smoothed) to the
nominal track (cross-section) which was run. The depth shall be plotted at the observed coordinate obtained
from the positioning system, and the decimal point shall represent the position. On manual positioning
surveys in which no off-track deviation is recorded (e.g., tag line surveys), positions may be
moved/smoothed to the nominal track run. Where sweep/swath systems are deployed, some data thinning
may be required to plot individual elevations. Alternatively, color coding may be used in order to show all
recorded depths. Cross-section plots (profile views) give the appearance of moved soundings, but the plots
represent the projection of soundings along the best-fit cross-section (not the nominal section) through a
measured survey section. Plot scales and formats should be selected to ensure clear delineation of desired
details. Larger scale ratios should be used when needed to show survey information clearly. Depending on
the nature or class of survey, any of three plotting formats may be used to depict hydrographic survey data.

a. Plan. A vast majority of surveys are plotted in site plan mapping format. Dredge payment
surveys are usually plotted at scales of 100 or 200 ft to the inch, depending on the structural detail required.
For more detailed construction work, larger scales (e.g., 1 in. =40 ft and 1 in. = 50 ft) are commonly used.
The recommended plan scale is 100 ft to the inch; however, 200 ft/inch or 400 ft/inch may be used where
routine maintenance work is involved. A disadvantage of plan format is the inability to portray all the
collected data at a reasonable character size. To increase data density requires a scale reduction, which
increases the number of sheets covering a project and subsequent reproduction costs. Plan data are usually
contoured relative to an absolute reference datum or an intermediate face above grade. Planimetric data
may be added to the drawings depending on the nature and purpose of the survey.

b. Section. Section or profile views are used to depict dredging cross-sections. They are extremely
useful in comparing and evaluating various surveys performed over the same cross-section, a common
requirement in dredging work. Such comparisons are difficult to perform using plan views. Section views
of channels and other construction work are typically drawn at scales of sufficient size to adequately detail
construction placement/excavation. Horizontal scales of 20 ft/inch, 40 ft/inch, and 50 ft/inch are common
for navigation projects. Vertical scales are usually exaggerated to either 5 ft/inch or 10 ft/inch in order to
depict low-gradient side slopes (and provide a larger planimeter end area face). Usually, all recorded
elevation data points can be plotted in section; however, the numerical value must be scaled from the
drawing. Two-dimensional section plots cannot portray any along-section vessel misalignment. Section
views are rarely used for project condition surveys.

¢. Profile. Profile sections from surveys run parallel (i.e., longitudinally) along the project
alignment are typically constructed for project condition reports or centerline reconnaissance
surveys/studies. Profiles of channel centerlines or quarter-points can depict an extensive amount of
information in relatively compressed scales, and will readily portray critical above project grade spikes or
shoals. The use of profile format can significantly reduce the number of sheets required to cover a given
project. For example, a project condition survey requiring a total of 10 to 15 plan sheets at 1 inch =200 ft
can be effectively shown in one or two profile drawings at 1 inch = 5,000 ft.

d. Computer-generated drawings. The digital or hard-copy map or chart is the primary result of a
project survey. However, each survey may generate other residual information sources, such as project field
notes and geographic information system (GIS) or DTM databases of results. In the past, the graphical plot
(in plan, section, and/or profile view) has been the finished product. However, with digital terrain mapping
capabilities, the original survey data will reside in computer storage with an unlimited number of display
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and computational options available. When hard-copy drawings are generated from CADD files, the
following general guidelines are prescribed.

(1) Conventional drawing size, content, and layout. Surveys should be plotted on a standard
American National Standards Institute (ANSI) sheet size that is compatible with standard report and/or bid
document sizes. The first sheet of a series shall contain the following data: project title and limits;
construction contract number; reference grid system; vicinity and location maps; and the contractor's logo
and certification/seal. In addition, horizontal and vertical control used for the survey should be shown by
plan and/or tabulation. The classification, accuracy, quality control results (i.e., cross-line check results),
and date of the surveys shall also be indicated.

(2) Grids. Coordinate grids should be plotted on each sheet so as not to exceed 5-in. spacing at final
chart scale.

(3) Legend and notes. The first sheet of a series shall contain a legend indicating the physical
interpretation of any symbols. Standard notes shall be added to describe all facets of the survey. General
notes may be placed on the first sheet, and specific notes shall be placed on the applicable sheets. When two
or more surveys are combined onto one sheet, the source and areas of the composite survey shall be shown
by a note (or revision thereto). Information which is listed by note may include the following: horizontal
control data (tabulate coordinates used); control survey techniques and equipment; source of control data;
tabulation of benchmark elevations; vertical datum used with references and conversions; horizontal datum
used (e.g., NAD 27 or NAD 83); state plane coordinate system and zone; depth measurement procedures
and sectors where methods were employed; size and weight of sounding leads and plates used; navigational
aid data (tabulated); positions in latitude and longitude; state plane coordinates, date located, location
technique, and accuracy; referenced data sources (field book numbers and dates, database file for DTM
data); field party information; survey vessel; firm; contracting agency and contract number; and drafting
reviewers. The same data may also be inserted into the assigned Intergraph design file level when such a
system is used.

e. Data thinning routines. High density data sets cannot be plotted in plan view due to overlapping
depths. High density sets may also be too large to efficiently process in volume routines. A number of
methods are used in commercial data processing software to reduce the size of large data sets. These
thinning routines typically use the TIN surface model to evaluate the terrain gradient in deciding which
depths to eliminate. In flat areas, more depths can be eliminated without loss in overall model accuracy. In
many cases, data reductions of 80% to 90% can be made in smooth terrain. Some software thinning
routines use TIN contour density to eliminate data points in the TIN, as illustrated in Figure 6-9. Thinning
of data sets for dredge volume computations is not recommended. These data sets may be thinned for
plotting/display purposes.
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| Not Necessary Because the Point Does Not Generate ANY Contour Crossings.

Necessary Since It Causes Contour Crossings |

Figure 6-9. Contour thinning algorithm. The algorithm identifies those vertices not responsible for
contributing to a single contour crossing in any of the triangles containing them. In addition, spikes can be
automatically detected/removed by counting the number of contours enclosing an individual vertex within
one edge of that vertex. (Beacon Resources, Inc)

6-13. Data Transfer Standards and Formats

Given the variety of automated hydrographic surveying systems in use throughout USACE (by both in-
house and third-party contractor forces), it is not presently feasible or practical to specify a particular data
format for recording field data. Recorded data elements should include, as a minimum, event date/time,
adjusted position, and raw/ uncorrected depth (soundings). Related observations such as tide/stage/draft
corrections, DGPS observables, calibration corrections, project orientation constants, and control station
coordinates may also be optionally recorded in the database. Differential GPS systems can record geometry
quality values (GDOP, PDOP, HDOP) which may vary during a survey. Automated systems should record
uncorrected observations used to derive an adjusted depth. Corrections to these depth observations should
be saved in a separate block or file or adequately recorded in a manual survey operation log.

a. Spatial Data Transfer Standard (SDTS). This standard, which was developed and is supported
by the U.S. Geological Survey (USGS) under the auspices of the Federal Geographic Data Committee
(FGDC), is a feature-based standard that is intended to apply to any geographically referenced data. SDTS
has been approved by the National Institute of Standards and Technology (NIST) and the American
National Standards Institute (ANSI), and has a staff of personnel at USGS dedicated to maintenance of the
standard. It has also been approved by the FGDC as a Federal Information Processing Standard (FIPS).
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SDTS is intended to enable complete and unambiguous digital data transfer between a sender and receiver.
The standard is not required or intended for internal use, i.e., for transfer from field to office or contractor to
office, although this use should be considered after the standard is further developed and becomes better
suited to hydrographic data.

(1) Because of its broad and abstract nature, SDTS requires application profiles, or specific sets of
implementation rules and guidelines, for actual data transfer use. Currently, the only profile is the
Topological Vector Profile, which is not well-suited to hydrographic survey data. However, an application
profile for hydrographic data is being developed.

(2) The designation of SDTS as a FIPS obligates all federal agencies to make their digital
geographic data available to outside users in this format. Therefore, once a suitable application profile has
been developed, districts that provide finished digital hydrographic survey data to non-USACE users need to
embrace this standard, if the user requests data in this format. As stated above, this standard should also be
considered for internal use.

b. DX-90. The DX-90 Data Exchange Standard was developed primarily by the National Oceanic
and Atmospheric Administration (NOAA) and has been adopted by the International Hydrographic
Organization for hydrographic data. DX-90 is a feature-based standard and is similar to SDTS in many
ways. However, DX-90 is intended solely for geographically referenced hydrographic data. An application
profile within the standard is specifically for vector data from hydrographic surveys. DX-90 is well suited
to coordinate data, such as hydrographic survey coordinates and point features. However, the standard has
partial topology, meaning it may have difficulty transferring large, related geometric shapes, such as
revetment outlines, complex shorelines, roads, etc. Note that DX-90 is not a FIPS, meaning that federal
agencies are not obligated to use the standard for any application. However, use of this standard, when
completed, for field-to-office transfer should also be considered for flexibility, efficiency, and independence
of data processing systems. Note that when the standard is completed, software translators and detailed
implementation guidance from USGS, NOAA, and/or USACE will be available.

¢. Proprietary and open standards. USACE districts currently use various CADD packages that
each have their own proprietary graphics format, such as DGN (Intergraph) and DXF (AutoCad). Some of
the more recent hydrographic survey systems may have the capability to output data in these or other
formats. Software that creates Intergraph DGN files from ASCII X-Y-Z-Descriptor files is available
through the U.S. Army Topographic Engineering Center to all USACE districts. This program, CVTPC
(convert PC), enables the plotting of soundings and the placement of symbols in MicroStation. If a graphics
file is not required for data transfer, then data in ASCII format is commonly recognized by survey system
and CADD programs. Using such data, basic information, such as X-Y-Z coordinates, can usually be
transferred in digital form.

d. Terrain modeling. Most hydrographic data acquisition and processing software, and office
CADD packages, now provide terrain modeling modules to allow input, modeling, editing, and analysis of
3-D models. A user has direct interface necessary to build a non-uniform space point files (XYZ file) that
can be used to create triangulated models and/or gridded models. Triangulated models can be created by
two methods, Triangulated Irregular Network (TIN) and Topological Triangle Network (TTN). A TIN file
is a surface model created from an XYZ file. It is defined by a set of 3-D triangular facets, which are
defined by lines drawn between the points that define the surface. The TTN file is a surface model created
from an XYZ file and surface specific features, such as breaklines, obscure areas, faults and edges. These
elements form an intelligent network that contains information about neighboring triangles. A grid file
contains uniformly spaced data that can be derived from a number of sources including XYZ files, TIN and
TTN files, digitized or scanned contours, or translated outside sources. After creating the appropriate files,
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the user can create and display the 3-D model. To interpret the terrain models, the operator has a variety of
procedures available, including:

. 2-D and 3-D contour displays

. 3-D cross-sections

. 3-D profile models

. 2-D and 3-D triangulated models

. Color-coded elevation displays

. Color-scaled contours

. Shaded relief (both color and monographic)
. Stereo displays (3-D raised models)

The user also has the necessary procedures to edit the terrain model by adding, deleting, and moving points
and inserting new profiles, area edits, noise removal, and arithmetic operations. Options are also available
to perform analysis options, such as line-of-sight displays, intervisibility studies, volume calculations, and
creation of slope or aspect models.
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Section IV
USACE Standards for Survey Coverage, Processing, Plotting, and Archiving

6-14. Geospatial Data Standards and Requirements

ER 1110-1-8156, supplemented by EM 1110-1-2909 (Geospatial Data and Systems), establishes general
criteria and presents policy and guidance for the acquisition, processing, storage, distribution, and
utilization of non-tactical geospatial data throughout USACE. The policies contained in these documents
apply to hydrographic survey data collected on navigation and flood control projects. These policies are
in compliance with Executive Order 12906, Coordinating Geographic Data Acquisition and Access: The
National Spatial Data Infrastructure (NSDI) and other appropriate standards, including the Spatial Data
Transfer Standard/Federal Information Processing Standard 173, Federal Geographic Data Committee
standards, and the CADD/GIS Technology Center (Tri-Service) Spatial Data Standards (SDS). EM 1110-
1-2909 should be referred to for Corps policy on database development, data documentation, data quality
assurance, data access, data archiving, data maintenance, data liability, data policies and coordination, and
the appropriate use of Federal and Corps Geospatial data standards. Some of the highlights from ER
1110-1-8156 and EM 1110-1-2909 that specifically relate to hydrographic survey data are summarized
below.

a. National Geospatial Data Clearinghouse (Clearinghouse). The Clearinghouse is a
distributed, electronic network of geospatial data producers, managers, and users operating on the
Internet. The Clearinghouse is a key element of EO 12906 and will allow its users to determine what
geospatial data exist, find the data they need, evaluate the usefulness of the data for their applications, and
obtain or order the data as economically as possible. USACE hydrographic surveys (especially project
condition surveys and river charts) must be listed on this Clearinghouse.

b. USACE Clearinghouse Node. HQUSACE established and maintains a computer network
server on the National Geospatial Data Clearinghouse. This node functions as the primary point of public
entry to the USACE geospatial data discovery path in the Clearinghouse. A separate electronic data page
for each USACE Command has been established on the server. The Internet Universal Resource Locator
(URL) address for the USACE Clearinghouse node is http://corps_geol .usace.army.mil

¢. Database standards. EM 1110-1-2909 prescribes the following database standards, all of which
have applicability to Corps hydrographic surveys.

(1) Data Format Standard -- FIPS PUB 173 Spatial Data Transfer Standard
(2) Metadata Standard-- FGDC Content Standard for Digital Geospatial Metadata

(3) Data Collection Standards-- EM 1110-1-2909, Chapter 11 (Accuracy Standards for
Engineering, Construction, and Facility Management Surveying and Mapping) and this manual (EM
1110-2-1003 (Hydrographic Surveying)

(4) Data Accuracy Standards -- EM 1110-1-2909, Chapter 11 (Accuracy Standards for
Engineering, Construction, and Facility Management Surveying and Mapping) and this manual (EM
1110-2-1003 (Hydrographic Surveying )

(5) Data Content Standards -- CADD/GIS Technology Center (Tri-Service) Spatial Data

Standards and FGDC Bathymetric Subcommittee. National Hydrography Data Content Standard for
Coastal and Inland Waterways — January 2000 (Draft)--see Appendix C.
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(6) Data Symbology Standard -- CADD/GIS Technology Center (Tri-Service) Spatial Data
Standards.

d. Database specifications. According to EM 1110-2-2909, a database specification serves two
purposes: (1) it provides a firm set of rules for data collection and database construction, and (2) it
describes the database in sufficient detail to permit application development. The database specification
document will permit use of the database inside and outside of the producing organization and result in a
substantial cost savings to users. The database specification may take several forms, but at a minimum
should include the following sections:

(1) Scope -- a concise abstract of the coverage of the specification.

(2) Applicable Documents -- a bibliographic listing of the standards and references used in
developing the specification.

(3) Database Description -- a summary of the information contained in and the structure/format of
the database and the intended use of the data.

(4) Metadata -- a listing of the static metadata elements, including accuracy, datum,
scale/resolution, source, and projection (if applicable).

(5) Data Format -- a detailed description of the data for-mat.
(6) Data Dictionary - a dictionary of the feature and attribute codes used in the database.

e. Metadata. Metadata is defined as descriptive information about the data in a database.
Metadata describes the content, quality, fitness for use, access instructions, and other characteristics about
the geospatial data. USACE requirements and policies for Metadata are in Chapter 8 (USACE and
Executive Order 12906) of EM 1110-1-2909. A sample Metadata file for a hydrographic survey product
is illustrated in that chapter. Metadata requirements are also outlined in paragraph 5.10 of Appendix B.

f- Computer-Aided Design and Drafting (CADD) standards. A/E/C CADD Standard has been
developed by the CADD/GIS (Tri-Service) Technology Center to reduce redundant CADD
standardization efforts within the Army, Navy, Air Force and Corps of Engineers. This standard is part of
an initiative to consolidate existing CADD drafting standards into a format generic enough to operate
under various CADD software packages (such as MicroStation and AutoCAD) and to incorporate existing
industry/national standards. The A/E/C CADD Standard includes presentation graphics, level/layer
assignments, electronic file naming, and standard symbology. In the final phase of the standards
development, platform-specific software will be provided to aid the user in implementing the standards.
In addition, non-graphic attribute data will be developed as part of the standard. In 1995, the combined
resources of the CADD/GIS Technology Center, the American Institute of Architects (AIA), the
Construction Specifications Institute (CSI), the United States Coast Guard, the Sheet Metal and Air
Conditioning Contractors National Association (SMACNA), the General Services Administration (GSA),
and the National Institute of Building Sciences' (NIBS) Facilities Information Council began an effort to
develop a single CADD standard for the United States--the "US National CAD Standard" Working
together, these organizations agreed to develop an integrated set of documents that collectively would
represent the United States The US National CAD Standard is now available from NIBS.
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6-15. General Hydrographic Survey Acquisition and Processing Criteria
Table 6-4. Recommended Standards for Hydrographic Data Acquisition and Plotting
PROJECT CLASSIFICATION
Dredging Project Other
Support Condition General
Surveys Surveys Surveys
DRAWING PLOTTING SCALES AND DATA DENSITY
Site Plan: Scale generally not larger than: 200 ft/in 500 ft/in 1,000 ft/in
Recommended scale 100 ft/in 200 ft/in 1,000 ft/in
New work or rock cuts 50 to 100 ft/in 50-100 ft/in n/a
Section View:
Horizontal scale generally not greater than: 100 ft/in 200 ft/in n/a
Recommended horizontal scale 20 to 100 ft/in as reqd n/a
Recommended vertical scale 5to0 10 ft/in as reqd n/a
Profile View: Typical project condition report horizontal scale n/a 500 to 5,000 ft/in 500 to 5,000 ft/in
Vertical scale n/a 5to 10 ft/in 5to 10 ft/in
DEPTH DATA PLOTTING INTERVALS
Site Plans: Plot 4 to 8 depths/in 4 to 8 depths/in 4 to 8 depths/in
Section View: Plot all depths n/a n/a
Profile View: Plot n/a all depths all depths
VESSEL POSITIONING CRITERIA
Position Update Interval Not to Exceed:
Tag line surveys 25 ft 50 ft 100 ft
Manual range-azimuth/total station 100 ft 200 ft 200 ft
Automated electronic tracking systems 25 ftor 1 sec 200 ftor10sec 200 ft
GPS/DGPS (Code or RTK carrier phase) 1sec 1sec 2 sec
Annotate fix mark on back up echo sounder 100 ft 200 ft optional
Maximum off-track steering deviation distance + 20 ft + 20 ft +20 ft
or as percent of line spacing 20 % 20 % 20%
DEPTH DATA COLLECTION DENSITY
Mechanical lead line, total station, sounding pole 10 to 25 ft 25 to 50 ft as reqd
Analog recording echo sounders: collect depths at 5to 10/sec 51to 10/sec 51to 10/sec
Manually scale depths at least every 25ft 50 ft 200 ft
Horizontal recorder scale setting 150 ft/in 300 ft/in as reqd
Nominal paper speed setting 4 in/min 2 in/min as reqd
Vertical scale setting 10 ft/in 10 ft/in 10 ft/in
Resultant graphical scaling resolution +0.2(V) +10 (H) +0.2(V)+10(H) +0.2(V)+10 (H)
Scale depths and apply corrections to nearest: +0.11t +0.11t +0.11t
Digital depth recording systems: collect depths at Max rate 5to 10/sec 5to 10/sec
Depth resolution/precision +0.1ft +0.1ft +0.1ft
Record and plot depths to nearest: +0.11t +0.11t +0.11t

Additional guidance for specific positioning and depth recording systems is found in chapters covering

those systems.

6-16. Mandatory Requirements

There are no mandatory technical requirements in this general planning chapter. The guidance in Table
6-4 is recommended. Conformance with the Federal and Corps geospatial data standards and requirements

listed in this Chapter is mandatory.
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Chapter 7
Positioning Techniques for Offshore Engineering Surveys

7-1. General Scope and Applications

This chapter covers general procedural guidance and quality control criteria for visual, mechanical,
electronic, and satellite positioning methods used to control surveys of river and harbor projects. Both
terrestrial and satellite positioning systems are covered in this chapter. Terrestrial positioning methods
include traditional land-based techniques such as sextant resection, triangulation, tag lines, microwave
electronic distance measurement (EDM) systems, and electronic total stations. Since the early 1990's
most of these terrestrial positioning methods have been largely replaced by satellite-based positioning
methods, namely GPS and more accurate code phase Differential GPS (DGPS) and Real Time Kinematic
(RTK) carrier phase DGPS. Since there are still isolated project areas where satellite GPS methods may
be inaccessible or impractical, one of the traditional terrestrial survey methods covered in this chapter
may be needed to provide survey control. Examples of such cases may include: (1) small dredging or
marine construction projects where only a limited amount of depth coverage is required, (2) areas under
bridges, in deep-draft harbor berths, or near dams where GPS satellite view is blocked, (3) intermittent,
low-budget projects where traditional positioning methods may prove more economical than equipping a
fully automated DGPS-based hydrographic survey system, or (4) rough reconnaissance surveys where
meeting a specific positional accuracy standard is not required. Procedural methods and quality control
(QC) criteria for some of these older survey techniques are retained in this manual primarily for reference
purposes. The following topics are covered under this chapter:

Section I: Sextant Resection Positioning

Section II: Triangulation/Intersection Positioning

Section III: Visual Positioning Methods

Section IV: Tag Line Positioning Methods

Section V: Range-Azimuth Positioning Methods

Section VI: Land-Based Electronic Positioning Systems

Section VII:  Global Positioning System Techniques

Section VIII: ~ Summary of Positioning System Quality Control Standards

7-2. Positional Accuracy

All the positioning methods described in this chapter will meet USACE positional accuracy standards in
Table 3-1 provided that distances from the shore-based reference point and the vessel are kept within
tolerable limits. The "tolerable limit" will vary with the type of positioning method, procedures
employed, and accuracy of the instrumentation used. In general, the positional accuracy of all systems
will degrade as a function of distance from the baseline reference points--some faster than others. For
example, a poorly conducted tag line survey may exceed Corps accuracy standards 300 feet from the
baseline whereas an electronic total station could be extended 1000 ft or 2000 ft from the reference point.
Sextant, triangulation, and range-range EDM are extremely geometry dependent; thus the accuracy of
such methods will vary widely over a project area. DGPS-based positioning is not as significantly
effected by such distance and geometrical accuracy degradations. Therefore, terrestrial-based positioning
methods should only be employed where DGPS positioning is not available. Users must also fully assess
and evaluate the resultant accuracy of any positioning method, including DGPS. Some visual or
mechanical positioning methods can, under some conditions, exceed DGPS accuracies.
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Section |
Sextant Resection Positioning

7-3. General Applications

Sextant positioning involves the simultaneous observation of two horizontal angles between three known
objects from which the position of an offshore platform is resected--see Figure 7-1. Although sextant
resection positioning was once one of the most widely used methods of positioning hydrographic survey
vessels, channel sweep rafts, and dredges, it is now rarely, if ever, used. Sextant positioning was also
widely used to calibrate medium frequency hyperbolic, range-range, and microwave positioning systems.
Until the mid 1990s, sextant positioning was the primary method used by the US Coast Guard to locate
and place buoys. Sextant positioning is totally performed aboard the survey vessel. It is not dependent
on electronics, communications, or shore-based support. Under restricted conditions (i.e., close in on
targets and near static position fixes), it can be relatively accurate when properly executed. In general,
however, sextant positioning under dynamic vessel conditions is no longer considered accurate for most
navigation or dredging applications. Currently, inexpensive hand-held GPS (Standard Positioning
Service--SPS) receivers will typically provide accuracies that equal or exceed sextant positioning
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Figure 7-1. Sextant resectioning
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7-4. Sextant Resectioning Procedures

Two sextant observers aboard the vessel are required. Sextant "fix" angles are usually taken at some
even time interval or as called for by the depth observer (lead line or echo sounder). These angles are
called or radioed to the recorder/plotter, along with depth information from that observer. Observed
sextant angles are recorded with their times and, if applicable, depth data. These data can be recorded on
a worksheet form or in a standard field survey book, or they can be directly input into a data logging
device. The vessel's position is determined at the time of the fix by manual plotting with a three-arm
protractor. Preconstructed constant sextant angle curves can also be drawn on a plotting sheet for on-line
manual plotting. Alternatively, the two observed angles can be input into a computer containing standard
survey resection software. Formulas for performing such computations are found in any standard
surveying or geodesy textbook. The density of position fix updates varies with the timing and speed of
the sextant observers and plotter/computer input. Overall, the process is extremely labor-intensive,
requiring a boat operator, two sextant observers, a depth recorder operator, and a data logger/plotter. In
extreme cases, these functions can be doubled or even tripled up (i.e., one of the sextant observers could
also perform the recording and plotting function).

a. Hopper dredge positioning. A single sextant angle may be used in conjunction with a fixed
range line of position, as shown in Figure 7-2. In years past this was a common technique for locating
hopper dredges. Preplotted sheets showing the intersecting sextant angles and ranges were drawn up for
each channel. A single sextant angle would quickly locate the dredge running along a constant channel
range.

b. Redundant sextant resectioning. On stable offshore vessels and other platforms, multiple
sextant angles can be observed to several targets. The resultant fix can be adjusted by onboard software
using least squares adjustment techniques. This adjustment will provide an assessment of the positional
accuracy. The results of a multiple resection can be quite accurate, and can be less than +1 m in some
isolated cases. The US Coast Guard used this technique on buoy tenders.
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Figure 7-2. Hopper dredge control using combined visual ranges and sextant angles
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7-5. Accuracy and Quality Control of Sextant Resection Positioning

The two observed sextant angles form the loci of circles, the intersection of which is the vessel's position.
Each angle forms a circle defined by three points: the two shore control points/targets and the vessel.
The geometry of these two intersecting circles is a primary factor in determining the strength of a sextant
resection. As the two intersecting circles converge on each other, the resultant position weakens
drastically. This is often termed the "swinger" since a three-arm protractor will swing along this arc to
any position. As a result, the accuracy of a sextant position varies significantly with the geometrical
location relative to the targets. In the best conditions, dynamic positional accuracies rarely exceeded 5
meters (95% RMS). Average accuracies were generally in the 10 to 20 meter range.

a. Determining the accuracy of a resected position. Historically, various numerical formulas
were developed to depict the relative accuracy of a resected position. Constant error contours could also
be drawn for any given target configuration. The simplest method for estimating resection accuracy at
any point is to move each angle by its estimated accuracy and assess the resultant change in position.
This is readily done when automated resection computing software is available, or by noting the position
shift in a three-arm protractor. Positional accuracy needs to be accessed at various points in the work
area.

b. Quality control factors. In performing sextant resection positioning the following QC factors
must be considered. All impact the overall accuracy of a resected position.

(1) Precision of sextant angles. This is a function of the instrument's resolution, sharpness of the
shore-based targets, relative rate of angular change, and, most importantly, the skills of the observers.
Estimating the standard error of a sextant angle observed on a moving vessel is difficult--a range of +1 to
+5 minutes of arc is typical. Sextant angles are usually recorded to the nearest minute of arc and, in some
cases, to the nearest 0.1 minute of arc.

(2) Observer synchronization. Both angles must be observed simultaneously and from the same
point. This is usually not feasible in practice, and observer eccentricities are accepted errors.

(3) Plotting errors. Plotting sextant fixes with a three-arm protractor aboard a moving vessel is
not an exact process, and significant inaccuracies can result.

(4) Velocity and motion of the vessel. Vessel motion affects the ability of the observers to
maintain angles on both targets. Slow vessel velocities are essential in performing accurate sextant
surveys.

(5) Observer fatigue. Continuous sextant surveying is extremely fatiguing for the observers and
plotter. Data quality usually degrades during the course of a survey due to fatigue.

(6) Targets. Sextant angle targets may include water tanks, lights, daymarks, beacons, etc. When
natural targets with coordinated points are not available, temporary targets must be constructed and
surveyed. The type of target (and its distance away when fog or haze is present) affects the sextant
pointing accuracy.

c. Sextant calibration. Due to design and handling, internal sextant instrument calibration is not

particularly stable. Observers must continuously check the calibration of their sextants. This is usually
done periodically during the survey--typically at the end of each survey line.
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d. Quality assurance. Few opportunities existed to perform QA checks on sextant positioning.
When more than three targets were visible, different resection positions could be compared at an anchored

position.
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Section I
Triangulation/Intersection Positioning

7-6. General Applications

An offshore vessel or platform can be positioned (triangulated) by transit or theodolite angles observed
from base line points on shore. This method was also commonly used to calibrate microwave positioning
systems when fixed points were inaccessible to the vessel (e.g., dredges, drill barges). Intersection
techniques are no longer employed in dynamic hydrographic surveying practice; however, the technique
may have application in areas where electronic positioning systems cannot be deployed or where
increased positional accuracy is required. As with sextant surveying methods, angular intersection
positioning techniques are labor-intensive. As indicated in Figure 7-3, two (or more) shore-based transit
or theodolite observers are required, along with either visual or radio communication equipment with
which to transmit the observed angles (or direction azimuths) to the offshore vessel for on-line recording,
plotting, and/or calibration analysis. Due to the higher precision and stability of the instruments, the
resultant positional accuracy can be quite good, provided observing procedures are properly executed.
Theodolite angular observations to align static platforms are extremely accurate, and triangulation
techniques are often used to supplement electronic distance measurement (EDM) or DGPS positioning of
fixed offshore structures (piers, bridges, rigs, etc.)--both during construction and subsequent deformation
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Figure 7-3. Vessel location using triangulation/intersection positioning methods
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7-7. Intersection Positioning Procedures

A wide variety of angle or azimuth direction measuring instruments may be used. These include standard
surveying transits, geodetic theodolites, and total stations. Instruments have been designed with hand
cranks to facilitate continuous tracking of a moving vessel. The shore-based direction measuring
instruments are set over known control monuments and aligned/referenced to one another or other
positioned targets or landmarks. Two backsight check points are recommended, and frequent rechecks of
the backsight orientations should be made during the course of the survey (normally every half-hour).
Backsight orientations may be set to zero (resultant direction observations to the boat are then angles) or
aligned to the grid azimuth between the occupied point and reference backsight (resultant directions to the
boat are direct grid azimuths). The selected orientation depends on the onboard position
computation/plotting method employed. Simultaneously observed positional "fixes" are usually called
for from the boat by radio (or by visual flags where radio communication is unavailable). Fixes may be at
equal time intervals or as called for on a random or as-needed basis. Advance warning is made of
upcoming fix events so that observers can initiate precise tracking of the boat. A defined point aboard the
vessel is tracked. This well-marked point should be centered over the echo sounder transducer or may be
the positioning system antenna in the case of calibration work. In some instances, a preset alignment of
an offshore platform is required. In this case, the precomputed alignment is set into each of the
instruments and the platform is "walked" into position by the observers.

7-8. Data Recording and Plotting

Angles/direction azimuths are observed to units commensurate with the instruments and relative distance
and velocity of the offshore vessel. Normally the nearest minute (or 0.01 deg) is adequate for dynamic
hydrographic applications. Static observations will use repeated directions to increase accuracy to the *1
second of arc level if needed. Angular data are relayed to and recorded aboard the boat and, in cases in
which communications are erratic, at the instrument point also. Data may be recorded on worksheet
forms or standard field survey books or input into a data logging device. Intersection data may be plotted
aboard a dredge or survey vessel using standard drafting machines or preplotted azimuth array sheets.
Neither of these methods is considered highly accurate, but each is adequate for visual navigation
purposes

7-9. Accuracy of Triangulation/Intersection Positioning

As in conventional land surveying triangulation work, the accuracy of a point intersected by two azimuth
directions depends on the precision of the instruments (their tracking accuracy) and the geometrical
strength of the intersection. The positional accuracy, therefore, varies throughout the project area. An
overall error analysis is complex since the angular standard errors for each instrument vary as a function
of distance between the instrument and the vessel. Thus, determining the dimensions of the resultant
error ellipse is more difficult.
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Figure 7-4. Estimating accuracy of intersected angles

a. A practical (but only approximate) estimate of the accuracy of an intersected position may be
made by averaging the standard errors of each azimuth displacement at the offshore location, using the
computed distances from each observing point. Given the theodolite/transit observing points 4 and B,
and distances d.p and dp.p to the offshore platform (Figure 7-4):

5,4 :dA_p.Sin(JaN)
dg:dg_p.Sin(Ja”)
(Eq7-1)
then, G, = (& + &)/2
where
O = estimated standard error of an azimuth displacement at the offshore point
oqa" = estimated angular tracking accuracy of the particular instrument used

(assumed the same for both instruments)
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b. The RMS error (at either 1-0 or 95%) can be estimated using Equation 7-2:

RMS .9 = 1414 . O4pg . cosec A
(Eq 7-2)
or at 95% confidence level,

RMS 95% — 2.447 . g g - cosec A
where 4 is the angle of intersection between the two transit/theodolite azimuths at the offshore point.
c¢. The above computation may also be performed graphically. The left page in Figure 7-5
depicts a sample field computation of the accuracy of a static intersected point (i.e., spudded dredge)

using the above approximate formulas. The right page shows an alternate method of computing the RMS
accuracy when the distances are simply averaged.
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Figure 7-5. Field computation of intersected position accuracy

d. Multiple azimuth intersection techniques. To increase the accuracy of a triangulated point,
additional shore stations are occupied in such a manner that each vessel position has three or more
azimuth observations. This procedure provides redundancy and allows for an on-line assessment of the
accuracy of the resultant position. Normally, a least-squares adjustment technique is performed on
computers aboard the vessel. In aligning offshore structures during construction, or monitoring
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subsequent deformations, redundant theodolite azimuths are normally required. Theodolite (or total
station) directions are repeatedly observed to increase accuracy. These azimuth alignments are combined
with concurrent EDM or GPS distance observations in a properly weighted least-squares adjustment.
7-10. Quality Control and Quality Assurance

Periodic backsight checks should be made during the course of the survey. Like sextant survey methods,

observer and plotter fatigue can impact quality. A third instrument provides the only semblance of an
independent QA check on intersected point; however, this was rarely practical in practice.
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Section Il
Visual Positioning Methods

7-11. General Applications

Visual location relative to known shore features or flags was once a common hopper dredge positioning
method. Few applications remain today, other than for construction--e.g., horizontal and vertical
alignment of construction equipment, rigs, barges, etc. Dynamic hydrographic survey positioning by
intersecting visible ranges and other identifiable objects is now rarely performed, given the wide
availability of GPS control. Relative visual positioning is generally suitable only for non-navigation
reconnaissance work where identifiable features on the furnished drawing, navigation chart, or map will
be assumed to be accurate for this type of survey. These include navigational aids, beacons, day markers,
bridges and other structures or map features. For some dredging and other investigative work, additional
range poles, flags, and/or lasers are set ashore, as shown in Figure 7-6. Fixes are typically taken when the
boat is abeam or lateral of an identifiable object and a constant speed is maintained to the next identifiable
object or range intersection. Intermediate soundings are interpolated between the two fixes. The plotted
features are presumed to be error-free, and a constant vessel speed is assumed to have occurred between
the control features. Ranges established by sighting across such features or additional shore points may
be intersected for position determination. Accuracies of such surveys are considered marginal, at best.
All drawings depicting these surveys should caution users concerning the approximate nature of the data
and warn against their use in design or construction.
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Figure 7-6. Typical visual dredging range configuration
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7-12. Construction/Dredging Control Using Ranges

Offshore construction platforms, including dredges, can be effectively (and often accurately) controlled
from visual ranges. Directional lasers are often used in place of range targets, and can provide both
horizontal and vertical alignment to construction vehicles. In some hopper dredge work, alignment
control is required only lateral to the project axis--see Figure 7-6. Sets of range pairs are typically set
along a canal bank or bulkhead or at the projected end of the channel. Existing sailing ranges may also be
used. Normally, range pairs are established at fairly dense intervals (e.g., 100 ft O/C). The limiting factor
is the distance offshore relative to the range spread. A common rule-of-thumb is that the ratio should not
exceed 10 to 1. For canal or other limited area construction projects, visual alignment accuracies can be
quite accurate.

7-13. Uncontrolled Project Centerline Surveys

Approximate visual positioning was once commonly used in running centerline check surveys over
uncontrolled recreational projects of relatively shallow project depth. The vessel is maintained relative to
the approximate center of the project using local visual navigation aids, taken from a map or other source.
The lateral error is a function of the ability of the boat operator to estimate the project's center. The
accuracy of the resultant profile depends on the distance between identifiable features, chart scale,
constant vessel velocity, and numerous other factors. Errors could approach 100 m. However, since
these relative surveys are intended for reconnaissance purposes only, such inaccuracies may be tolerable.
Any shoals encountered during these reconnaissance surveys that warrant a more detailed investigation
would be developed using electronic or satellite positioning techniques. Survey data from visually
controlled surveys are normally plotted in either plan or profile format, and not at a larger scale than that
used to control the survey.

7-14. Accuracy and Quality Control

The accuracy of visual positioning techniques is difficult to access. Laser guided horizontal and vertical
alignment can be highly accurate at reasonable distances from the target. Visual range-pair alignment
accuracy is a function of the distance from the targets and the range pair spread. Positioning relative to
existing map features varies with the map scale, interpolations, and feature accuracy. For these reasons,
visual techniques are no longer used for navigation and dredging drawings. QA checks are rarely
performed on visual positioning.
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Section IV
Tag Line Positioning Methods

7-15. General Applications

Tag line positioning employs a calibrated wire rope stretched perpendicular from hubs on a baseline to
the survey boat (Figure 7-7). Up until the 1970s dozens of Corps survey crews used tag line survey
methods to monitor dredging progress of navigation projects. In addition to traditional channel cross-
section surveys, tag lines were employed to position floating platforms (barges) used in subsurface
investigation for channel obstructions, core borings, jet probings, and channel clearance sweep surveys.
In the 1970s, tag line methods were largely replaced by microwave EDM and range-azimuth techniques,
which in turn were replaced by GPS positioning in the mid-1990s. A few USACE districts have
maintained a tag line survey capability for critical site investigation work; typically in areas where GPS
signals are blocked, such as around berthing areas. Usually, however, an electronic total station is
preferred for such surveys. A tag line survey requires no electronics or communication devices. Within
limited distances off the baseline, and with proper execution, a tag line controlled survey is an accurate
and stable method of performing hydrographic surveys and other investigative work for marine design
and construction.

Tag Line
R N
\i\] /1/ f,_k_ NS WIRE ROPE TAGLINE
H f \ 7 or 300-500 ft CHAIN
) ===
i Top view ALIGNMENT:
2 Right Angle Glass
Theodolite/transit
Sextant
Transit man for angle
& _ _ DEPTH:
: /V Tag line for distance Leadline
_—f—— R~  Chan
\ PN | ead tine Level rod/pole
- Echo sounder
s ,______-“%H -
Side view

Figure 7-7. Tag line surveys
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7-16. Tag Line Measurement Procedures

A tag line survey is simply a hydrographic method of running cross sections from a fixed baseline.
Except for the boat and use of wire rope instead of chain, the same survey procedures are used as in
highway cross-sectioning. The most accurate tag line distance measurements are conducted while the
survey boat is stationary and holding constant tag line tension and alignment. Tag line surveys run
dynamically (using echo sounders) are not as accurate as those conducted statically. Depths are observed
with lead lines, sounding poles, level rods, or acoustically.

a. Static observations. Tag line length observations are made when the boat is properly aligned
on the section and the wire is pulled taut to minimize sag. The zero end of the tag line must be firmly
anchored on the baseline and held with a pole of sufficient leverage to withstand the pull from the boat.
The tag line is payed out over the bow with the boat in reverse, and the winch clutch braked for each
reading. The line is stopped when the interval mark is precisely at the depth measuring point on the boat
(bow or transducer). The boat operator must maneuver the boat onto the proper cross-section alignment.
This may be directed from ashore by hand signals or radio. Once on line, and with the tag line winch
fully braked, the boat motor speed is regulated to hold the line taut out of the water and with only minimal
apparent sag, at which time the depth is observed. Depending on the vessel power available and the
weight of the line, the distance a tag line can be pulled fully taut will vary--pulls up to and exceeding
2,000 ft are possible. The accuracy of a tag line measurement will degrade drastically once the vessel is
no longer able to provide sufficient power to suspend the line out of the water.

b. Dynamic or continuous tag line surveys. Some tag line surveys are conducted in a continuous
(dynamic) mode using analog echo sounders. The boat is not stopped at tag line intervals, but the echo
sounder is “fixed” at observed intervals as the reel pays out. Controlling alignment and tag line tension is
not assured when this survey method is used.

¢. Baseline boat tag line extension methods. Tag lines may be anchored to a floating vessel
(baseline boat) that has previously been positioned by tag line or other means. Due to the compounding
accumulation of error, such techniques are highly inaccurate. Since right angle prisms are typically used
to hold the alignment of both the baseline boat and extended tag line boat, resultant positional errors of
+50 m or more are not uncommon.

d. Other tag line survey methods. A tag line may be used to maintain a constant range from the
baseline hub. The line is held taut and the boat traverses along the constant tag line arc. Position fixes
along the arc may be taken with a sextant or transit. Radial tag line surveys may be conducted from a
single point on the baseline, with the survey vessel progressing outward along constant radials.
Substituting an electronic ranging device for a tag line provides a better distance accuracy at extended
ranges. In addition to normal cross-sectioning of harbors and canals, this survey method is commonly
used in running-river cross sections and offshore sections for beach renourishment studies. The electronic
positioning device and orientation instrument are moved to each incremental hub along the baseline. In
some cases, a radial pattern may be run from one station. The survey vessel is guided along a constant
azimuth in the same manner used in tag line work. Along-track (section) distance fixes are taken visually
from an automated positioning system display. The accuracy of these distance readings is a function of
the positioning system's stability, its update cycle, and the velocity of the boat. Higher accuracy surveys
are obtained at slower velocities.
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Figure 7-8. Typical baseline layout along bulkhead

e. Baseline layout for tag line surveys. Baselines for controlling tag line work are set using
standard construction survey techniques and standards. Intermediate points (i.e., hubs) are surveyed at
the line spacing required, usually 25, 50, or 100 ft O/C. These baselines should ideally be tied to USACE
3 Order, Class II project control. However, 4™ Order procedures may be used in setting intermediate
control points along the baseline. Standard chaining or total station methods are used to lay out baselines.
Baselines are normally aligned to the project's local coordinate system (station-range/offset) rather than a
state plane system. See Figure 7-8.

(1) Intermediate points, or hubs, may be set for permanent or temporary use. Intermediate hubs
can be marked by stakes, PK nails, flagging, or any other method. Back range hubs are established
behind the baseline if needed. Project stationing and range offsets should be marked on the stakes and/or
painted on bulkheads facing seaward for offshore identification. Baseline hubs must be located at points
that are unobstructed to seaward and where the tag line end can be firmly secured.

(2) Baselines can be established in shallow water by staking with 2- by 2-in. wooden stakes, iron
pipe, rebar, etc., for tagging locations. Baselines staked in shallow water can be used by small shallow-
draft workboats (outboard motor or inboard/outboard motor propulsion). The chain/weight used on the
end of the tag line forming a loop will hold the tag line at the base of the stake/pipe/rebar when tension is
applied to the line by the motor and braking assembly on the power/manual reel or winch. In far offshore
projects, piles have been driven adjacent to the channel in order to establish a baseline.

f. Tag line alignment methods. Lateral alignment control of the survey boat can be the weakest
link in the performance of tag line surveys, especially if strong currents are present. The method used to
project the desired cross-section alignment (usually 90 degrees) off the baseline is also critical. Poor
alignment techniques will limit the distance that a tag line cross section can be reliably projected from the
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baseline. Methods for holding alignment include visual range flags, right angle prisms, transits,
theodolites, sextants, and total stations. The use of visual range poles or flags presumes an adequate
range base is established. Right angle prisms shall generally not be used beyond 200 or 300 ft unless only
rough reconnaissance surveys are being performed.

g. Data recording procedures. Tag line survey and related depth measurements may be recorded
on worksheets or in a standard field survey book (Figure 7-9). Survey data are plotted in either site plan
or section formats.
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Figure 7-9. Field book recording of depths at 25-ft tag line marks

h. Survey boats. Any size and type of boat may be used for performing tag line surveys. The
most common types used in USACE are open workboats of rugged hull construction. Open boats provide
ease and flexibility of tag line measurement and allow maintenance to the tag line power winches.
Typical boat lengths range from 16 to 25 ft. Drafts of less than 1 ft are essential in order to work in
shallow areas and to provide ease of beaching. Reinforced hulls are necessary since many tag line
surveys are conducted adjacent to revetments, stone jetties, and other structures. An experienced boat
operator is essential to the accurate and safe execution of a tag line survey. The operator must
simultaneously maintain lateral alignment in currents, control the tag line tension, and, in some cases,
operate the power winch mechanism. Lead line, sounding pole, or echo sounding depth observations are
taken and recorded at the boat operator's signal. In cases in which tag line surveys are performed in
navigable waters with heavy shipping traffic, the boat operator may have to release tag line tension to
allow the wire to lower and rest on the channel bottom while a vessel passes.
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7-17. Tag Line Equipment

Tag line surveys can be conducted using any type of continuous measuring device. Over short distances,
tag line surveys may be performed using 50-ft cloth tapes or 100- to 300-ft surveyor’s chains.
Revolution-counting payout gages/meters are also employed. For greater distances, however, a
lightweight, stainless steel (corrosion-resistant), braided cable, or wire rope (7 strand (1), 7/32-in.
diameter or larger, depending on use of the tag line) is normally used. Wire rope tag line lengths vary
from 500 ft to over 5,000 ft, and baseline boat tag lines from 5,000 ft to 15,000 ft long. A 2-ft loop of
galvanized chain (5/8- to 3/4-in.) with a galvanized clevis and swivel should be used to connect the tag
line wire to the chain.

a. Marking. The tag line cable is marked at any desired interval, usually every 25 ft. A variety
of methods are used to mark and code the intervals along the tag line. Leather or plastic flagging or
galvanized sleeves may be firmly crimped to the line using wire splicing/crimping tools--see Figure 7-11.

Strands of polypropylene rope may also be inserted through the sleeves prior to crimping. Marks are
coded by color and/or size. These marks and the coding system must be readily identified to prevent
reading blunders, a common problem on tag line work.

b. Swivels. Corrosion-resistant swivels are inserted along the tag line at intermediate points,
usually at the 100-ft mark, the 500-ft mark, and at subsequent 500-ft intervals thereafter. The swivels
help in eliminating loops (pig tails) in the wire when continuous tension is not maintained. When the line
becomes slack, wire rolls and loops appear, causing crimps and breaks in the wire. The swivels also serve
as checks for incremental, even, 500-ft distances.

c¢. Power winches. Power winches are used to reel and control tag line payout. The winches are
permanently mounted amidships and may be manually, electrically, or gasoline powered. Clutching and
braking assemblies in the power winches regulate tag line payout. Line payout can be alternated over the
bow or stern. A guide or fair lead is used for maintaining control during payout and reeling in of the line.
Hand reels or manual winches are normally used on sounding boat tag lines because of the shorter or
limited wire lengths deployed. Power reels/winches are commonly used on baseline boats due to the
longer amounts of line involved. Power reels should have manual hand crank backup capability in case
of power failure. Figure 7-10 depicts a typical installation of a power winch aboard an open workboat.
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Figure 7-10. Tag line equipment aboard small 19-ft workboat (Jacksonville District)

7-18. Accuracy, Calibration, and Quality Control Requirements

a. Accuracy. Tag line surveys are highly accurate only within finite limits. Critical limitations
include the length of extended line off the fixed baseline hub, the ability to measure and hold vessel
alignment in strong currents, and the ability (power) of the boat to maintain a taut (sag-free) line over a
given distance. The positional accuracy of a point positioned by tag line may be computed using the
estimated accuracy of the alignment and distance measurements; similarly to that done with range-
azimuth survey methods. Up to about 1,000 ft from the baseline, a tag line will maintain acceptable
accuracy for dredging and navigation surveys; provided that it is pulled taut and accurate azimuth
alignment is held.

b. Calibration. Flagged tag line intervals must be periodically calibrated every 3 to 6 months
against a chained or EDM distance. The tag line should also be recalibrated after breaks have been
respliced. Wire rope splicing must be performed so the original length is maintained as closely as
possible. Calibration is done by comparing distances of the marked intervals with corresponding
distances measured with a tape or instrument of higher accuracy (Figure 7-11). This is most easily
performed along a pier or wharf where the tag line can be fully extended and compared with taped or
EDM distances. At each marked interval on the tagline, a difference shall be observed and recorded in a
field book.

¢. Quality assurance. Independent checks on tag line surveys were rarely performed in practice.
Occasionally, when baselines could be set on opposite canal banks, duplicate (overlapping) cross-
sections could be run from opposing baselines as a check.
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Figure 7-11. Tag line marking and calibration
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Section V
Range-Azimuth Positioning Methods

7-19. General Applications

Range-azimuth positioning is most simply a forward traverse computation, based on the intersection of an
angular and a distance observation, normally generated from the same shore-based reference station--
Figure 7-12. Angular azimuth to the offshore vessel is observed by transits, theodolites, or manually or
automated tracking total stations. The angular data can be manually observed and voice-relayed to the
boat by radio or digitally recorded and transmitted to the boat. The distance measurement can be made by
any number of EDM devices, such as microwave, laser EDM, and infrared light EDM. Although once a
widely used positioning method, range-azimuth techniques are now employed only where GPS
positioning cannot be obtained—usually due to satellite blockage. Today range-azimuth surveys are
mostly performed using electronic digital theodolites--i.e., total stations. Range-azimuth positioning is
typically used on projects located within four miles of a shoreline or riverbank. Depending on the type of
equipment used, range-azimuth surveys have high relative accuracies. Because range-azimuth
positioning is nonredundant, periodic calibration is essential. This survey method is relatively efficient.
Only a two- or three-man crew is required to perform the survey. Any type of boat may be used, but open
or enclosed workboats 17 to 26 ft long are common. This section covers hydrographic range-azimuth
positioning methods where angles and distances are obtained visually or electronically, using alidades,
transits, theodolites, EDM and full electronic total stations.

Range - Azimuth
Shore Station

Figure 7-12. Range-Azimuth positioning
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Figure 7-13. Various Range-Azimuth positioning instruments used in Corps (Norfolk District)
7-20. Range-Azimuth Survey Procedures

Total stations, theodolites, transits, or plane tables (i.e., alidades) are aligned on the local project datum in
a manner similar to that described for triangulation intersection positioning (Section II). Thus, observed
directions to the survey vessel are oriented in true grid azimuth reference for ease in plotting. Distances
from the same point to the vessel are likewise observed, either visually (i.e., stadia) or electronically.
Figure 7-13 depicts some of the systems used in the Corps.

a. Manual range-azimuth tracking procedures. 1t is usually easiest for the tracking instrument
operator to call the shot or fix events to the survey boat. The analog echo sounder record is fixed at each
shot and the azimuth recorded. Constant azimuth increments may be computed based on the distance
offshore. The angular spacing should conform (roughly) to the desired position fixing interval, i.e., 50,
100, or 200 ft depending on the type/class of survey. These increments are usually rounded to a
convenient even value (1 min of arc or 0.01 deg) for ease of setting in the instrument. The azimuth is set
in the instrument, and the vessel is tracked only for the period it is within the scope. The fix is called to
the survey boat when the boat's antenna crosses the vertical crosshair. Alternatively, the survey vessel
may call the fix/shot; however, this procedure requires constant tracking by the instrument man.

b. Constant range tracking. Constant circular range arcs may be tracked with fixes taken at
prescribed angular (azimuth) intercepts. The boat operator follows a constant range using the microwave
system display. Ranges are incremented based on the line spacing coverage desired. Azimuth intercepts
to the boat are either observed at regular angle intercepts or called for by the survey boat. The observer
manually tracks the boat throughout the survey and calls the observed azimuths to the boat by radio.
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Digital theodolites or total stations may be configured to telemeter the angular data directly to the boat.
Angular intercept increments are designed to provide positions at roughly constant distances (e.g., every
100 ft) along the circular track. Thus, the angular increment will decrease as the distance offshore
increases. Because the resultant data plot is along circular sections, which may not be aligned to the
project, the data may not be suitable for quantity takeoffs unless DTM quantity-estimating techniques are
available. This is, however, an excellent and efficient method of obtaining coverage over a given project
area.

c. Separated range-azimuth reference points. The angular and distance measuring instruments
need not be situated at the same point. For instance, a microwave system remote unit may be located on a
sailing range structure and the tracking theodolite located at a more stable place ashore. The angle of
intersection is no longer 90 deg in this case. To avoid degradation in geometry of intersection, the
intersection angle should be kept larger than 45 deg within the project area. Manual tracking and
positioning are accomplished in the same manner as described above.

d. Stadia distance measurement. Most traditional survey instruments are capable of determining
slope/horizontal distances by tachymetric methods, i.e., using fixed cross-hair stadia intercepts. In many
transits and levels with constant stadia intercept ratios, distances can be directly observed and rapidly
computed by the instrumentman. Alidades typically reduce slope distances to horizontal--not required for
most hydrographic applications. Visually observed stadia distances are relatively accurate over short
distances--typically + 5 to +10 ft out to 300 foot distances on a dynamic platform. Beyond 300 ft to 500
ft, accuracy rapidly degrades. Ranges beyond 500 feet can be observed using "half-stadia" interval
readings, and doubling the intercept value. Either level rods or painted "stadia boards" may be used for
observing stadia distances. Level rod divisions are usually too difficult to read, so normally 8 to 12 foot
long stadia boards are used. Boards are painted in with large black & white divisions, usually at 0.1-foot
intervals, although larger intervals could be used if longer stadia distances are needed. The accuracy of
observed stadia readings also degrades as vessel motion increases and visibility of the stadia board
intercepts becomes obscured at longer ranges.

e. Data recording and plotting. Distances and azimuths are simultaneously observed by the
instrumentman and recorded in a standard survey field book or electronic log by fix or time event. Radio
contact with the vessel is maintained with the vessel normally calling for fix observations at prescribed
intervals. The depth sounder is event-marked at the same time. Position data may be plotted either
ashore or on the survey boat; or post plotted if real time navigation or coverage information is not
required. Plane table observations are directly plotted ashore as observed. Transit-stadia observations
may be plotted at either location, using drafting machines or preplotted range-azimuth sheets. If
navigation guidance is needed aboard the survey vessel, then position data must be relayed to the vessel
for on board plotting. The position update interval is limited by the instrument observer's and plotter's
expertise in observing, transferring, and plotting. Typically, 45 to 60 second fix intervals are the best that
can be performed in real time; thus, these methods are best for shot point depth observations under more
static conditions. Total stations will typically compute and log vessel positions at a rapid update rate;
however, in order to obtain real-time navigation aboard the vessel the position data must be relayed to the
vessel. Manual plotting of range-azimuth surveys can be performed using a drafting machine and beam
compass to lay out the azimuth and circular range arrays provided that the project area and reference
station fall on the plotting sheet. If the project area is beyond the reach of these mechanical devices, the
azimuth/circular array must be computed and drawn with spline curves. Angular position fixes are
plotted along the constant range arc, and depth data are plotted relative to these points. Intermediate
depth data points between fixes are interpolated between the fix events on the analog record. Range-
azimuth position and depth data may also be encoded/digitized and plotted using automated techniques.

7-24



EM 1110-2-1003
1 Jan 02

7-21. Total Station Range-Azimuth Surveys

Electronic total stations can be configured to provide highly accurate hydrographic positioning. The
latest generation total stations can provide direct, real-time X-Y-Z coordinates on the vessel. If reflector-
transducer offsets are applied, the X-Y-Z coordinate of the bottom can be computed/reduced in real-time.
Robotic total stations can automatically track the vessel. A fully automated systems like the Krupp-Atlas
Polarfix, contains a communications link that transmits the measured azimuth and distance to the boat.
This communications data link is often the weak point in the system; care should be taken to ensure that
there is no interference from other sources. These data are transformed to a local project coordinate
system (station-offset, beach/river profiles, etc.) which is used for vessel operator steering guidance on a
digital or analog left-right indicator. Topographic or construction total stations must be modified for
hydrographic tracking applications if the beam width is not large enough to track the vessel. Philadelphia
District has modified conventional topographic total stations for hydrographic survey purposes.
Topographic total stations must also be configured to relay navigation data (via radio communication
link) to the survey vessel processor for navigation and data logging purposes. Without on board
navigation links, total stations are usually set up over established ranges--a common procedure for beach
sections.

7-22. Range-Azimuth Accuracy
The accuracy of a range-azimuth position can be estimated from the following equation:

RMS g5, = 1.73 - sqrt[a’ + (d - tanb)?]
(Eq 7-3)

where

a = estimated standard error (1-sigma) of the distance measuring system (e.g., tag line, EDM,
stadia)

d = distance offshore

b = estimated standard error (in arc-sec) of azimuth measuring system (e.g., total station, right
angle glass, transit, sextant)

Within a few hundred feet from the instrument, theodolite/EDM/total station range-azimuth systems are
highly accurate for dredging and navigation surveys. Microwave based EDM will rarely meet current 2
m or 5 m positional accuracy standards. Dynamic alidade or transit stadia distances are accurate to 5
meters within ranges of only 100-200 ft, depending on conditions.

7-23. Quality Control Requirements

a. Angular orientation. The tracking instrument should be referenced to the grid azimuth for the
project. This is accomplished by setting the lower plate to the grid azimuth of the reference backsight.
The farthest or most reliable point should be selected as the reference orientation. Additional reference
points should be pointed on to verify orientation. All available visible control should be sighted on, and
any error or discrepancy resolved onsite. All orientation checks (including grid azimuth computations)
must be recorded on a worksheet or field book.

b. Periodic orientation checks. During the course of the survey, the initially set orientation
should be periodically checked to ensure that no movement in the instrument has occurred. Periodic
orientation checks should be noted in instrument operator's field book. These checks are normally done at
the end of each survey line. The instrument should be readjusted and releveled as required during these
checks. If significant movement has occurred, all work done since the last orientation check was made
should be rejected and rerun.
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¢. Quality assurance checks. Like most visual survey positioning methods, independent
positional checks on range-azimuth positions are rarely available. When the vessel can be maneuvered to
another project control monument, a check on the position can be made. This should always be done for
critical navigation surveys.
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Section VI
Land-Based Electronic Positioning Systems

7-24. General Scope

Use of electronic distance measurement (EDM) techniques to position hydrographic survey vessels
derived from hyperbolic aircraft navigation systems first developed during World War II. The Corps first
began using hyperbolic and range-range electronic positioning during the mid 1950's--in Detroit and
Norfolk Districts. A variety of systems have been used since that time; most of which became quickly
obsolete when GPS became fully operational. However, the basic operating concepts behind land-based
EDM and related trilateration positioning (including GPS) have not significantly changed. This section
describes these electronic distance measurement and positioning principles of these older land-based
electronic positioning systems; including procedural criteria for using such systems. Land-based (or
terrestrial) positioning systems are distinguished from satellite (extra-terrestrial) positioning systems. All
these systems use time difference and trilateration techniques to determine a position. The main focus of
this section is on land-based microwave positioning systems as opposed to now nearly obsolete low- or
medium-frequency hyperbolic systems such as LORAN-C.

7-25. Types of Electronic Positioning Systems

One method of classifying electronic positioning systems is by their operating frequencies. The
frequency generally determines operating range and accuracy, and, in turn, a system's applicability for a
particular type of work. Figure 7-14 lists some types of electronic positioning systems by their
bandwidths. In general, the higher the frequency of the electronic positioning system, the more accurate
the resultant position determination. Systems in the medium frequency range and below are typically
hyperbolic phase/pulse differencing, and can reach far beyond the visible or microwave horizons. These
systems were more suited for long-range navigation purposes or far offshore geophysical exploration
work. Only those systems operating above the medium frequency bandwidth range had any practical
application to USACE construction work. Microwave systems in the Super High Frequency (SHF) range
were most commonly used to precisely control offshore survey vessels and dredges. Operating distances
for these systems are generally limited to line of sight, which is adequate to cover most river, harbor, and
coastal construction applications. Modulated lightwave and infrared spectrum electronic distance
measurement instruments (e.g., electronic total stations) can be used over relatively limited distances,
usually less than 3 to 5 miles offshore. These systems provide the highest distance accuracy
measurements.
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Bandwidth Symbol Frequency System
Very Low Frequency VLF 10-30 KHz Omega
Low Frequency LF 30-300 KHz LORAN-C
Medium Frequency MF 300-3000 KHz  Raydist, Decca
High Frequency HF 3-30 MHz Fundamental Earth
Frequency 10.23 MHz
Very High Frequency VHF 30-300 MHz VOR Aircra ft Navigation
Ultra High Frequency UHF 300-3000 MHz  Del Norte
L-Band NAVSTAR GPS
Super High Frequency SHF 3-30 GHz (Microwave EPS)
C-Band Motorola
S-Band Cubic
X-Band Del Norte
Visible Light EDM*
Laser Light EDM
Infrared Light EDM, Polarfix

*Electronic distance measuring instrument.

Figure 7-14. Frequencies of various positioning systems used for hydrographic surveying (1950 to date)

a. Medium-frequency positioning systems (RAYDIST/DECCA). Raydist and Decca positioning
systems were first deployed by Corps districts in the mid 1950's and were used up to the early 1970's.
They are no longer used. Systems in this frequency range operated by time/phase differencing methods--
resulting in either circular or hyperbolic lattices (time differences). These systems required repeated
calibration to resolve whole-wavelength (lane) ambiguities and continual monitoring during the course of
the survey to resolve lane, or cycle, slips--no different than integer ambiguity determination requirements
for modern day DGPS. Onsite calibration was essential to maintain accuracy. However, given the far
offshore uses of these systems, calibration was often impossible. Many of the visual positioning
techniques described in previous sections were used to calibrate these systems.

b. Low-frequency positioning systems (LORAN-C). LORAN-C is a low-frequency
time-differencing hyperbolic system and has been the primary marine and airborne navigation system for
over 40 years. It is suitable only for general navigation or reconnaissance surveys; and perhaps for
general dredge/dump scow monitoring. Daily near-site or onsite calibration is critical if any semblance of
absolute accuracy is to be maintained. (This is not the same as relative accuracy.) Without onsite
calibration, absolute positional accuracy of LORAN-C is + 0.25 mile at best. Recently developed
differential Loran-C has a much higher accuracy. LORAN-C is expected to be decommissioned by the
US Coast Guard in the early 2000's.

7-26. EDM Measurement Process
Most EDM systems operate either by resolving two-way travel phase delays of a modulated

electromagnetic carrier pulse/wave between the offshore vessel and shore-based reference transmitter or
by measuring the two-way travel time of a coded electromagnetic pulse between these points. GPS
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operates in a similar manner to the conventional systems except the travel distances from the satellites are
one-way. Code-phase GPS is similar to microwave coded pulse systems, and carrier phase GPS operates
on the carrier wave (phase differencing) used to transmit coded information. Phase differencing
techniques are also used on land surveying EDM instruments, with the carrier being a visible laser or
infrared light. Microwave pulsing type systems (Motorola, Del Norte, Micro-Fix, etc.) measure the
round-trip travel time of a pulse generated at the offshore vessel, to the shore repeater station, and back to
the vessel. The remote shore stations are variously referred to as transponders (XPDR), trisponders
(TPDR), or responders (RPDR), depending on the manufacturer. They receive, process, and retransmit
the signal. Some microwave systems use passive radar reflectors. For a pulsing system, the round-trip
distance is computed by multiplying the measured elapsed time (less internal system time delays) by the
assumed velocity of propagation of electromagnetic energy. The distance, or range, is computed by the
following equation:

d (meters) = c « (t, -ty /2

(Eq 7-4)
where
c = assumed velocity of propagation (m/sec)
tn = measured round-trip travel time (sec)
ty = internal system delays (sec)

a. Distance determination. Under ideal conditions, and with repeated measurements, the travel
time (,) can be measured fairly accurately (to better than the 1-nsec (1-ft) level) and far more accurately
(sub-centimeter) when modulated phase comparison techniques are employed, such as on infrared and
some microwave systems. However, all three factors on the right side of Equation 7-4 are subject to both
random and systematic errors. The only way to minimize these errors is by external and internal
calibration of the equipment. Internal system delays (z,) can be controlled relatively effectively on some
modern pulsing systems. Such control is often termed "self-calibrating." The assumed velocity of
propagation (¢ = speed of light) and other local anomalies or inherent system measurement instabilities
cannot be controlled or corrected by the measurement system. Thus, an independent, on-site calibration
must be performed if errors due to these sources become significant, which is normally the case (i.e.,
ambient project conditions different from nominal conditions). As a result, a calibrated microwave
positioning system operating in a dynamic hydrographic survey environment can measure a range to an
accuracy ranging between + 3 m and + 10 m (95% RMS).

b. Velocity of propagation variations. Variations in the velocity of propagation in air are caused
by changes in air density due to temperature, humidity, and air pressure. The effect on land-based
microwave positioning systems is more pronounced than on light waves. A factory-calibrated microwave
system may be operated in atmospheric conditions differing significantly from the nominal calibration
conditions. A change of 50 to 75 ppm could result, or 0.5 to 0.75 m in 10,000 m. Although such a
variance may not be significant in operations 6 miles offshore, it is a systematic error, which could be
compensated for by proper calibration. Assumed stability in the pulsing system time (¢, - ;) or phase
measurement process cannot be guaranteed. Periodic independent calibration is essential to check this
stability. No independent calibration of positioning systems is totally effective unless it closely
duplicates the actual operating ranges and conditions.

¢. Microwave antenna considerations. Microwave propagation/refraction problems may exist in
some areas during hydrographic surveys. Moving antennas a small distance (vertically or horizontally)
sometimes eliminates the problem. Weather, especially humidity and temperature, affects microwave
propagation through the air. Large ships, metal buildings, and even the water surface can create
unwanted reflections of the microwave signals received at the antenna. Experience with microwave
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equipment problems and knowledge of the survey area will minimize the recurrence of these types of
problems. Different antennas may be used to either boast a signal into a sector (sector antenna) or allow
transmission over a full circle (omnidirectional) from the station. Circular polarization is another
technique used to reduce multipath effects. Another technique used is antenna separation, which switches
from one antenna to another to reduce multipath phenomena. GPS manufacturers use concentric metallic
raised rings surrounding the antenna to reduce multipath effects.

d. Multipath effects. Signal multipath reflection is a major systematic error component for
equipment operating in the microwave band. Errors due to this effect are difficult to detect. Most
critically, they can gradually accumulate with vessel location and orientation relative to a particular
remote reference station. An abrupt change due to multipath is usually readily apparent, as is total signal
cancellation, termed "range holes." This gradual range increase of 1 m or more can cause what appears to
be a course anomaly on a plot of the vessel's position, as if some erratic current displaced the vessel for a
period of time. In addition, multipath may be present when the system is calibrated at a particular point.
Consideration of multipath during antenna placement, enhanced antenna design (circular polarization,
space diversity, etc.), and other internal electronic techniques and filters are required to identify and/or
minimize multipath effects. None are totally effective in all cases. Antenna spacing or systems with
circular polarization are recommended to minimize the possibility of these effects.

7-27. Microwave Range-Range Positioning Systems

These systems were first used by Corps districts in the early 1970's. The first systems were manufactured
by Cubic Corporation, Motorola, and Del Norte Technology. They effectively replaced tag line and
medium frequency (Raydist and Decca) positioning methods that had been used by districts since the
1950s. Up until the mid 1990's, microwave positioning systems were the primary positioning system in
nearly every district. After 1992 when full coverage differential GPS became available, use of
microwave systems rapidly declined. In 1998 only one or two districts were still utilizing microwave
positioning--all the others have gone exclusively to GPS positioning. It is unlikely such systems will be
in use much after 2000. Range-range positioning by microwave systems is accomplished by determining
the coordinates of the intersection of two (or more) measured ranges from known shore control points--a
process termed trilateration. When two circular ranges are measured, two intersection points result, one
on each side of the fixed baseline connecting the reference stations. The ambiguity is usually obvious and
is controlled by either initializing the computing system with a coordinate on the desired side of the
baseline or referencing the point relative to the baseline azimuth. Prior to automated data acquisition
systems, microwave ranges were visually observed and steered, with data logging and plotting performed
manually. As automated data acquisition systems began to be used in the early 1970s, ranges and
computed positions were electronically recorded and the resultant position sent to a track plotter and
helmsman guidance display unit. These microwave range-range positioning methods used by the Corps
during the period from about 1970 until 1999 are described below.
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Figure 7-15. Range-Range intersection

a. Constant range tracking. Before automated data logging and processing systems were
available, the survey boat was positioned by steering a constant range from one reference station and
fixing at range intercepts from the other reference station (Figure 7-15). At higher vessel velocities, this
is not an accurate positioning method, due to the need to estimate the intercept between range updates. In
addition, the resultant survey lines are circular and are not aligned to the project coordinate system. This
survey method provided a good backup capability when failures occurred in automated positioning and
guidance systems. It was rarely employed, however.

b. Automated range-range tracking. When automated positioning and guidance systems were
employed, the range intersection coordinates were automatically computed and transformed relative to the
project alignment coordinate system (station-offset). This data was then fed to an analog or digital course
indicator (or left-right track indicator), allowing any particular station/cross section or offset range to be
tracked. Along-track position fixes were then taken by manually observing an along-track indicator or
track plotter. The analog depth recording device is marked at each position. Normally, however,
digitized depth data are correlated with positional data in an automated system at regular preset intervals
by time or distance. Figure 7-16 shows typical electronic ranging and positioning equipment used by the
Corps during the past 30 years.

c. Range-Range accuracy. The positional accuracy of a range-range intersection position is a
function of the range accuracy and the angle of intersection of the ranges. The angle of intersection varies
relative to the baseline so the positional accuracy varies as the survey vessel changes location. Assuming
both ranges have equal value, the positional accuracy at any offshore point can be estimated from:

RMS 50, = 2.447 - O - cosecant (A)
(Eq7-5)
where
o = estimated standard error of measured range distance (1-sigma)
A = angle of intersection of ranges at vessel (or angle from vessel to baseline stations)
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Since the angle of intersection (4) has a major effect on positional accuracy, quality control criteria will
restrict surveys within intersection tolerances--e.g., 4 must be between 45 deg and 135 deg. The accuracy
of microwave ranges is difficult to estimate since it is not constant with distance from a shore station.
Manufacturers typically claimed accuracies of + 1 m (1-sigma), or + 2 m (95% RMS). These estimates
were for ideal (calibrated) conditions. More likely microwave range accuracies were on the order of + 3
m. This would yield an average positional accuracy of about 8 m (95% RMS) at 60 deg range angle of
intersection. Although an 8 to 10 m RMS error may seem excessive by today's DGPS standards, this
represented a major improvement in the 20 to 50 m accuracies achieved by earlier positioning methods--
especially on a project site 10 miles offshore.
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Figure 7-16. Range-Range positioning systems used in Corps (1970-1995)

d. Multiple range positioning techniques. This method is simply an expansion of the range-range
method described above. Jacksonville District first developed this technique in 1979. In this case, three
or more ranges are simultaneously observed, and a positional redundancy results. (The Racal Micro-Fix
system allowed selection of up to 8 ranges from a total of 32 interrogated.) The position is determined
from the computed coordinates of the intersections of the three or more range circles. Since each range
contains observational errors, all the circles will not intersect at the same point. In the case of three
observed ranges, three different coordinates result. Four ranges result in six separate coordinates. The
final position is derived by an adjustment of these redundant coordinates, usually by a least-squares
minimization technique. Some automated microwave positioning systems simply used the strongest angle
of intersection as the "adjusted" position, and others take the unweighted average of all the intersecting
coordinates. All adjustment methods were typically performed on-line at each range update cycle,
normally every second. The positional data are then transformed to a project-specific coordinate system
in a manner similar to that described for a two-range system.
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(1) Using multiple ranging can minimize positional uncertainties. The coordinated position
contains redundancy and can be adjusted. Such a process reduces the geometrical constraints and
provides an opportunity to evaluate the resultant positional accuracy as the survey progresses. An on-line
accuracy assessment is thus provided. This is accomplished by evaluating the positional misclosure
which occurs when three or more position lines containing errors intersect, a so-called triangle of error for
the simple case of three intersecting ranges, as shown in Figure 7-17. The position of the vessel is

obtained by adjusting the three ranges to a best fit.
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Figure 7-17. Multiple range positioning

(2) An assessment of the range measurement accuracy may be obtained by computing the residual
range errors (v) for each position. These are the corrections added to each range so that all ranges
intersect at the same point. When a least-squares type of adjustment is performed, the sum of the squares
of the residual errors (v) is made a minimum. The magnitudes of these residual range corrections provide
the statistics for an accuracy estimate of the observed distances or, more practically, an approximate
quality control indicator. When a least-squares adjustment is performed, it is possible to obtain an
accuracy estimate of the positional RMS error. Automated software can provide such data at each
position update. If known, different weights may be assigned to individual range observations. This
proved useful when different types of positioning systems were mixed during a survey (i.e., microwave

and medium wave ranges).

(3) An on-line quality control indicator (e.g., 95% RMS error) can be computed. This can be
directly obtained from the least squares adjustment matrix and computed from:
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RMS Error gs0; = 1.73 - sqrt (07 + G;)
(Eq 7-6)
where
o.and 0, = estimated positional standard errors in x and y coordinates (from variance-
covariance matrix)

Automated systems were designed to alarm when positional RMS accuracies fell outside the prescribed
limits, indicating calibration problems. The initial standard error of the microwave ranges was usually
assumed constant throughout the survey.

(4) Alternatively, the residual range errors (v), which result from comparing the observed
distances with the inversed distances between the adjusted position and the remote shore transmitters,
could be used to evaluate the accuracy of the range measurements. A variety of methods were used
(on-line and/or off-line) to compute these residual errors. An approximate (unbiased) estimate of the
range accuracy is obtained from the following:

Estimated Range Accuracy (1-0) = sqrt [ Z(V’) /(n-1) ]
(Eq7-7)
where
n number of observed ranges
(V) = sum of the squared residuals

Adding redundant ranges will not necessarily make a significant improvement in the positional accuracy
because the inherent random and systematic errors are still present. It will, however, help detect the
existence of large systematic errors (and most critically, observational blunders) that might have
otherwise gone undetected using a nonredundant range-range system.

(5) Figure 7-18 demonstrates the use of multiple ranging in an offshore location where no
independent method of calibration at the job site was available. Figure 7-19 shows another project with
six intersecting points, resulting from the four observed ranges. Error ellipses for each of the two-range
intersections are shown. The on-line least-squares adjusted position is shown along with its (smaller)
error ellipse.
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Figure 7-18. Three range microwave positioning scheme
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Figure 7-19. Four range intersection position solution (Tampa Harbor, Jacksonville District)
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7-28. Microwave System Calibrations and Quality Control

A microwave system calibration processes basically involve an independent determination of the vessel's
antenna location, followed by comparison of differences between the observed microwave ranges and the
distances computed from the independent calibration. An independent calibration should be at least one
order of magnitude more accurate than the microwave system being calibrated. Such systems would
include: theodolite triangulation, total station observations, or EDM trilateration methods. If automated
coordinates are observed rather than direct ranges, inverse coordinate computations will have to be made to
determine the observed ranges. If a series of independent calibrations is made, the mean range difference
over this series represents a correction to be applied to the system. This range correction is dialed in the
microwave system range console or is stored for software application during the position computation.
Given the instability of many microwave ranging systems, coupled with inaccuracies in the calibration
process itself, determining whether a range correction is statistically valid is difficult. This problem
frequently occurs when baseline comparisons are made at two (or more) different calibration points offshore.

a. Repeated calibrations. An advantage of EDM, total station, sextant, or triangulation intersection
calibrations is that a series of 5, 10, or more independent calibrations may be obtained at various locations in
the work area. If the calibration technique is performed accurately, the mean range difference correction
may be statistically valid. Its validity is best estimated by computing the standard deviation from the mean
of the series of range differences. Applying a calibrated range difference may often be debatable from a
statistical standpoint. For example, assume that a microwave range is calibrated by five independent
distance measurements. The accuracy of the calibration process is estimated at 0.5 m and the range is
presumed stable to +0.5 m. The series of calibrations yields a (-) 0.3-m correction £1.0 m. The £1.0-m
deviation contains the error budget of the microwave range, the calibration process, and other unknown
factors (control, eccentricities, etc.). A (-) 0.3-m correction in this case would seem marginal. However, for
consistency, it should be applied since no simple rule-of-thumb exists for deciding when such a correction is
statistically valid.

b. EDM calibration. Direct ranges to the shore-based receiver stations may be observed using
precise phase differencing laser/infrared electronic distance measurement instruments. Typically, the EDM
is moved to the two or more receiver monuments, and the reflector prism is placed above or below the
vessel's antenna. Depending on the type of EDM used, vessel stability is critical for maintaining lock on the
reflector. A series of EDM distance readings is directly compared with the simultaneously observed
microwave ranges, and corrections are assessed as described above. EDM observations are taken and
corrected for slope and atmospheric refraction in accordance with standard survey methods. If control
monuments other than the microwave remote receiver's are occupied, a trilaterated position of the vessel
must be determined and inversed along the microwave ranges for comparison. This method is especially
suitable for periodic calibration of dredges.

c. Baseline calibrations. Baseline calibrations are performed by locating the survey vessel
alongside a known reference point and comparing the computed (inversed) distances with the ranges
observed by the microwave system. This is the simplest and most common microwave calibration method.
Any eccentricities between the vessel's antenna and the known monument must be corrected. This is usually
done by observing an angle and taped distance from the reference point to the antenna and computing the
grid coordinates of the actual antenna. A sextant bearing is adequate over short distances. In some
instances, the vessel antenna may be removed from its mounting and placed directly over the known
monument. Such a procedure may change antenna receiving characteristics and induce multipath error.
Some automated systems allow input of the antenna coordinate and directly compute the distance
comparisons or, alternatively, directly correct the observed ranges to agree with the fixed coordinate. (This
latter method assumes only one calibration check will be employed--or the differences from different points
are insignificant.) Such a process is useful on multiple ranging systems. Regardless of the method
employed, a few minutes of observations should be recorded. Lengthy calibration observations at the same
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point serve no purpose other than measuring the system's precision (not accuracy) at that particular point.
Range corrections are computed and assessed. For critical surveys, the same process should be performed at
a second calibration point. Significant differences in the range corrections for each point may indicate
problems with the control network, multipath errors, or both. The magnitude of the recorded range
differences from each calibration point is another rough indicator of the quality of the survey. If the
magnitude of these differences (or standard errors from the mean values) is significant, the source of the
problem must be determined. This may require calibration at a third fixed point.

d. Total station instrument calibration. Since a typical total station EDM yields direct and accurate
X-Y-Z coordinates of the remote point, it may be used to compare the coordinates of an automated
positioning system. A total station may be set up at any known point with visibility to the offshore point
(and within the operation ranges of both systems). With the vessel held as motionless as possible, the retro-
prism is held adjacent to the microwave system antenna, and simultaneous total station and microwave
system coordinates are observed at different locations. Inversed distances and microwave ranges are
compared as shown in previous examples.

e. Triangulation intersection. Triangulation methods are suitable for areas where no onsite
calibration points are available. This method is also particularly ideal for calibrating dredges and other large
plants that cannot perform static or direct baseline calibrations. Triangulation methods are potentially the
most accurate form of microwave calibration in that the process is performed in a dynamic (true working)
environment. To attain this, however, excellent intersection geometry and visibility are necessary, and
highly skilled theodolite tracking observers are essential. Vessel velocity must be kept at a minimum during
the tracking process. For high-accuracy triangulation calibration, a third theodolite is added for redundancy.
A series of 5 to 10 or more intersection fixes is made on a stable or slowly moving survey vessel or dredge
at or near the work area. Microwave ranges are read at the time of each intersection fix. Triangulated
positions are computed for each position, inversed, and compared with the observed range. Care should be
taken to ensure that all computations and comparisons are based on grid distances. As described previously,
based on the deviations in the range differences, a judgment must be made as to whether the mean range
correction is statistically valid.

f- Sextant resection. Sextant resection calibrations are valid only when resection geometry is ideal,
for nearshore projects where distinct sextant targets are clearly visible and vessel velocity is near dead slow
or stopped. A series of 5 to 10 simultaneous sextant resection angles and microwave range observations
should be made. The sextant observers must be centered about the microwave antenna to minimize
eccentricities. On a stable or spudded platform, redundant angles should be observed. Resection
computations should be performed manually or with standard software. Graphical resection (three-armed
protractor plots) shall not be used. Resection software should provide an estimator or indicator of the quality
of the resection based on the geometry and estimated standard error of the observed angles. Without such a
quality estimate, the resection solution may be less accurate than the microwave solution. Resected grid
coordinates are inversed and compared with the observed microwave ranges. Range differences for each
position are computed and meaned. A standard error of each mean should be computed to judge whether
applying a mean correction to the range is statistically appropriate. Large variances between the resected
ranges and the microwave range indicate poor resectioning, unstable microwave ranges, or both.

g. General QC criteria for electronic positioning systems. Some basic criteria for performing
positioning system calibrations are described below. Some of these factors are also applicable to GPS
positioning techniques.

. The independent calibration procedure used must have an accuracy at least equal to or better
than the system being calibrated. This is not always easily accomplished when dynamic calibrations are
performed.

. Multipath effects may not be eliminated by calibration since they can depend on the antenna

location (ashore and afloat) and the orientation of the offshore vessel.
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. A static calibration does not simulate the dynamic survey condition. Thus, any errors due to
vessel motion will not be picked up (e.g., electromechanical lags or lack of system synchronization--
latency errors).

. Calibrations must simulate, to the maximum extent possible, the actual conditions existing
in the project area. This requires calibration as close to the work site as possible.

. Measurement systems known to be relatively stable, such as infrared electronic distance
measurement devices, “self-calibrating” or phase comparison microwave systems, total stations, and
GPS, must also be independently checked, or verified, to prevent blunders. The frequency of such
verification checks is more relaxed for these systems.

. Calibrations of pulsing microwave positioning systems are valid only for the particular
range measurement system used. When antennas, receiver units, connecting cables, and the like are
modified, moved, or swapped out, a full recalibration of the system must be performed. Calibration
must be performed while the shore-based receivers are located at their actual sites and referenced to the
permanently located vessel antenna. If not, some large systematic effects may not be properly
compensated for.

. Calibration procedures must be consistent during the course of a project (i.e., both pre-
dredge and after-dredge payment surveys). The same baselines and/or procedures should be employed.

. Remote points used to calibrate an established network must be adequately connected by
surveys relative to the positioning network. This is especially important when calibrating from large
offshore range structures which may not have been accurately positioned, or where the center point is
not easily defined. This is especially applicable to long-range DGPS observations.
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Section VI
Global Positioning System Techniques

7-29. General

The Global Positioning System (GPS) has rapidly become the standard surveying and navigation mode in
USACE replacing microwave ranging and R/A systems. Visual R/A systems will be used only in isolated
instances where GPS satellite coverage is obscured. Real-time GPS positional accuracies now exceed
those of any other hydrographic survey positioning system. Most significantly, GPS does not require the
time-consuming calibrations described for microwave equipment. Numerous public and private
differential GPS systems now exist which allows for nationwide coverage. This section details USACE
applications of current GPS technology.

Figure 7-20. Differential GPS positioning of a hydrographic survey vessel

a. GPS is a real-time, all-weather, 24-hour, worldwide, 3-dimensional absolute satellite-based
positioning system developed by the U.S. Department of Defense. This system consists of two
positioning services: the Precise Positioning Service (PPS) and the Standard Positioning Service (SPS).
PPS was developed for the U.S. military and other authorized users, uses the P(Y)-code on the L1 and L2
carriers, and provides an accuracy of 5-10 meters in absolute positioning mode. SPS is available to
civilian users, uses the C/A-code on the L1 carrier, and provides accuracy of 10-20 meters in absolute
positioning mode.
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b. For many applications, absolute positioning does not provide sufficient accuracy. Differential
GPS (DGPS) is a technique which can provide relative positioning with an accuracy of a few meters to a
few millimeters depending on the DGPS method used. DGPS utilizing code phase measurements can
provide a relative accuracy of a few meters. DGPS utilizing carrier phase measurements can provide a
relative accuracy of a few centimeters. DGPS requires two or more GPS receivers to be recording
measurements simultaneously. With two stations recording observations at the same time, GPS
processing software can reduce or eliminate “‘common errors”. If one of the stations is a survey control
point, DGPS will determine a baseline between the stations and effectively establish the position of the
other receiver in the same reference system as the survey control point. Both code and carrier phase
DGPS can be performed in real-time thereby positioning moving platforms and survey vessels--see
Figure 7-20.

c. The differential GPS technique has application to positioning USACE survey vessels, dredges,
and other mobile platforms. When operating in a differential mode it is capable of providing real-time
positional and navigational information at accuracies required for present-day hydrographic surveying
and/or dredge positioning. Use of GPS has provided more accurate payment surveys and thus reduces
disputes and claims arising from errors in survey measurements. Differential GPS is applicable for all
USACE hydrographic survey and dredge positioning needs.

7-30. GPS Tracking Modes

a. There are basically two general modes, which are used to determine the distance, or range,
between a NAVSTAR GPS satellite and a ground-based receiver antenna. These measurements are made
by signal phase comparison techniques. Either the satellite's carrier frequency phase or the phase of a
digital code modulated on the carrier phase may be used, or tracked, to resolve the distance between the
satellite and the receiver. The resultant positional accuracy is dependent on the tracking method used.
These two-phase tracking techniques are:

. Carrier phase tracking
. Code phase tracking

b. The GPS satellites actually broadcast on two carrier frequencies: L1 at 1575.42 MHz (19-cm
wavelength) and L2 at 1227.60 MHz (24-cm wavelength). Modulated on these frequencies are the
Coarse Acquisition (C/A) (300-m wavelength) and the Precise (P) codes (30-m wavelength). In addition,
a 50-bps satellite navigation message containing the satellite ephemeris and health status of each satellite
is transmitted. The C/A and P codes are both present on the L1 frequency. Only the P code is present on
the L2 frequency. The higher frequency of the carrier signal (L-Band) has a wavelength of 19 and 24 cm
from which a distance can be resolved through post-processing software to approximately 2 mm. The
modulating code has a wavelength of 300 m and will only yield distances accurate to about 1 m. Both of
these tracking methods have application in hydrographic and conventional surveying.

7-31. GPS Accuracies

The absolute range measurement accuracies obtainable from GPS are largely dependent on which code
(C/A or P) is used. These estimated user range accuracies or deviations, when coupled with the
geometrical relationships of the satellites during the position determination (i.e., dilution of position or
geometrical dilution of precision), result in a three-dimensional (3-D) confidence ellipsoid that depicts
uncertainties in all three geocentric coordinates. Given the changing satellite geometry and other factors,
GPS accuracy is time/location dependent. Error propagation techniques are used to define nominal
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accuracy statistics for a GPS user. The user range errors/deviations will yield geocentric coordinates (X-
Y-Z) and a covariance matrix. These can be transformed to a local datum (N-E-U or u-v-h). The 3-D
covariance matrix defines the dimensions of the error ellipsoid, which can be assessed in any direction or
coordinate system. The more common error measures used are described below.

a. Root mean square error measures. 2-D (horizontal) GPS positional accuracies are normally
estimated using a RMS radial error statistic. A 1-0 RMS error equates to the radius of a circle in which
the position will lie with an approximate probability of 63%. A circle of twice this radius (2-0 RMS or
2DRMS) represents a 98% positional probability circle. This 98% probability circle, or 2DRMS, is a
common 2-D positional accuracy statistic used in GPS surveying literature. Occasionally, a 3DRMS, or
99+% probability circle, is used. USACE hydrographic survey accuracy requirements stated in this
manual are given in terms of a 2-0 RMS error statistic.

b. Probable error measures. 3-D GPS accuracy measurements are most commonly expressed by
Spherical Error Probable, or SEP. This measure represents the radius of a sphere with a 50% confidence
or probability level. This spheroid radial measure only approximates (or averages) the actual 3-D
ellipsoid representing the uncertainties in the geocentric coordinate system. In 2-D horizontal
positioning, a Circular Error Probable (CEP) statistic is commonly used, particularly in military targeting.

CEP represents the radius of a circle containing a 50% probability of position confidence. Another 2-D
measure occasionally used is the radius of a 95% confidence circle.

¢. Accuracy comparisons. It is important that GPS accuracy measures clearly identify the
statistic from which they are derived. A “100 meter” or “3 meter” accuracy statistic is meaningless unless
it is identified as being 1-D, 2-D, or 3-D, along with an applicable probability level. For example, a PPS
16-m 3-D accuracy is, by definition, SEP (i.e., 50%). This 16-m SEP equates to a 28-m 3-D 95%
confidence spheroid, or when transformed to 2-D accuracy, roughly 10 m CEP, 12 m RMS, 24 m
2DRMS, and 36 m 3DRMS. In addition, absolute GPS point positioning accuracies are defined relative
to an earth-centered coordinate system/datum. This coordinate system will differ significantly from local
project or construction datums. Nominal GPS accuracies may also be published as design or tolerance
limits, and actual accuracies achieved can differ significantly from these values.

d. Relative accuracy measures. Engineering, construction, and dredging surveys are not so
concerned with absolute positions (¢-A-%) as with local project coordinates (X-Y-%), and with insuring
high accuracy within a local construction project. Thus, relative project accuracy is far more important
than absolute (world-wide) positional accuracy. Standard surveying and differential GPS (DGPS) linear
baseline accuracy is therefore normally expressed by a relative accuracy measure--typically in parts per
million (ppm) as a function of the distance between two points or receivers. This measure is usually
given at the one-sigma standard error (or standard deviation) level--a 68% probability measure. DGPS
system accuracy definitions of 3 m and 0.1 m are, in effect, maximum 1-0 3-D baseline vector errors
relative to the fixed reference point.

e. Dilution of precision. The final positional accuracy of a point determined using absolute GPS
survey techniques is directly related to the geometric strength of the configuration of satellites observed
during the survey session. GPS errors resulting from satellite configuration geometry can be expressed in
terms of Dilution of Precision (DOP). In mathematical terms, DOP is a scaler quantity used in an
expression of a ratio of the positioning accuracy. It is the ratio of the standard deviation of one coordinate
to the measurement accuracy. DOP represents the geometrical contribution of a certain scaler factor to
the uncertainty (i.e., standard deviation) of a GPS measurement. In a statistical sense, DOP is equivalent
to the square root of the sum of the squares of the confidence region axes corresponding to the parameters
being assessed in an error ellipse.
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/- Reference datum. Since differential survey methods are concerned only with relative
coordinate differences, disparities with a global reference system used by the NAVSTAR GPS are not
significant for USACE purposes. Therefore, GPS coordinate differences can be applied to any type of
local project reference datum (i.e., NAD 27, NAD 83, or local project grid and/or dredging reference
system). However, it is recommended that the NAD 83 datum be used to avoid mistakes, since most
maps and charts produced today use this datum. In order to obtain accurate NAD 83 coordinates for the
reference stations, static GPS surveys can be performed. If this is not feasible, then CORPSCON can be
used to convert NAD 27 coordinates to NAD 83.

7-32. GPS Error Sources

Table 7-1 lists the GPS modes and QC standards for hydrographic surveying positioning. The accuracy
of GPS is a function of errors and interferences on the GPS signal and the processing technique used to
reduce and remove these errors. The same types of phenomena as range-range microwave systems affect
GPS signals. Both types of systems are highly affected by humidity and multipath. In addition, the GPS
signals travel from 20,000 km out in space through ionosphere and troposphere layers of the earth that
delay the satellite signals. Satellite signals can be altered for national security reasons by S/A and AS.
Surveying in differential mode close to the reference station can eliminate most of these errors. The
further the remote operates from the reference station, the less similar will be the errors received by both
receivers. Consequently, less error is being eliminated by the pseudo-range corrections sent over the data
link.

a. Tropospheric error. Humidity is included in this error. Humidity can delay a time signal up
to approximately 3 m. Satellites low on the horizon will be sending signals across the face of the earth
through the troposphere. Satellites directly overhead will transmit through much less troposphere.
Masking the horizon angle to 15 deg can minimize the tropospheric error. If this blocks too many
satellites, a trade-off down to 10 deg may be necessary. Manufacturers model the tropospheric delay
through software. Tests have determined that the tropospheric models used by software manufacturers
works reasonably well.

b. lonospheric error. Sun-spots and other electromagnetic phenomenon cause errors in GPS
range measurements of up to 30 m during the day and as high as 6 m at night. The errors are not
predictable but can be estimated. The ionospheric error is assumed to be the same at the reference
receiver as at the vessel receiver. This assumption is sound for GPS formulations where the stations are
separated by a few nautical miles. Ionospheric models have been implemented for dual frequency
receivers.

¢. Multipath. Multipath is a reception of a reflected signal in lieu of a direct signal. The
reflection can occur below or above the antenna. Multipath magnitude is less over water than over land,
but it is still present and always changing. The placement of the GPS receiver antenna should avoid areas
where multipath is more likely to occur (e.g., rock outcrops, metal roofs, commercial roof-mounted
heating/air conditioning, buildings, cars, ships, etc.). Increasing the height of the antenna is one method
of reducing multipath at a reference station. The multipath occurrence on a satellite range can last several
minutes. Masking out satellite signals from the horizon up to 15 deg will also reduce multipath.

d. Selective availability (S/A). S/A purposely degrades the satellite signal to create position
errors. The error can be in excess of 100 m; typically, S/A will be below 100 m 95% of the time
according to the Federal Radionavigation Plan. Differential operation can eliminate S/A (under current
GPS operations). As of May 1, 2000 S/A has been turned to zero and therefore eliminated its affects on
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the GPS signal. Even with S/A set to zero DGPS is still needed for most hydrographic surveying
applications.

e. Other errors. Other GPS errors are discussed in detail in EM 1110-1-1003.

f- Calibration requirements (checklist). Unlike microwave or R/A systems, DGPS operation has
no prescribed calibration requirements. The major items to check for are blunders such as:

(1) Incorrect project datums or geodetic reference datums.
(2) Incorrect master station coordinate values.
(3) Incorrect antenna measure-up values (master and remote heights).
(4) DGPS mode not selected in the unit.
(5) RTCM-104 input/output format not selected in both units for USACE activities.
7-33. GPS Positioning Methods
There are two general operating methods by which GPS derived positions can be obtained:
. Absolute point positioning
. Relative (Differential) positioning (DGPS)

Each of these positioning methods has a variety of survey and navigation applications. In general,
absolute point positioning involves only a single passive receiver and is not sufficiently accurate for
precise surveying or hydrographic positioning uses. It is, however, the most widely used military and
commercial GPS positioning method. Relative (Differential) positioning requires at least two receivers
and can provide the accuracies required for basic land surveying and offshore positioning.

a. Absolute Point Positioning (Pseudo-Ranging). When a GPS receiver user performs a
navigation solution, only an approximate range, or “pseudo-range,” to selected satellites is measured. By
pseudo-ranging, the GPS user measures an approximate distance between the antenna and the satellite by
correlation of a satellite-transmitted code and a reference code created by the receiver, without any
corrections for errors in synchronization between the clock of the transmitter and that of the receiver. The
distance the signal has traveled is equal to the velocity of the transmission of the satellite multiplied by
the elapsed time of transmission. Tropospheric and ionospheric conditions cause additional delays
(errors), which can affect positional accuracy. Four pseudo-range observations are needed to resolve a
GPS 3-D position. (Only three pseudo-range observations are needed for a 2-D location.) This is due to
the need to resolve the constant clock biases (Af) contained in both the satellite and the ground-based
receiver. Thus, in solving for the X-Y-Z coordinates of a point, a fourth unknown (i.e., clock biases) must
also be included in the solution. The solution of the 3-D position of a point is simply the solution of four
pseudo-range observation equations containing four unknowns: X, Y, Z, and At.

(1) The above solution is highly dependent on the accuracy of the known coordinates of each
satellite (i.e., X, ¥, and Z°), the accuracy of the modeled atmospheric delays (d), and the accuracy of the
resolution of the actual time measurement process performed in a GPS receiver (clock synchronization,
signal processing, signal noise, etc.). As with any measurement process, repeated and long-term
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observations from a single point will enhance the overall positional reliability. The accuracy of an
absolute point position is a function of the range measurement accuracy and the geometry of the satellites.
A description of the geometrical contribution to uncertainty in a GPS-determined point position is termed
Dilution of Precision, or DOP. DOP is roughly related to the physical orientation of the satellites relative
to the ground receiver along with the range measurement accuracy. Repeated and redundant range
observations to the satellites at varying orientations will improve the positional accuracy. In a static mode
(meaning the GPS antenna stays stationary), range measurements to each satellite may be continuously
remeasured over varying orbital locations of the satellite(s). The varying satellite orbits cause varying
positional intersection geometry. In addition, simultaneous range observations to numerous satellites can
be adjusted using weighting techniques based on the strength of intersection and pseudo-range
measurement reliability.

(2) Two levels of absolute positioning accuracy may be obtained from the NAVSTAR GPS
satellite system. These are called the (a) Standard Positioning Service and (b) Precise Positioning
Service.

(a) Standard Positioning Service (SPS). The SPS user is capable of achieving real-time 3-D
absolute positional information on the order of 10-20 m. DOD has implemented Anti-Spoofing (AS),
which interchanges the P code with a classified Y code, therefore denying the SPS user the higher P code
accuracy. This DOD security action does not significantly affect a hydrographic user operating in a
differential positioning mode.

(b) Precise Positioning Service (PPS). The non-military PPS user must be authorized by DOD to
have a decryption device capable of deciphering the encrypted GPS signals. This authorization must be
obtained from the National Security Agency (NSA). USACE is an authorized user; however, actual use
of the equipment has security implications. The PPS user can attain real-time absolute 3-D positional
accuracy on the order of 16 m SEP. Again, access to the PPS is not essential to differential positioning.

(3) Since absolute positioning will only provide real-time absolute positional accuracies of, at
best, 5-10 m, this method will not satisfy the majority of USACE hydrographic surveying requirements.
Exceptions may involve rough reconnaissance surveys that are not used for detailed design or
construction. Absolute positioning does have general navigation application and will eventually replace
LORAN-C and other satellite navigation systems for ships and aircraft.

b. Relative (Differential) Positioning (DGPS). Relative surveying is the positioning of one point
in reference to another. Differential positioning is the technique or method used to position one point
relative to another. Differential positioning is not so concerned with the absolute position of the user as
with the relative difference in position between two users, who are simultaneously observing the same
satellites. Since errors in the satellite position (X°, ¥*, and Z%) and atmospheric delay estimates (d) are
effectively the same at both receiving stations, they cancel each other to a large extent. Differential
positioning can be performed by using code or carrier phase measurements and can provide results in
real-time or post processed.

(1) DGPS (Code Phase). Because of the effects of AS on the P-Code, the discussion of code
phase DGPS will focus on using the C/A code. Code phase DGPS consists of 2 GPS receivers, one set up
over a known point and one moving from point to point or placed on a moving platform, measuring
pseudo-ranges to at least 4 common satellites. Since the satellite positions are known and one of the
receivers is over a known point, a “known range” can be computed for each satellite observed. This
“known range” can then be subtracted from the “measured range” to obtain a range correction or pseudo-
range correction (PRC). This PRC is computed for each satellite being tracked at the known point. The
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PRC can then be applied to the moving or remote receiver to correct its’ measured range. Code phase
DGPS has primary applications to real-time positioning systems where accuracies at the meter-level are
tolerable. Given these limitations, engineering/construction survey applications of code phase DGPS are
limited. However, DGPS is applicable to hydrographic survey and dredge positioning, since meter-level
positioning suffices for the vast majority of these applications.

(2) DGPS (Carrier Phase). Differential positioning and surveying using the carrier phase is the
most accurate GPS survey method. The relative positional accuracies are on the order of two to five parts
per million (ppm) between two GPS receivers -- one at a known reference point and the other at the
unknown location (aboard a vessel, vehicle, aircraft, etc.).

(a) Differential positioning using carrier phase tracking uses a similar formulation of pseudo-
ranges used in code phase tracking systems described above. The process becomes somewhat more
complex when the carrier signals are tracked. In carrier phase tracking, the short wavelength, 19 cm,
necessitates adding an ambiguity factor to the solution equations to account for the unknown number of
whole carrier cycles over the pseudo-range.

(b) Carrier phase tracking provides for a more accurate range resolution due to the short (19 cm)
wavelength and the ability of a receiver to resolve the carrier phase down to about 2 mm. This method,
therefore, has primary application to engineering, topographic, hydrographic, real estate, and geodetic
surveying, and may be employed with either static or kinematic receivers. Methods for resolving the
carrier phase ambiguity in a dynamic, real-time mode have been developed and implemented by several
GPS receiver manufacturers for real-time positioning and are readily available today. These methods are
referred to as real-time kinematic or RTK and provide 3D positions accurate to a few centimeters over a
range of approximately 20 kilometers (12 miles).

(3) One advantage of the code phase over the carrier phase is the wavelengths are much longer
than the carrier wavelengths, eliminating the ambiguity problem. However, the longer wavelengths
decrease the system accuracy and are more affected by signal multipath.

7-34. Real-Time Code Phase DGPS Concept

The code phase tracking differential system is currently a functional GPS survey system for positioning
hydrographic survey vessels and dredges. A real-time dynamic DGPS positioning system includes
reference station (master), communications link, and user (remote) equipment. If results are not required
in real-time, the communications link could be eliminated and the positional information post-processed;
however, such an operation is not practical for most construction support activities where immediate
results are necessary. Since there are several DGPS services (USCG, Commercial Subscription Services)
that provide real-time pseudo-range corrections, it is recommended that these services be used before
installing or using a local DGPS system. Only in circumstances where these services do not provide
coverage should a local DGPS system be used.

a. Reference Station. The reference station measures timing and ranging information broadcast
by the satellites and computes and formats range corrections for broadcast to the user equipment. The
reference receiver consists of a GPS receiver, antenna, and processor. Using the technology of
differential pseudo-ranging, the position of a survey vessel is found relative to the reference station. The
pseudo-ranges are collected by the GPS receiver and transferred to the processor where pseudo-range
corrections are computed and formatted for data transmission. Many manufacturers have incorporated the
processor within the GPS receiver, eliminating the need for an external processing device.
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(1) Reference station placement. The reference station is placed on a known survey monument in
an area having an unobstructed view of the sky for at least 10 deg above the horizon. The antenna should
not be located near objects that will cause multipath or interference. Areas with antennas, microwave
towers, power lines, and reflective surfaces should be avoided.

(2) Reference station processor. The reference station processor computes the pseudo-range
corrections (PRCs) and formats the corrections for the communications link to transmit to the offshore
vessel. The recommended data format is that proposed by the Radio Technical Commission for Maritime
Services (RTCM) Special Committee 104 v 2.0. The reference station processor also performs quality
assurance. This routine is required to determine the validity and quality of the computed PRCs. The
reference station processor should be capable of computing and formatting PRCs every 1 to 3 sec. Most
GPS receivers have processors built into them for computing pseudo-range corrections.

(3) Algorithm description. For a detailed algorithm description, refer to EM 1110-1-1003.

b. Communications Link. The communications link is used as a transfer media for the
differential corrections. The main requirement of the communications link is that transmission be at a
minimum rate of 200 bits per second (bps). The type of communications system is dependent on the
user's requirements.

(1) Ultra high frequency (UHF) and very high frequency (VHF). Communications links
operating at UHF and VHF are viable systems for the broadcast of DGPS corrections. VHF and UHF can
extend out some 20 to 50 km, depending on local conditions. The disadvantages of UHF and VHF links
are their limited range to line of sight and the effects of signal shadowing (from islands, structures, and
buildings), multipath, and licensing issues. USACE is limited to using VHF 164-172 MHz for the
transmission of PRCs since USACE has already been authorized to these frequencies.

(2) Frequency authorization. All communications links necessitate a reserved frequency for
operation to avoid interference with other activities in the area. Transmitters with power outputs below
100 milliwatts (mW) do not require a frequency allocation and license for operation in the United States.
Frequency authorization for the USACE must be obtained through the National Telecommunications and
Information Administration (NTIA) of the U.S. Department of Commerce for transmissions that exceed
100 mW. A district's frequency manager responsible for the area of application handles allocation of a
frequency. No transmission can occur over a frequency until the frequency has been officially authorized
for use. This procedure applies to all government agencies.

(3) Satellite communications. There are several companies that sell satellite communications
systems, which can be used for the transmission of the PRCs. These systems are not as limited in range
as a UHF/VHF system can be, but are usually higher in price.

c. User Equipment. The user equipment is the most flexible facet of the real-time code phase
tracking DGPS. The remote receiver should be a multichannel single frequency (L1) C/A code GPS
receiver. The receiver must be able to accept the differential corrections from the communications link in
the Radio Technical Commission for Maritime Services Special Committee No. 104 (RTCM SC-104)
v.2.0 format and then apply those corrections to the measured pseudo-range. The critical portion of the
user equipment is the receiver update rate. The update rate for payment surveys must be 1 to 3 sec.
Specific requirements will vary with different manufacturers and with the distance from the reference
station. The output from the rover receiver should be in the NMEA-183 sentencing format, because it is
the most widely used for input into a hydrographic survey software package. The user equipment also
must be capable of maintaining positional tolerances for surveys at speeds of 7 to 10 knots. A DGPS
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receiver must not bias the position during vessel turns due to excess filtering.

d. Separation Distances. The maximum station separation between reference and remote station,
in order to meet hydrographic surveying standards of 2 m, can be maintained up to a distance of 300 km,
provided that differential tropospheric and ionospheric corrections are used. These corrections are not
presently applied to internal solutions of most GPS receivers. The unaccounted tropospheric and
ionospheric errors contribute to horizontal position error on an average of 0.7 m per every 100 km. A
limiting factor of the separation distance is the type of data link used. If a DGPS is procured for
hydrographic surveying, the reference station should be capable of being moved from one point to
another. This will allow the user to move the reference station so that the minimum distance separation
requirements are maintained.

e. Satellite Geometry. In code phase DGPS, the Horizontal Dilution of Position (HDOP) is the
critical geometrical component. The HDOP should be < 5 for dredging and navigation hydrographic
surveys. The final GPS constellation (24 Block II satellites) will maintain a HDOP of approximately 2
to 3 most of the time.

7-35. USCG DGPS Radiobeacon Navigation Service and Commercial DGPS Services

Real-time, meter-level DGPS correctors can be obtained from the USCG radiobeacon navigation service
or from a variety of commercial wide-area augmentation systems (WAAS). This section primarily
focuses on the USCG radiobeacon system; however, a number of commercial augmentation systems are
capable of providing comparable survey positioning capability. Calibration guidance is applicable to all
these augmentation systems.

a. USCG DGPS Radiobeacon System. One function of the U.S. Coast Guard (USCGQG) is to provide
aids to navigation in all navigable waterways. In the past, Loran-C and Omega systems were used as the
primary positioning tools for marine navigation. Today, the USCG is making use of the full coverage
from GPS for a more accurate positioning tool for marine navigation. Utilizing DGPS and marine
radiobeacon technology, the USCG has designed a real-time positioning system for the coastal areas and
Great Lakes regions of the U.S. The USCG has also partnered with USACE and other government
agencies to expand this coverage to inland waterways and eventually over the entire nation. The system
consists of a series of GPS reference stations with know coordinate values based on the North American
Datum of 1983 (NAD 83) datum. GPS C/A-code pseudo-range corrections are computed based on these
known coordinate values and transmitted via a marine radiobeacon. A user with a marine radiobeacon
receiver and a GPS receiver with the ability to accept and apply pseudo-range corrections can obtain a
relative accuracy of 0.5-3 meters. This accuracy is dependent on many factors including the design and
quality of the user's GPS receiver, distance from the reference station, and the satellite geometry. This
service can be used for all USACE hydrographic surveys and dredge positioning requiring an accuracy of
0.5 to 3 meters.

b. Site Set-up and Configuration. Each USCG radiobeacon site consists of two GPS L1/L.2
geodetic receivers (as reference station receivers) with independent geodetic antennas to provide
redundancy and a Marine Radiobeacon transmitter with transmitting antenna. The site is also equipped
with two combined L1 GPS / Modulation Shift Key (MSK) receivers which are used as integrity
monitors. Each combined receiver utilizes an independent GPS antenna and a MSK near-field passive
loop antenna.

(1) Site Location. The location of the reference station GPS antennas are known control points
within the North American Datum of 1983 (NAD 83) and International Terrestrial Reference Frame
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(ITRF). The geodetic coordinates for these positions were determined by NGS. DGPS corrections are
based on measurements made by the reference receiver and the NAD 83 known antenna coordinates.
These corrections are then transmitted via a marine radiobeacon to all users having the necessary
equipment.

(2) Data Transmission (data types). The corrections are transmitted using the Type 9-3 (three
satellite corrections) message of the Radio Technical Commission for Maritime Services Special
Committee 104 (RTCM SC-104) version 2.1 data format. Other RTCM SC-104 message types
transmitted to the user include Type 3 (contains the NAD 83 coordinates for the broadcast site), Type 5
(provides information if a GPS satellite is deemed unhealthy), Type 7 (information on adjacent
radiobeacons), and Type 16 (alerts the user of any outages). More detailed descriptions of these message
types are explained in the Broadcast Standard for the USCG DGPS Navigation Service, COMDTINST
M16577.1, April 1993 that can be downloaded from the USCG Navigation Center (NAVCEN) web site
(www.navcen.uscg.mil).

(a) Corrections are generated for a maximum of nine satellites tracked by the reference station
GPS receiver at an elevation angle of 7.5 degrees or higher above the horizon. Satellites below a 7.5-
degree elevation mask are highly susceptible to multipath and spatial decorrelation. If there are more than
nine satellites observed at the reference station above 7.5 degrees, than the corrections broadcast are
based on the nine satellites with the highest elevation angle.

(b) The sites transmit these corrections at a 100 or 200 baud rate. Since a type 9-3 message is 210
bits (includes header information and corrections for three satellites), the latency of the data is 2.1 seconds
for a site transmitting at 100 baud. For stations transmitting at 200 baud, the latency would be half, 1.05
seconds. The user can expect a latency of 2-5 seconds for all of the corrections for a group of satellites
observed at the reference station to reach them. A correction can be considered valid for a period of 10-
15 seconds from generation (the USCG limit is 30 seconds). Using corrections beyond this period of
time, especially for positioning of a moving platform, may cause spikes in the positional results.

¢. Availability and Reliability of the System. The system was designed for and operated to
maintain a broadcast availability (i.e., transmitting healthy pseudo-range corrections) that exceeds 99.7
percent (in designed coverage areas) assuming a healthy and complete GPS constellation. The signal
availability, in most areas, will be higher due to the overlap of broadcast stations. The USCG monitors
each site within the entire system for problems or errors 24 hours a day. Each site is equipped with two
integrity monitors (i.e. a GPS receiver with a MSK radiobeacon) that are mounted over known positions.
The integrity monitors receive the pseudo-range corrections from that site and compute a position. The
computed or corrected position is compared to the known location to determine if the corrections are
within the expected tolerance. The corrected positions calculated by the integrity monitors are sent via
phone lines to the control monitoring stations. For the stations east of the Mississippi River, this
information is sent to USCG's NAVCEN in Alexandria, Virginia. Sites west of the Mississippi River
send their corrected positions to the NAVCEN Detachment in Petaluma, California. Users are notified
via the type 16 message of any problems with a radiobeacon site within 10 seconds of an out-of-tolerance
condition.

d. Coverage. The system was designed to cover all harbors and harbor approach areas and other
critical waterways for which USCG provides aids to navigation. Each site has a coverage area between
150 to 300 miles, depending on the transmitter power, terrain, and signal interference. Since the sites
utilize an omnidirectional transmitting antenna, some areas have overlapping coverage. Currently the
system covers all U.S. coastal harbor areas, the Mississippi and part of the Missouri and Ohio Rivers, and
the Great Lakes Region. Additional areas within the Midwest U.S. and other non-coastal areas are being
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added to provide nationwide coverage. Figures 7-21 and 7-22 depict existing and planned radiobeacon
coverage as of 1999. An updated map of the coverage area can be found at the NAVCEN web site under
the DGPS section.

e. User Requirements and Equipment. To receive and apply the pseudo-range corrections
generated by the reference station, the user needs to have a MSK Radiobeacon receiver with antenna and,
at a minimum, a L1 C/A code GPS receiver with antenna. The MSK receiver demodulates the signal
from the reference station. Most MSK receivers will automatically select the reference station with the
strongest signal strength to observe from or allow the user to select a specific reference station. A MSK
receiver can be connected to most GPS receivers. The costs of radiobeacon receivers range from $500 to
$2000. The GPS receiver must be capable of accepting RTCM Type 9 messages and applying these
corrections to compute a "meter level" position. Since the reference station generates corrections only for
satellites above a 7.5 degree elevation, satellites observed by the user's GPS receiver below a 7.5 degree
elevation will not be corrected. Some receiver manufacturers have developed a combined MSK
radiobeacon and GPS receiver with a combined MSK and GPS antenna. For a combined
radiobeacon/GPS receiver, prices range from $2,000 to $5,000.
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f. Position QC Tolerance Checks. Most precise DGPS augmentation systems are capable of
providing sub-meter accuracies at reasonable distances from the nearest reference station. However, at
increasing distances spatial decorrelation errors (due to differing ionospheric/tropospheric conditions) can
induce systematic positional biases. In general, under nominal atmospheric conditions, a 2-meter RMS
(95%) positional accuracy may be achieved at distances upwards of 150 miles. To confirm a positional
accuracy is within this 2-meter tolerance, it is strongly recommended that a static check position be
obtained at some known survey point near the project. When operating with the USCG radiobeacon
system, static positions should be observed from different radiobeacon reference stations to ascertain if
positional systematic biases are present--and select the beacon with minimal biases. In practice, this
would normally be the closest beacon. If no fixed survey point is available, then a static comparison of
different beacon positions should be observed; however, any large biases between beacon positions may
be ambiguous. When large or ambiguous positional biases occur in a project area, it may be necessary to
establish a local DGPS network (code or RTK carrier) if high positional accuracy is critical to the project.

Commercial WAAS systems should be checked in a similar manner.

7-36. Real-Time Carrier Phase DGPS Concept

a. General. The carrier phase system for hydrographic survey vessels and dredges is capable of
centimeter accuracy both horizontally and vertically. This technology will provide real-time elevations of
survey vessels and other moving platforms. If adequate motion compensation equipment is used, and
project tidal datum modeling has been accomplished, real-time bathymetry (depths) can be directly
obtained from the soundings. This positioning system is based on DGPS carrier phase technology similar
to the kinematic techniques. In the past, kinematic surveying procedures allow for the movement of a
GPS receiver only after the initial integer ambiguity (i.e., whole number of wavelengths) between
satellites and receiver had been resolved. Current kinematic techniques allow for the ambiguities to be
resolved while the moving receiver(s) is in motion and provides accuracies in the range from 2 to 5 cm.
This method of carrier phase positioning is commonly referred to as real-time kinematic or RTK
surveying.

b. Reference Station. The carrier phase positioning system is very similar to the current code
phase tracking technology previously described. A shore GPS reference station must be located over a
known survey monument; however, the reference station must be capable of collecting both pseudo-range
and carrier phase data from the NAVSTAR satellites. The reference station will consist of a carrier phase,
dual frequency full wavelength L1/L2 GPS receiver with its associated antenna and cables, processor, and
communications link. The receiver should be capable of a 1-sec update rate. The location of the
reference station will be the same as for a code phase tracking DGPS system. The processor used in the
reference station will measure the pseudo-range and carrier phase data and format the data for the
communications link. The data will be formatted in the RTCM SC-104 v.2.1 format for transmission to
the remote user.

¢. Communications Link. The communications link for the carrier phase positioning system
differs from the code phase tracking DGPS system in the amount of data that has to be transmitted. The
carrier phase positioning system requires a minimum data rate of 4800 baud, as compared to a baud rate
of 300 for the code phase tracking DGPS system. This high data rate eliminates many of the low-
frequency broadcast systems and limits the coverage area for high-frequency broadcast systems. VHF
and UHF frequency communications systems are well suited for this data rate. As satellite
communications become more cost-effective, can handle higher baud rates, and employ smaller terminals,
this communications option will be used for carrier phase positioning systems.
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d. User Equipment. The user equipment on the survey vessel or dredge consists of a carrier
phase dual-frequency full-wavelength L1/L2 GPS receiver with a built in processor and associated
antenna. The built in processor must be capable of resolving the integer ambiguities while the platform
(survey vessel or dredge) is moving. Using a “geodetic quality” GPS antenna will reduce the effects of
multipath on the GPS signal. A communications link is needed on the dredge or survey vessel to receive
data from the reference station. Frequency approval may be necessary for communication link broadcasts
using a power source in excess of 1 watt. The RTK system is not designed to be used for surveys in
excess of 20 km from the reference station. The position output for the helmsman is code phase tracking
using pseudo-ranges (accurate at the meter level) for vessel navigation in real time. The carrier phase
DGPS data will be timed/tagged to allow for recording the true vessel position needed for survey
processing. The minimum update rate from the reference station to the vessel(s) is 1 sec.

e. Ambiguity resolution. High-precision kinematic positioning is available from the system once
the receiver’s processor resolves integer ambiguities. As long as the system remains in the RTK mode,
real-time sub-decimeter positioning in three dimensions is available at the (mobile) remote station or
platform. To remain in this RTK mode requires both reference station and the remote station receivers to
maintain lock (continuous GPS data) on at least four satellites. If that number drops to below four, the
ambiguities will again be resolved after the system reacquires lock on a sufficient number of satellites. It
will also trigger reinitialization if quality factors based upon residuals fail to meet certain predefined
limits.

7-52



EM 1110-2-1003
1 Jan 02

Section VI
Summary of Positioning System Quality Control Standards

7-37. Calibration Criteria

All visual, mechanical, and electronic positioning systems must be periodically calibrated (or checked) to
minimize systematic errors and/or to eliminate blunders that may be present in the measurements. Failure to
perform and record calibrations represents poor quality control performance and, in the case of construction
measurement and payment work, can lead to contract disputes and claims over equitable payment. The
amount of calibration needed for each type of positioning system varies considerably. Transits and total
stations require periodic back sight checks. Microwave distance measurement systems require daily
comparisons with independent higher accuracy EDM. GPS has far fewer calibration requirements than other
positioning methods. It is mandatory that calibration observations (and related computations and
adjustments) must be officially recorded either in a standard field survey book or on a prescribed worksheet
and that these records be maintained as part of the project/contract files.

7-38. Quality Control Criteria for Positioning Methods
Table 7-1 resents a summary of minimum QC standards to be followed when using the various

positioning systems described in this chapter. These criteria apply only to dynamic hydrographic survey
applications, not to observations made to locate or calibrate a stationary platform or structure.

Table 7-1. Summary of QC Standards for Hydrographic Survey Positioning

PROJECT CLASSIFICATION
Navigation & Dredging Support Surveys Other General Surveys & Studies

Bottom Material Classification (Recommended Standards)
Hard Soft

SEXTANT RESECTION

Allowable procedure No No Yes

Calibrate sextant every N/A N/A 30 min
TRIANGULATION/INTERSECTION

Allowable procedure No Yes Yes

Check backsight N/A 1/hr 1/hr
VISUAL POSITIONING

Allowable procedure No No Yes
TAG LINE POSITIONING

Allowable procedure Yes Yes Yes

Distance from baseline NTE 500 ft 1,500 ft 3,000 ft

Calibrate tag line project monthly annually

Accuracy-nearest 1ft 1ft 2 ft

Allowable alignment methods
(see Range Azimuth below)
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Table 7-1. Summary of QC Standards for Hydrographic Survey Positioning (Contd)

PROJECT CLASSIFICATION
Navigation & Dredging Support Surveys Other General Surveys & Studies
Bottom Material Classification (Recommended Standards)

Hard Soft
RANGE-AZIMUTH
Allowable procedure Yes Yes Yes
Distance from observer NTE:
Stadia 200 ft 500 ft 1,000 ft
Microwave EDM (0 ft) 5,000 ft -

Total Sta EDM
Alignment method:

(Inst range)

(Inst range)

(Inst range)

Right angle glass 100 ft 200 ft 500 ft
Sextant 500 ft 1,000 ft 2,500 ft
Transit/Theod/Tot Sta (Inst range) (Inst range) (Inst range)
Check orientation 2/hr 1/hr 1/hr
Real-time data quality indicator Recommended Recommended Recommended
Alarm at 95% RMS exceeding 2m 2m 5m
MICROWAVE RANGE-RANGE
Allowable procedure No No Yes
Calibrate N/A N/A monthly
Range calib accuracy N/A N/A +3m
Calib point at worksite N/A N/A Recommended
Angle of intersection N/A N/A 30-150 deg
Real-time data quality indicator N/A N/A Recommended
Alarm at 95% RMS exceeding N/A N/A 5m
GLOBAL POSITIONING SYSTEMS
Allowable mode
SPS/PPS No No Yes (marginally)
DGPS (Local Code) Yes Yes Yes
DGPS (USCG/WAAS) Yes (marginally) Yes Yes
DGPS (Carrier/RTK) Yes Yes Yes
Maximum distance from ref sta
SPS/PPS N/A N/A N/A
DGPS (Local Code) 1 mile 10 miles 50 miles
DGPS (USCG/WAAS) 100 miles 150 miles 200 miles
DGPS (Carrier/RTK) 10 miles 10 miles 20 miles
Position check required 1/day 1/project 1/project
Tolerance check 1m 2m 5m
Real-time data quality indicator Mandatory Recommended Recommended
Alarm at 95% RMS exceeding 2m 2m 5m
RTK vertical check with gage Mandatory Mandatory Recommended

7-39. Mandatory Requirements

The criteria in Table 7-1 for positioning dredging and navigation surveys are considered mandatory.
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Chapter 8
Manual Depth Measurement Techniques

8-1. General Scope and Applications

Manual depth measurement techniques are used for many under water engineering and construction
applications. These methods include use of hand lead lines, topographic level rods, and sounding poles.
Manual methods are generally used where more efficient acoustic methods cannot provide adequate depth
data or sufficient detail. Examples include: surveys of areas adjacent to piers, bulkheads, and offshore
pile structures; near locks, dams, power plants, and river control structures subject to turbulence; detailed
surveys of rock jetties and breakwaters; beach and dune profile surveys; surveys in shallow detention or
retention ponds or water conservation pools; surveys in shallow wetland areas with thick bottom
vegetation or mangrove; and surveys in areas where unconsolidated sediments are present. Manual depth
measurement techniques are simply a variation of conventional topographic survey methods. However,
unlike land-based topographic surveys, the geophysical properties of the bottom are not always visible or
consistent. Any type of positioning method may be used to locate the depth measurement device--total
stations and DGPS now being the most common. This chapter provides general guidance and procedural
criteria for manual hydrographic survey depth measurements on engineering and construction projects.

8-2. Lead Line or Sounding Disk Measurement

Prior to the accepted use of acoustic depth sounding methods in the 1950s, lead lines were the Corps
standard for hydrographic survey depth measurement, as illustrated in Figure 8-1. At one time they were
used as the calibration reference for acoustic soundings. Lead lines are simply surveyor tapes (chains)
with a weight attached to the end. The length of these lines was usually less than 100 ft, or near project
depth; however, much longer lines were used for deep-water surveys. Lead lines may be operated by
hand, suspended from a bicycle wheel, or operated by a power winch apparatus--see Figure 8-2. The
water surface is used as the reference datum for the observations, as shown in Figure 8-1.

Chart Datum

Tide (or Stage) Gage

Short-Term-Average
Water Level + Time —!

Calibrated Lead Line- - Raw Sounding + Time

W\

Figure 8-1. Lead-line depth measurement
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a. General uses. Lead lines are to be used in situations where use of electronic sounding would
be impractical, impossible, or give faulty results. Lead line sounding is especially suited for underwater
investigation of rock or concrete placement; on the slopes of jetties, groins, and revetments; and near
bulkhead construction. In such areas, echo sounding may be inaccurate or contaminated with noise from
side echoes. Lead lines are to be used in conjunction with acoustic or nuclear density techniques to
corroborate echo soundings. Also, for silty bottoms containing “fluff” that would give questionable echo
sounding readings, a lead line may be required in a construction contract.

£IGINEERS

Lead line-measurements using
bicycle wheel drop Lead line observations
i from airboat in shallow
wetland pool

¥

Figure 8-2. Lead line measurements (Jacksonville District)

b. Line materials and dimensions. A variety of flexible metallic materials can be used to suspend
a sounding lead. All must exhibit minimal stretch while under tension. Braided rope is never used for
this reason. Standard 100-ft surveyor's chains/tapes have been configured into lead lines. Stainless steel
wire rope, piano wire, and rubber-shielded electrical wire are often used. Since a lead line is rarely used
in depths exceeding 50 ft, line stretching due to tension should be minimal. However, this should be
checked when any type of braided material is used. For most USACE applications, lines need not be
made any longer than 50 to 75 ft. Shorter lines may be made when used primarily on shallow-draft
projects.

(1) The Coast and Geodetic Survey recommends use of a mahogany-colored tiller rope with a
phosphor-bronze wire center (size 8 line --0.24-in. diameter). This type of braided line is suitable for
continuous hand operation since the tightly woven cotton shroud prevents broken wire strands from
protruding and causing hand injury. Procedures for seasoning and calibrating this type of line are covered
in the NOAA Hydrographic Manual (1976).
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(2) Flexible wire lines are best suited for mechanically reeled lead lines. A bicycle wheel rim
(Figure 8-2) or other large-diameter drum provides a rapid line payout velocity. A thin braided or solid
core flexible wire is used for such devices.

c¢. Line marking. For Corps applications, lines are marked at 0.1-ft intervals throughout their
length. The zero reference is the bottom crown of the mushroom anchor or sounding disk, and the
marking interval begins above the connection to the sounding line. The anchor/disk shank is not marked.
Marking the 0.1-ft intervals is performed using a standard 100-ft surveyor's chain. These marks must be
easily read. Care must be taken to ensure that the ring/swivel and shackle connection is free and clear and
that the line is under adequate tension. Types of marks used depend on the line. Marks may be seized
onto the line with small cord. Seizings should penetrate the wire braids to prevent slippage. Marks may
be directly crimped onto braided or solid wire using standard wire rope crimping equipment, and
identified by color-coded seizing cord or seized leather flags.

d. Lead type and dimensions. A Corps-wide standard lead line weight shall be either a
mushroom anchor or a flat sounding disk. A standardized weight will help ensure uniformity of contract
payment, especially in areas subjected to high-suspended sediment concentrations. These two optional
standardized weights should not be interchanged on the same project.

(1) Mushroom anchor. The USACE standard mushroom anchor type lead weighs 7-1bs. and has a
6-in. diameter crown. This type of anchor may be purchased at most marine supply outlets. The lower
end of the line should be attached to the anchor ring with a freely pivoting shackle. In some cases, a
permanent bight in the line may be end-spliced around the anchor ring's eye. Any variation from this
standard lead weight shall be indicated in construction contract specifications. In some high-turbulence
areas, a heavier lead may be required. Lead weights in excess of 100 Ib. have been used to investigate
scour rates below control structures.

(2) Sounding disk. The standard sounding disk is a 6-in.-diameter circular stainless steel plate.
A connecting shank (4- to 8-in. length) and swivel shall be welded to the center of the plate. Four
1-in.-diameter holes shall be drilled symmetrically around the plate. Total weight, including shank and
attachment swivel, shall be 8 Ib. Again, any variation from this standard lead weight shall be indicated in
construction contract specifications.

e. Operational procedures. Normally, measurement is made upon free-fall to apparent refusal on
the bottom. Proper care shall be taken to minimize line angle from the vertical due to strong currents or
tidal flow. A bicycle wheel should be employed when rapid drops are necessary such as in project depths
exceeding 40 ft with strong surface or subsurface currents are present. In soft-bottomed materials, the
reading should be taken at apparent refusal or within some specified time (normally 5-sec) after apparent
initial penetration. In payment areas where a lead continues to fall under its own weight, it is essential
that contract specifications (or subsequent agreement) indicate the elapsed time before reading. To ensure
consistency and equity of payment, the same lead line and leadsman operator should be used for both pre-
construction and post-construction surveys. Leads should be thrown or mechanically dropped adjacent to
the tag line mark or positioning reference. If lead casts are made to port/starboard and/or forward/aft of
the positioning reference, an eccentric correction must be applied. The lead line is held taut for sufficient
time to visually mean any sea state variation. Observed depths are recorded to the nearest 0.1 ft either in
a surveyor's field book, on a worksheet, or directly into a portable data-logging device. Buffalo District
has developed a system whereby lead line observations are input into HYPACK along with observed
DGPS positions. Subsequent corrections are made for river/pool stage or tidal datum. Corrections
resulting from periodic calibrations are also applied.

f- Calibration. Each lead line should be calibrated at intervals of time not exceeding those listed
in Table 8-1. Contractors are free to request that the lead line be checked before any payment survey.
Calibration should be performed by comparison of marked intervals with a steel tape. Calibration data
should be recorded in a standard field survey book or on a worksheet. Differences between true and
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marked intervals should be computed. Measurements in the interval band should be corrected
accordingly. Maximum errors should not exceed the indicated allowable values. If so, marks exceeding
this value shall be reset. If a constant index error is present, the line-anchor connecting assembly should
be modified to remove the error.

8-3. Sounding Pole

a. Uses. A sounding pole is basically a level rod which uses the water surface instead of a
differential leveling instrument for reference. Depths are observed relative to the water surface. If a total
station is used, direct absolute elevations may be observed and reduced to the water surface datum.
Standard expandable level rods are often used for sounding poles. Sounding poles, like lead lines, are
useful in certain situations in which an electronic echo sounding system is not practical or accurate. For
example, areas with dense bottom vegetation or irregular jetty stone may give false signals electronically
and must be sounded by hand. Next to instrumental leveling, a sounding pole is perhaps the most
accurate hydrographic measuring device in shallow water depths. It is especially suitable for subsurface
rock and concrete placement. Its light weight is useful in fluff areas where free-fall penetration must be
minimized. Its uses are generally restricted to depths not exceeding 15 to 20 ft. Figures 8-3 and 8-4 are
illustrations of the use of a sounding pole.

Chart Datum

Calibrated Sounding Pobel Tide {or Stage) Gaoo-—‘

Shon-Term-Average
[ Water Level + Time

Figure 8-3. Sounding pole depth measurement

b. Dimensions. Poles should generally not exceed 20 ft in length. A 12- to 15-ft-long pole is
optimal for ease in handling and maintaining verticality. Wood or square tubular aluminum poles (1-in.
dimension) are commonly used. Standard wooden/metallic and fiberglass level rods are also employed as
sounding poles. For other than subsurface rock, packed sand, concrete, or other hard bottom material
depth measurement, the pole should have a 6-in.-diameter circular plate attached to the base of the pole.
Overall weight of the pole (including base plate) should be less than 8 Ib. As with a lead line, use of a
particular pole should remain consistent throughout the duration of a contract/project. When conventional
level rods or fiberglass rods are used, the base plate characteristics and overall weight should conform to
the above standard. Any deviation for a particular project shall be noted in the contract specifications.
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v lnrs ue b

Figure 8-4. Sounding pole measurement from small work boat (Jacksonville District)

¢. Marking. Sounding poles are marked at 0.1-ft intervals. Rod divisions are referenced to the
bottom of the base plate. Marks are usually painted and annotated in a manner identical with that used to
paint and annotate conventional level rods.

d. Calibration requirements. Each sounding pole should be calibrated at periodic intervals and
recorded in a standard field survey book. Pole calibration should be done by comparison with a steel tape
or level rod whereby marked intervals are measured and recorded.

e. Operational procedures. In projects with hard bottom material, readings shall be taken at
apparent refusal. In soft-bottomed materials, the reading shall be taken at apparent refusal or within some
specified time (normally 5 seconds) after apparent initial penetration. In extreme low-density areas where
the pole continues to fall under its own weight, it is essential that contract specifications (or subsequent
agreement) indicate the time of reading. It is critical that no pressure be exerted in areas of highly
suspended sediments. Observations are referred to the water surface and are corrected to the final datum
by applying appropriate corrections, including calibration corrections, if any. The pole must be kept as
nearly vertical as possible especially in strong currents. A standard bulls-eye rod level may be attached to
the pole if necessary. Depth measurements must be reduced for any horizontal eccentricities as described
for lead line measurements.

8-4. Manual Depth Measurement Accuracy and Quality Control Criteria

Manual depth measurement accuracy depends on a number of factors: water depth, currents, sea state, and
bottom consistency. In general, these devices are highly accurate in calm, shallow water where the device
can quickly reach the bottom and depth readings can be easily interpolated from the water surface
undulations. Accurate measurements require rapid estimation of the average wave action. Where
feasible, direct total station elevation observations on the rod can eliminate the water surface interpolation
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error. However, this is usually not practical at distances beyond 500 ft from the instrument, and the water
surface must be used as the reference elevation. Currents can adversely effect both lead line and sounding
pole measurements, causing slope distances to be observed. In soft sediments, the reading accuracy is
dependent on the ability to judge a point of refusal. This is likewise true in dense bottom vegetation or
where mangrove roots are present.

a. Depth limitations. In general, the accuracy of manual depth measurement methods is limited
to water depths of approximately 15 to 20 ft. This is based on the performance standards shown in Table
3-1 for mechanical observations at these depths--i.e., + 0.25 ft RMS (95%). Deeper measurements may
be justified only in extremely calm, current-free, protected waters, with a nearby reference gage.

b. Quality control and assurance. QC techniques are basically limited to periodic calibrations of
the line or rod intervals, restricting observation conditions (depth, current, sea state, etc.), and verifying
tide/stage gage readings. Independent QA testing is not usually performed on manual survey methods;
thus, adequate QC is essential. If distances from the reference tide/staff gage are significant, then
comparisons and/or interpolations should be made from a second gage. A "significant" difference in gage
observations would be water surface slope errors exceeding 50% of the required elevation accuracy--i.e.,
approximately + 0.12 ft for dredging and navigation surveys in less than 15 ft of water. Refer to Table
3-1.

c. Criteria. Table 8-1 describes general criteria for depth measurement observing, recording, and
accuracy evaluation.

Table 8-1. Manual Depth Measurement Quality Control Criteria

PROJECT CLASSIFICATION
Navigation & Dredging Support Surveys Other General Surveys & Studies

Bottom Material Classification (Recommended Standards)
Hard Soft
Recommended maximum depth 15t 20 ft 50 ft
Read/record/plot soundings to nearest 0.1ft 0.1 ft 0.11ft
Maximum currents generally NTE 1-3 kis 4-5 kts N/A
Reference water surface accuracy
for depths < 15 ft +0.12 ft +0.12ft +0.25ft
Calibrate line/pole/rod to tape every week month annually
read to nearest 0.05 ft 0.05 ft 0.05 ft
Standard lead line weight [ 7 Ib mushroom anchor ] optional
[ 8Ib -- 6-in sounding disc ] optional
Standard pole/rod disc size 6-in diam 6-in diam optional
Total weight 8 Ibs 8 Ibs optional

8-5. Mandatory Requirements

The criteria in Table 8-1 are considered mandatory.
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Chapter 9
Single Beam Acoustic Depth Measurement Techniques

9-1. General Scope and Applications

Single beam acoustic depth sounding is by far the most widely used depth measurement technique in
USACE for surveying river and harbor navigation projects. Acoustic depth sounding was first used in the
Corps back in the 1930s but did not replace reliance on lead line depth measurement until the 1950s or
1960s. A variety of acoustic depth systems are used throughout the Corps, depending on project
conditions and depths. These include single beam transducer systems, multiple transducer channel sweep
systems, and multibeam sweep systems. Although multibeam systems are increasingly being used for
surveys of deep-draft projects, single beam systems are still used by the vast majority of districts. This
chapter covers the principles of acoustic depth measurement for traditional vertically mounted, single
beam systems. Many of these principles are also applicable to multiple transducer sweep systems and
multibeam systems. This chapter especially focuses on the critical calibrations required to maintain
quality control in single beam echo sounding equipment. These criteria are summarized in Table 9-6 at
the end of this chapter.

9-2. Principles of Acoustic Depth Measurement

Reference water surface

A
- ’
Outgoing Transducer
signal Transmitted and returned
acoustic pulse
d Measured depth is function of:
D * pulse travel time (t)
* pulse velocity in water (v)
D=1/2*v*t
Reflected
signal

\__'5.,\_\___,——

Figure 9-1. Acoustic depth measurement
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a. Basic principle. Acoustic depth measurement systems measure the elapsed time that an
acoustic pulse takes to travel from a generating transducer to the waterway bottom and back. This is
illustrated in Figure 9-1 where the measured depth (D) is between the transducer and some point on the
acoustically reflective bottom. The travel time of the acoustic pulse depends on the velocity of
propagation (v) in the water column. If the velocity of sound propagation in the water column is known,
along with the distance between the transducer and the reference water surface, the corrected depth (d)
can be computed by the measured travel time of the pulse. This is expressed by the following general
formula:

Depth corrected to referenced water surface d =% (v-¢) +k+d,

(Eq9-1)
where:
d = corrected depth from reference water surface
v = average velocity of sound in the water column
t = measured elapsed time from transducer to bottom and back to transducer
k = system index constant
d. = distance from reference water surface to transducer (draft)

The parameters v, ¢, and d, cannot be perfectly determined during the echo sounding process, and & must
be determined from periodic calibration of the equipment. The elapsed time, ¢, is dependent on the
reflectivity of the bottom and related signal processing methods used to discern a valid return. The
shape, or sharpness, of the returning pulse shown in Figure 9-1 will play a major role in the accuracy and
detection capabilities of depth measurement.

b. Velocity of sound in water. Determining the sound velocity, v, is perhaps the most critical
factor in using acoustic depth sounders. The sound velocity varies with the density and elastic properties
of the water. These properties are, for typical river and harbor project depths, primarily a function of the
water temperature and suspended or dissolved contents, i.e., salinity. Due to these effects, the velocity (v)
can range from 4,600 to 5,000 ft/sec. Since most river and harbor projects can exhibit large variations in
temperature and/or salinity with depth, the velocity of the projected sound wave will not be constant over
the distance from the boat's transducer to the bottom and back. The effect of this variation is significant.
A temperature change of 10 deg F will change the velocity by as much as 70 ft/sec, or 0.8 ft in 50 ft of
water. A 10-ppt salinity change can vary the velocity by some 40 ft/sec, or 0.4 ft in 50 ft. For practical
single beam echo sounding work in shallow water, an average velocity of sound is usually assumed (by
calibration). Use of an average sound velocity may not be valid in coastal projects subject to freshwater
runoff nor will it be constant over the entire project area surveyed. If large variations in velocity occur
over the water column, the average sound velocity used should be that at or near the average project
survey depth, not over the entire water column. The sound velocity may be measured directly using a
velocity probe or indirectly by a bar check calibration. The velocity probe can measure sound velocities
at each point in the water column (e.g., every foot). These data can be used to compute an average
velocity over the entire column, or use the velocities at each increment to correct depths. The bar check
measures actual depths relative to the recorded depths on the echo sounder with an assumed average
velocity. Sound velocity determination is much more critical on multibeam systems--especially on the
outer beams. Thus, more frequent and accurate sound velocity measurements using probes are required
for multibeam systems.

¢. Transducer draft and index constant. The transducer draft and index constant must be applied
to the reduced time distance to obtain the corrected depth from the reference water surface. The index
constant contains any electrical and/or mechanical delays inherent in the measuring system, including
return signal threshold detection variations. It also contains any constant correction due to the change in
velocity between the upper surface level and that used as an average for the project depth range. For this
reason, the apparent “draft” setting or reading on a digital or analog record is not necessarily the actual
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draft of the transducer, as would be obtained by physical measurement between the water surface and
transducer. Also, the vessel draft is not the same as the transducer draft because the vessel draft may be
measured relative to skegs or other points on the hull. The only effective method of determining the
combined constants in Equation 9-1 is by a bar check calibration.

d. Other corrections to observed depths. The depth in Equation 9-1 must subsequently be
corrected for short-term vessel draft variations due to loading changes, squat, settlement, heave, pitch,
roll, etc. The reference water surface must then be reduced to the local vertical datum based on real-time
river/lake stage, pool, or tidal observations. The various corrections required in an acoustic depth
measurement are generalized in the sketch shown in Figure 9-2 and are discussed in subsequent sections
in this chapter.

TIDE/STAGE
CORRECTION AT STATIC UNDERWAY
STAFF/BM SITE RECORDED DRAFT DRAFT VARIATION OVER TIME
\Vi TRANSDUCER DRAFT
SQUAT L
SURFACE \VA / N4 \V
GRADIENT oravient /- \ /—_ | \ /
CORRECTION o T T Heave
Low Water Reference Plane '!.Dg"
% TRANSDUCER
4
= \RECORDED DEPTH/ ACOUSTIC
o BOTTOM
a
=
FIXED REFERENCE DEPTH Ev

(CHECK BAR)

SOUNDING
POLE REFUSAL

INSTRUMENT VELOCITY + INDEX CORRECTION (SQUAT + DRAFT VARIENCE)_T

(VARIES WITH DEPTH)

LEAD LINE REFUSAL
RECORDED DEPTH

VELOCITY + DRAFT CORRECTION CALIBRATED
ADJUSTED SQUAT & DRAFT VARIENCE CORRECTIONS BOTTOM

TIDE/STAGE CORRECTION CORRECTION
DEPTH TIDE/STAGE GRADIENT CORRECTION SERREREE

CALIBRATED BOTTOM CORRECTION
HEAVE-PITCH-ROLL CORRECTION

Figure 9-2. Corrections to observed echo soundings

e. Sounding instrument accuracy. The travel time of the sound pulse is measured either
electronically in a depth digitizing device or mechanically (graphically) on an analog recording type
instrument. The accuracy of the absolute time measurement generally varies with depth. This is due to
signal attenuation, noise, and the ability of the measurement circuitry to correlate the outgoing and
incoming pulses. In addition, the acoustic reflectivity characteristics of the target, i.c., size, shape,
orientation, material, etc., can significantly impact the returning pulse. Variations in return signal
strength and sharpness will affect the depth measurement accuracy. The irregularity of the reflected pulse
causes uncertainty in the overall time measurement process. There is no practical calibration process for
minimizing this error. The nominal accuracy of echo sounding time measurement is usually rated by
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manufacturers at +0.1 ft plus 0.1 to 0.5 percent of the depth. This equates to a precision range of +0.15 to
+0.35 ft in 50 ft and is independent of the acoustic reflection characteristics. Digitally measured elapsed
times are more accurate than those performed on older mechanical recording devices.

9-3. Transducer Frequency Specifications

A transducer converts electronic energy to acoustical pulses and vice versa. The type of transducer used
is a major determining factor in the adequacy of a depth measurement. The optimum transducer
frequency is highly project- or site-dependent. Throughout USACE river and harbor projects, a variety of
frequencies have been used. These frequencies generally range between 20 kHz and 1,000 kHz. Each
frequency/transducer has physical characteristics that particularly suit it to an individual application or
project site. The response (i.e., sounding) of the transducer is dependent on the frequency, project
conditions, array gain, and beam pattern as is generalized in Figure 9-3. Sensitivities are measured at the
- 3 dB half-power points. In general, higher frequency transducers (100 kHz to 1,000 kHz) will provide
more precise depth measurement, due to both the frequency characteristics and more-concentrated (i.e.,
narrow) beam widths. Narrow beam transducers (i.e. less than 8 deg) may require roll and pitch
correction since the more-focused beam will measure a slope distance at non-vertical points. However,
the side lobes shown in Figure 9-3 could provide a vertical return in shallow water. Narrow beam
transducers should be obtained with minimum side lobes. Lower frequency transducers (below 40 kHz)
tend to have larger beam widths, which can cause distortion and smoothing of features in irregular
bottoms or on side slopes. However, lower frequencies are less subject to attenuation, which allows
greater depth measurement and penetration of suspended sediments. Although greater depth
measurement is not required for river and harbor projects, the ability to penetrate suspended sediment is a
decided asset, especially in performing surveys for dredging projects. A major disadvantage of higher
frequency transducers is that there is high signal attenuation with depth, and low specific gravity
suspended sediments (fluff) or bottom vegetation will readily reflect the signal. High frequency
transducers are not recommended in areas where suspended sediment layers commonly occur, or where
bottom vegetation may obscure the desired “pay” grade. In such areas, frequencies ranging between 20
kHz and 50 kHz are typically employed for payment determination.

POLAR COORDINATE PLOT OF SENSITIVITY CURVE

T4
TRANSDUCER SENSITIVITY CURVE DEGREES OFF TRANSDUCER CENTER LINE

Figure 9-3. Transducer beam angle
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a. Ensonification coverage. Each transducer ping ensonifies an area of the bottom. The size of
this ensonified area is a function of the transducer beam width and transducer characteristics (i.c., side
lobes). The narrow beam transducers used in the Corps ensonify a smaller area of the bottom; resulting in
less distortion or smoothing of bottom features within this area. However, only a small portion of a
channel is ensonified by narrow beam transducers. The approximate bottom footprint size of a transducer
can be computed as follows:

Linear coverage (ft) = 2 - D - tan (a/2)
(Egs 9-2)
Footprint area coverage (sq ft) = 3.14 - D’ - tan’ (a/2)

where,
D = Depth in ft
a = Beam width in deg

Table 9-1 illustrates the lineal coverage for typical USACE transducers. Table 9-2 computes the resultant
area footprint coverages.

Table 9-1. Approximate lineal coverage for different beam width transducers

BEAM WIDTH
Project depth 1.5 deg 3 deg 8 deg 20 deg
10 ft 0.3 ft 0.5ft 1.4 ft 3.5ft
25 ft 0.7 ft 1.3 1t 3.5ft 9 ft
50 ft 1.3t 26 ft 7 ft 18 ft
75 ft 2 ft 4 ft 10 ft 26 ft

Table 9-2. Approximate footprint coverage for different beam width transducers

BEAM WIDTH
Project depth 1.5 deg 3 deg 8 deg 20 deg
10 ft <1sqft <1sqft <2sqft 10sq ft
25 ft <1sqft <2sqft 10sq ft 60 sq ft
50 ft <2sqft 5sq ft 40 sq ft 250 sq ft
75 ft 3sqft 10 sq ft 90 sq ft 550 sq ft

Table 9-2 clearly indicates that bottom coverage is small for narrow beam transducers. Thus, when cross-
section surveys are performed, only a very small portion of the channel is ensonified. The total amount of
ensonified coverage for typical cross-section surveys at 100-ft and 200-ft spacings is shown in Table 9-3.
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Table 9-3. Approximate percent bottom coverage for cross-section surveys

100-ft Cross-Sections 200-ft Cross-sections
Project depth 1.5deg 3deg 8deg 1.5deqg 3deg 8deg
10 ft 0.3% 0.5% 1.4% 01% 02% 0.7%
25 ft 0.7% 1.3% 3.5% 0.3% 0.6% 2%
50 ft 13% 26% 7% 0.6% 1% 4%
75 ft 2% 4% 10% 1% 2% 5%

Table 9-3 indicates that only 1% to 5% of a channel bottom is typically ensonified by single beam cross-
section surveys. From this small data sample, shoaling conditions are projected and material quantities
are estimated using end area projection methods. In effect, quantity take-off computations and shoaling
estimates are "extrapolated" over 95-99% on the channel that is not surveyed. These estimates have
normally been adequate for engineering and construction purposes; plus they were deemed practical given
the high cost of data collection per cross-section. In the past this rationale was valid; however, multi-
transducer sweep systems and multibeam systems can now easily collect 100% bottom coverage.

b. Single beam roll and pitch correction. The transducer measures depth from the first echo
return. The wider the beam, the less effect vessel roll or pitch will have since the transducer beam width
falls within the vertical. For narrow beam transducers a slope rather than vertical distance is measured. If
roll and pitch is severe--e.g., a 10-15 deg roll--the recorded depth will be a longer slope distance. This
measurement should either be rejected due to excessive roll/pitch or corrected for slope-to-vertical given
the observed roll/pitch angle from a motion sensor. Processing software such as HYPACK provides
pitch/roll slope-to-vertical depth correction in addition to correcting for the positional (X-Y) eccentricity
or the transducer relative to the positioning antenna.

c. Shoal or object strike detection. Far more complex is the effect of frequency on the detection
of certain-size objects on the bottom. Detection of blasted rock fragments or other hazardous objects
above project grade is a difficult process with traditional echo sounders, regardless of the frequency used.
Generally, lower-frequency, wider-beam transducers may be more suited for strike detection than higher-
frequency, narrow-beam transducers. However, the sounding system's threshold detection settings, gate
settings, display methods, etc., are also critical to strike detection. Vertically mounted, narrow-beam
transducers (either single hull-mounted or boom “sweep” systems) may not be the best configuration for
providing optimum energy return from small underwater strikes; notwithstanding their small acoustical
footprint. Side-looking multibeam systems and side-scanning sonar may provide better returns from such
objects. In addition, many “charting” type echo sounders used in USACE are not designed (or optimized)
for strike detection work.

d. 200 kHz standard frequency. The most commonly employed transducer frequency in USACE
river and harbor navigation projects is 200-208 kHz. Transducers operating at this frequency are usually
narrow-beamed (between 1.5 deg and 8 deg at the -3 dB points) to provide more accurate bottom
detailing. Narrower beams are recommended for projects with relatively hard, smooth grades, such as
rock cuts or sand bottoms. A 3 deg transducer will provide a slightly higher depiction of small bottom
features. The 200-208 kHz (+ 10%) frequency is not a mandatory USACE frequency standard, nor is any
particular beam width. Lower or higher frequency transducers, ranging between 20 kHz and 1,000 kHz,
and with varying beam widths, are allowable for any class of survey or type of acoustic measurement
system (e.g., single, sweep, or multibeam systems). Local conditions and unique project requirements
will dictate the optimum type of survey system and frequency to be used. However, for navigation and
dredge payment surveys, the acoustic survey system and/or transducer frequency should be constant
throughout the project duration--and clearly identified in construction specifications. Multiple frequency
systems may be used for analyzing sediment layers of varying densities-- typically using 200 kHz and 28
kHz dual frequency sounders.
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e. Single beam transducer mounting. The transducer for a single beam echo sounder should be
mounted nearly amidships and as near as possible to the vessel's fore and aft center of rotation. The
transducer should be permanently located in a frame or transducer well adjacent to the vessel's keel.
Over-the-side, bow, and stern mounts are permitted only if heave-pitch-roll roll motion and location
eccentricities are compensated. The positioning system's antenna should preferably be located directly
over the transducer--any X-Y-Z offsets must be accurately measured and input into processing software.

9-4. Single Beam Echo Sounding Equipment and Procedures

Prior to the 1970s, most districts employed mechanical analog depth recorders. The most common
models used were Bludworth and Raytheon 719. These devices marked the continuous depth profile on a
pre-printed graph paper using a rotating stylus mechanism. The speed of the rotating mechanical stylus
was a function of water depth and velocity of sound. Unfortunately, the rotational velocity of the
mechanical recorders was often unstable and required constant calibration and alignment. Few of these
mechanical analog recording systems are still used in the Corps. Figure 9-4 depicts an older Raytheon
DE 719 along with a typical cross-section record. In the 1970s, districts began to acquire digital depth
recording systems. These systems marked analog (profile) depths directly on blank thermal recording
paper; thus eliminating most of the errors in mechanical recorders. Digital depth data could also be sent
to a data logging device where it was correlated with positioning data input. Newer generation systems
record data on disc or WORM drives for real-time screen viewing and/or off line printing. All modern
depth measurement systems can be configured to output measured depths to data recording devices,
where they can be time tagged with position and motion sensing data.

Figure 9-4. Raytheon DE 719 analog-recording portable echo sounder (Jacksonville District)
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a. Single beam echo sounders. Figure 9-5 depicts some of the more common digital sounding
units currently used by Corps districts. A brief description of the specifications for some of these units
follows. These specifications were obtained directly from the manufacturer's operating manuals and/or
other literature--see the references at the end of this chapter for more details.

Innerspace Model 455 Depth Sounder

el P :
Ross Laboratories Smart Sounder

Figure 9-5. Typical single beam echo sounders used in Corps

(1) Innerspace Technology, Inc. Model 455 and Model 448. The Model 455 shown in Figure 9-5
provides analog and digital depth on separate high resolution LCD display screens. The small,
lightweight, portable unit is designed for use on reconnaissance vessels and small workboats. Optionally,
analog screens can be printed on a computer printer or stored internally for future reference or hard copy
printout. The menu is controlled via up / down, left / right arrows; no numerical entries are required. The
analog LCD provides a continuous, high-resolution, bottom profile with alphanumerical annotation of
pertinent information. Significant features include:

* Range gated autotracking digitizer

* Variable speed-of-sound adjustment (feet & meters)

*  Power output adjustment (four level)

*  VGA, parallel, serial (three), floppy, keyboard ports

*  VGA, transflective monochrome LCD with contrast control (daylight readable) optional-
color LCD TFT VGA 500NIT with index filtering for daylight viewing

* Resolution, 0.1 feet or 0.01 meter, digital and analog

* Audible shallow depth alarm
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Mission storage of charts on 48 MB solid state flashRAM; two days of continuous screen
capture

Analog chart files are in PCX format for color presentation on standard computer equipment
40 character chart annotation from external computer

GPS input for latitude/ longitude chart annotation.

Built in multiplexer. Digital depth and GPS position can be internally multiplexed then
outputted as a single NMEA data string to a single port, data logging computer

Complete transducer and GPS antenna mounting accessories for small boats

The Innerspace Model 448 Thermal Depth Sounder Recorder (not shown in Figure 9-5) is used in some
18 Corps districts. The 448 provides survey precision, high resolution depth recordings using solid state
thermal printing. The lightweight, portable unit is designed for use in small boat surveying as required
for engineering surveys, harbor and channel maintenance, pre and post dredge surveys, etc. Some of the
features of the 448 advertised by Innerspace Technology include:

Thermal Printing fixed head - no stylus to replace-no carbon residue-no rotating stylus-no
arcing-odorless operation - no burned paper

Large viewing area with sliding window

Large chart - high resolution

Blank Paper is high contrast black on white

Portable and lightweight for small boat operation

Microprocessor controlled

Scale selected is the only one printed

Feet or meters operation - switch selectable

Thumbwheel settings for speed of sound, tide and draft

Annotation of all parameters appear on recordings in chart margin Speed-of-sound, Tide,
Draft, Event, Time and Mode of operation

TVG (time varied gain) minimizes gain adjustments

Internal micro controlled depth digitizer

No adjustments for zero line or cal line are required

Motion compensation interface

(2) Knudsen Engineering Limited Model 320M or 320M/P Echosounder. Models 320M or 320
M/P are single or dual-frequency recorders. Using either the high or low frequency channel, or both
simultaneously, the 320M and M/P produce a high resolution record accurately depicting bottom profiles
and sediment layers with 32 shades of gray. The thermal printer uses 8.5 inch plastic film for permanent,
high-quality archival records. The annotated depth grid is printed with reverse shading for clarity.

Digitized water depths is shown on two large 4-digit LCD displays, visible in direct sunlight
and backlit for night operation. Serial RS232 depth data is continuously available in NMEA
format as well as user-defined string formats, and in operator-selectable time and position
tagged formats.

A LCD menu display with 2-button control provides access to parameters such as sound
velocity, draft, TX blanking, serial port assignment, time and date setting, and testing
features. All settings are retained in non-volatile memory and recalled on power-up.

Three RS 232 ports support communication with personal computers, NMEA input and
output devices, GPS receivers, sound velocity sensors, heave sensors, remote depth display,
and survey data loggers. An optional upgrade allows the 320M or 320 M/P to be operated
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remotely through the built-in SCSI interface and Windows application software. This SCSI
interface provides the ability to transfer the entire gray scale image data (32 gray scales) as
well as the binary files to disc for future archive.

Technical specifications (selected). Frequencies: 3.5 kHz to 250 kHz (12, 24, 26, 28, 30, 33,
38,40, 41, 50, 100, 120, 150, 200, 208, and 210 kHz). Units: meters, feet, or fathoms.
Weight: 40 lbs. Power: 12 or 24 VDC nominal. Resolution: 1 cm over 0-100 meter range.

The 320M series provides a depth range capability from extremely shallow (12 inches or less)
to full ocean depth, depending on frequency/transducer options.

(3) Odom Hydrographic Systems, Inc. Echotrac Model DF3200 MKII. The Echotrac MKII
Recorder/Digitizer/Transceiver utilizes highly integrated digital and analog circuitry, display technology,
and thermal printing techniques. System response is achieved by employing techniques such as digital
signal processing, task sharing, asynchronous event processing, and multiple scan buffering.

Dual Frequency Operation: Two frequencies are selectable from the following: Low (12 kHz
to 50 kHz), High (100 kHz to 1 MHz), Standard frequencies are 24 kHz and 200 kHz.

Printer mechanism: The high-resolution thinfilm thermal print head (216 mm (8.5") wide, 8
dots per mm (203/in.)) prints up to 16 gray shades.

Display: Film Super Twisted Nematic (FSTN) Dot Matrix LCD Module (320 x 200 pixels,
0.38 mm x 0.52 mm dot pitch), Six inch (156.4 mm) diagonal measure, on board controller
and Fluorescent Back Lighting (CFL). The paper white display has visibility in all light
conditions--from bright sun to darkened wheel house.

Remote Operation: All system controls are accessible to a remote computer via one of the
three serial ports. The sounder in completely interactive with motion and positioning systems
and provides unlimited header and event annotation input capability generated either
internally or by the computer.

Keypad: The 16 key Nema 12 sealed unit has full travel and tactile feel. The keypad is used
by the operator for direct parameter entry and functional control of the unit from the front
panel.

Receive: The system incorporates both TVG and AGC Sensitivity and AGC are continuously
variable by front panel mounted potentiometers. Automatic gain control can be disabled by
setting the front panel mounted potentiometer to the minimum detect position. The TVG
curve is internally accessed.

Transmit: Transmit frequencies are digitally synthesized and based on the stable frequency
characteristics of a crystal controlled clock oscillator. Transmitted power for both high and
low channels is individually adjustable via front panel mounted controls. Power is adjustable
from the minimum of less than 20 watts in high frequency shallow water applications to over
1600 watts in low frequency deep water versions. Transmit Pulse Width is variable either
automatically (actual value dependent on frequency and depth) or manually by keypad entry.

(4) Odom Hydrographic Systems, Inc. HYDROTRAC. The Hydrotrac is a single frequency,
Recorder/Digitizer/Transceiver and is a highly integrated digital and analog sounder packaged into a
small, waterproof housing. The thermal printer is identical to that used in the Echotrac MKII sounder.
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Many of the features in Echotrac are carried over into the Hydrotrac including; digital signal processing,
task sharing, asynchronous event processing, and multiple scan buffering.

* Single Frequency Operation: The frequency agile Hydrotrac allows connections to a variety
of transducers ranging between 33 kHz and 200 kHz.

*  Printer Mechanism: The high-resolution thin film thermal print head (216 mm (8.5") wide, 8
dots per mm (203/in.) prints up to 16 gray shades. Help instructions are printed on the chart
and standard fax paper can be used in emergencies.

» Display: Backlit dot matrix LCD module with scrolling menu for parameter setting and large
character "depth" reading. All settings are stored in non-volatile internal memory.

* Keypad: The sealed, 10 key, tactile feel keypad is waterproof and used by the operator for
direct parameter entry and functional control of the unit from the front panel.

* Remote Operation: All system controls are accessible to a remote computer via one of the
two serial ports. The sounder in completely interactive with motion and positioning systems
as described for the Echotrac MKII.

* Receive: The system incorporates both Sensitivity and TX Power controls on the front panel.

* Transmit: Transmit frequencies are digitally synthesized and based on the stable frequency
characteristics of a crystal controlled clock oscillator.

* System upgrades: Remotely installed in flash memory via the Internet.

* DGPS Receiver: (Optional) Incorporated inside the waterproof housing of the Hydrotrac,
provides XYZ chart annotation and combined NMEA output string.

(5) Odom Hydrographic Systems, Inc. Echotrac Model DF3200 MKIII. The Echotrac MKIII
Recorder/Digitizer/Transceiver utilizes Multiple DSP and RISC technology to provide a portable, dual
frequency sounder that is mission configurable. With an interchangeable chart panel, the surveyor can
elect to have a standard paper chart recorder or a paperless, full color LCD presentation. In either case,
data, parameter settings, sensor input, etc. are stored on a removable PCMCIA card for later playback or
chart printing on the recorder or directly on a computer.

*  Dual Frequency Operation: Frequency and Impedance agile to match a variety of transducers
ranging in frequency from 24 to 210 kHz.

*  Printer Mechanism: Interchangeable, high-resolution thin film thermal print head (216 mm
(8.5") wide, 1600 dots per scan, printing up to 32 gray shades. Standard fax paper can be

used in emergencies.

* Display: Active matrix, high intensity color LCD (1500 NITS) for data, setup, and graphical
user interface.

* Remote Operation: All system controls are accessible to a remote computer via one of the
three serial ports. The sounder in completely interactive with motion and positioning systems
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and provides unlimited header and event annotation input capability generated either
internally or by the computer.

* Keypad: The 16 key Nema 12 sealed unit has full travel and tactile feel. The keypad is used
by the operator for direct parameter entry and functional control of the unit from the front
panel. All operator settings are stored in non-volatile internal memory.

» Storage Media: Removable PCMCIA memory card — compatible to PCMCIA readers for
direct download to computer or other Echotrac units — with 10 hour logging range.

* Receive Section: Incorporates both Sensitivity and AGC controls via the front panel.

* Transmit Section: Frequencies are digitally synthesized and based on a crystal controlled
clock oscillator. Transmitted power and pulse width for both high and low channels are
individually adjustable via front panel mounted controls.

*  Communications: Four Serial RS232 ports plus USB port for analog feed to computer for
real-time chart display on monitor.

* Power Agile: AC or DC power supply.

(6) Ross Laboratories Series 850 Smart Sounder. It is a paperless recorder (all electronic) which
automatically stores a Sonogram to operator-selected media on the data collection computer. This is used
for playback and for editing purposes. The sonograms are also archived on a Zip drive or CD ROM.
Hard copies may be printed out on a color printer also. The display is a high visibility (900 NIT) active
matrix TFT display.

* Hardcopy. The 850 can print the analog signal levels graphically in color or gray scale, in
real time or post-survey. Printing after the survey is accomplished by connecting a printer to
the 850 or transferring the analog data to a computer for printing.

* Heave Correction. Direct serial communication with the TSS Heave Compensator is
standard. The heave is placed in scale anywhere on the analog display. Heave corrected
depth data can be superimposed as a line on the color display.

e Serial Output. Custom NMEA-0183 output string includes feet and meters, and if connected,
heave corrected depth in both feet and meters.

» Digital Data Logging. Digital depth can be logged to a file on any one of the 850°s disk
drives. This text file can be exported to a spreadsheet or any other application that reads
comma delimited text files.

* Color Display. The display shows the digitized signal levels in different colors. The color
display provides enhanced bottom and sub-bottom detail using active TFT color display,
which is effective in bright sunlit applications. The entire sonogram (received echo) is stored
on magnetic or optical media for future playback and printing. The playback of the data can
be done on the 850 or using an MS-DOS based personal computer. Playback software is used
for display and editing of the soundings. The transfer of the data to a second computer is
done by floppy or removable ZIP drive. The recording time of the data varies--the storage of
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the entire sonogram is typically 1.7 megabytes per hour for a 200 kHz system on a 50-foot
range. This varies due to bottom dynamics and depth range.

*  Model 850C. The 850C is the basic machine that includes a standard 3.5 inch floppy drive
and a software compression utility (pkzip.exe) for the transfer of the sounding data to a PC
compatible computer. The 850C also has a removable ZIP drive for large data transfers and
backup storage of the sounding data.

*  Model 851C. The 851C can permanently archive the sounding data on a removable optical
media. This optical media is intended to be the legal record of the survey.

b. Single beam surveying methods. Single beam surveys are run either normal to (i.e., cross-
sectioned) or longitudinal with the channel alignment. Cross-sections for dredge payment surveys are
usually spaced between 50 and 200 ft, depending on the bottom consistency between sections and need
for shoal or strike detection. Cross-sections are extended up the channel sides. Condition survey lines are
typically run longitudinal with the channel alignment--inside the channel toes. The spacing of lines is
typically between 50 and 250 ft, again depending on project-dependent channel shoaling patterns.

¢. Marking position events on hard-copy depth profile records. Horizontal positioning event
marks (or fixes) are made on analog or digital hard-copy recorders. When channel cross sections are run,
the position fixes may be keyed to specific channel offset ranges. Position fixes may also be keyed by
time or distance traveled along a cross-section. The horizontal fix events should be spaced at close
intervals so that positions can be accurately interpolated between event marks. A fix should be taken at
channel toe ranges. The vertical event line in the recorded profile may be manually “fixed” or
automatically generated from the positioning system. On older mechanical systems (e.g., Raytheon 719)
excessive stylus wobble during an event must be prevented. Fully automated survey systems that tag
each recorded depth with a position can be configured to annotate periodic event marks on the analog
record. This period will be much longer than the digitized depth sample rate. Special care must be taken
to ensure that the event corresponds exactly with the position update. Otherwise, severe systematic
latencies due to electrical and/or mechanical delays can result. These latencies are exhibited by apparent
shifts on alternately run cross sections.

d. Retention of hard-copy depth records. Real time, hard copy depth profile records of
navigation and dredging surveys are still used in the field to visually evaluate project condition and
clearance. This may be done using hard-copy (paper) depth recordings or digital play-back recordings.
Retention of real-time (or near real-time) profile depth records is still required for contract measurement
and payment surveys since these analog records contain bar check calibration data as a continuous part of
the record. These data can be retained either in hard-copy form or on a "write-once" type of digital record
that cannot be edited. Recording to rewritable discs is optional for project condition surveys.

9-5. Depth Collection Density and Bottom Coverage

Single beam echo sounders typically collect depth data at a rate of 5 to 20 soundings per second. Data
acquisition systems can be set to acquire some or all of these data points each second. If continuous
bottom coverage along the cross-section is required, then the update rate should be adjusted such that
each portion of the cross-section is ensonified. This update rate is a function of the average or project
depth, vessel speed, and transducer beam width. An approximate computation of this update rate can be
made from the following equation:
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Update rate (milliseconds) = 1185+ (D /v ) - tan (a/2)
(Eq 9-3)
where

D = Average or project depth
v = Velocity in knots
a = Transducer beam width

Since all these parameters can vary during a survey, the minimum practical update rate should be used.
For example, given a project depth of 43 ft and an 8-deg transducer, the required update rate would be
400 millisecs at 5 kts, and 200 millisecs at 10 kts. Thus, a 200 millisec rate (i.e., 5 depths/sec) would be
adequate for all speeds less than 10 kts. However, if the project depth were only 20 ft, a 100 millisec
collection rate would be needed to obtain full along section coverage if the vessel runs up to 10 kts. In
general, a 100 millisec update will be adequate for most surveys. Setting too large an update rate could
leave data gaps. Higher densities (i.e., every 50 to 100 milliseconds) might be collected in rock-cut
channels to give a more accurate representation of the bottom and to detect strikes above grade. A high
density of depths may also be needed to confirm multiple hits on strikes. Data collection software allows
input of the desired depth collection rate. As high-density depth data is recorded, it is time tagged to
interpolated positions taken at a lower update rate. Dredging contracts should specify depth data
collection density used in payment computations, and distinguish the process by which depths are thinned
or generalized for plotting purposes (i.e., sorting, binning, or gridding techniques).

9-6. Effects of Vessel Heave, Roll, Pitch, and Yaw on Single Beam Systems

Correcting observed depths for the superimposed effects of vessel roll, pitch, yaw, and heave was once
perhaps the most difficult aspect of hydrographic surveying. Along with tide/stage, these effects are a
major error component in hydrographic surveying. Vessel heave is the major error component of the four
listed motions. Since the mid 1990s, affordable and accurate motion compensation instruments have
significantly reduced these errors. Many districts have now incorporated motion compensation into single
beam systems. Since vessel roll, pitch, yaw, and heave conditions can occur simultaneously and at
different periods, either visual or automated interpretation of a single beam analog profile record to
reduce these errors is an imprecise process, at best. Motion compensation (heave-pitch-roll) is mandatory
on critical dredging measurement and payment surveys and strongly recommended for all other surveys
where adverse sea conditions can affect the quality of the recorded data.

a. Interpretation of single beam recorded depths without motion compensation. The impact of
lateral vessel roll and fore-and-aft pitch of the vessel are more pronounced when narrow-beam
transducers are employed because the sounding cone becomes non-vertical and measures a longer slope
distance. Up and down vertical heave reflects the wave height. Heave is superimposed with roll and
pitch on the observed depth. Heave values typically can range up to 2 to 4 ft whereas roll/pitch depth
errors are much smaller--e.g., less than 1 ft. Interpretation of the effects of all three potential motions on
an analog recording requires skill and experience with the vessel motion at the time of the survey. The
apparent smoothing of undulations on the graphical record are not always interpolated correctly,
depending on the vessel's course relative to the seas, vessel size, vessel characteristics, and wave height.
On an irregular bottom, it is extremely difficult to separate vessel motions from the bottom undulations.
Digitally recorded depths do not allow for any human interpretation or smoothing of undulations due to
heave, pitch, and roll.

(1) Unless reliable heave-pitch-roll (HPR) motion compensation devices are used, the only practical
method of minimizing vessel motion effects is to limit the maximum allowable sea states under which a
particular type of survey may be performed. Such limitations are highly subjective and can have significant
economic impacts, due either to delayed survey work or to inaccurate payment when a survey is performed
under adverse conditions. Maximum sea state limitations must also factor in the size and relative stability of
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the survey vessel, along with the effects of the prevailing wave direction relative to the survey lines or cross
sections. Procuring larger vessels to minimize roll, pitch, and heave is likewise no longer economically
justified given the small cost of HPR compensators. Thus, a simple maximum allowable wave height
criterion is difficult to definitively specify.

(2) An on-site assessment of the potential data adequacy must be performed since so many
variables are involved. If the effects of vessel motion appear to be degrading the desired (and acceptable,
from a contract performance measurement standpoint) survey quality after the on-site assessment is
performed, the on-site survey party chief should make the decision to postpone the survey. Such a
decision should be made with the concurrence of the government's Contracting Officer Representatives
(COR) and/or contractor representatives present aboard the survey boat, or as otherwise defined in the
contract provisions.

(3) A subjective judgment on the effects of excessive vessel motion to a survey's adequacy must
also consider the type of survey. One-half-foot seas may be the maximum tolerable limit for performing a
final acceptance survey or sweep on high-unit-price rock excavation work, whereas 1-ft seas or larger might
have been tolerable for the initial pre-construction survey of this same project. Any workable sea state may
be tolerated for an intermediate progress payment survey of this project. No maximum sea state limits need
be imposed on performing less critical non-navigation surveys--the only tolerance to be considered is the
ability of the vessel, equipment, and personnel to collect reliable data.

(4) Based on the above discussion, use of HPR motion compensation instruments for single-beam
surveys is recommended in order to maximize data quality and production.

b. Motion stabilization for single beam systems. To best minimize the adverse effects of vessel
motion, single beam systems used for dredging and navigation surveys in rough sea states should be
equipped with automated heave sensors, and also pitch and roll sensors. Motion compensation should be
required if the effects of heave, roll, or pitch generate depth errors exceeding + 0.2 ft. Yaw compensation
may or may not be required. Motion compensation may not be necessary in confined, calm waters, such
as inland rivers or reservoirs; presuming these corrections are less than + 0.2 ft. Motion compensation
systems are configured to operate in line directly with depth recorders or independently as a real-time
input to the survey data acquisition and processing system. Nearly all systems display heave, pitch, and
roll information in real-time; allowing for operator assessment of the data quality. Motion compensation
is then applied either in real-time or during post-processing of data. Raw observed data can be
independently corrected for heave (e.g., Figure 9-6), roll, and/or pitch, depending on the magnitude of
these correctors.
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Figure 9-6. Heave compensation on typical offshore channel (Norfolk District)

c. Heave compensation. The major depth error component is heave--the long-period up and
down motion of the vessel due to wave motion, other vessel wakes, etc. Heave is basically a function of
wave swell and period. Heave errors are normally excessive at coastal entrances and on offshore
approach channels--large 65-ft survey boats can typically work in swells up to 3 or 4 feet. Modern heave
compensators can effectively record heave movement and smooth out these effects. Heave compensators
require internal alignment and stabilization calibrations specified by the manufacturers. Since heave
compensators can be subject to constant drifts, continuous monitoring during surveys is required.

d. Roll and pitch compensation. Excessive roll and pitch can introduce bias error in depth,
resulting in a deeper reading over a level bottom. Excessive roll and pitch can also inject position errors
in the measured depth. This is caused by the motion of the positioning system antenna relative to the
transducer. If the distance between the units is large, roll and/or pitch displaces the transducer. This is
usually not significant for most applications but can be corrected with roll/pitch and antenna-transducer
offset data.

(1) Roll-pitch effects. On larger vessels--i.e., greater than 26 ft--roll and pitch are usually not
excessive under normal working conditions--typically less than 5 deg . However, on smaller vessels (e.g.,
less than 26 ft) roll or pitch can easily approach or exceed 10 deg in rough seas. The correction for roll
and pitch varies with the angle of rotation and depth--see Figure 9-7. However, the beam width of the
transducer may be greater than the overall roll or pitch, resulting in the first return still being near vertical.
Figure 9-8 shows a starboard roll (looking from aft). Rotation is about the point "O". The transducer is
rotated slightly higher relative to the reference surface. In theory, the measured depth without roll--"Dg»--
would be slightly less than that measured at the indicated roll-- "D,". If the roll angle is within the beam
width, as shown, then the correction would be negligible. However, if the roll is excessive--say greater
than 10 deg-- then observed depths would be greater. Corrections for roll-pitch should be applied for high
frequency narrow beam transducers--similarly to that applied to narrow beams formed by multibeam
arrays.
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Figure 9-7. Roll and pitch effects on a single beam depth

(2) Roll-pitch position displacement correction. Single beam processing systems (e.g.,
HYPACK) correct for depth and position variations due to roll or pitch. Using roll-pitch data, HYPACK
does allow correction of the depth's X-Y position due to rotation of the antenna-transducer axis, and
optionally to compute the X-Y coordinate of the center of the projected (i.e., steered) beam on the bottom-
-point D; in Figure 9-8. On a large survey vessel with an antenna located 30 ft above the transducer
subject to a 10 deg roll or pitch, this would amount to a 5 ft horizontal displacement of the transducer. In
a 30-foot project, the center of the beam on the bottom would also be displaced by another 5 ft
(approximately) relative to the transducer. The total horizontal displacement of the depth relative to the
antenna would then be about 10 ft. A displacement of this magnitude (3 m) is outside the 2 m RMS
positional tolerance for dredging and navigation surveys, so it should be applied to all observed depths. A
smaller survey boat would normally have a much smaller antenna height (< 10 ft) so the horizontal
displacement between the antenna and beam-steered bottom depth would be smaller. If cm-level RTK
DGPS positioning is being observed, then the antenna-depth displacement is especially significant and
should be applied on all work. In shallow draft projects (< 15 ft) using meter-level code-phase DGPS
positioning, this displacement correction is usually not significant and need not be applied as long as the
displacement does not exceed 1 meter.

(3) Roll-pitch slope to vertical depth correction. In addition to the antenna-transducer-bottom
depth positional displacement correction, the slope-to-vertical correction to depth may also be computed
and applied to the observed depth. The slope-to-vertical depth correction is usually small for typical roll-
pitch conditions. As indicated in Figure 9-7 it is generally insignificant (i.e., < 0.2 ft) for project depths
less than 20-25 ft. Full roll and pitch corrections are performed in HYPACK processing software at
ADVANCED READ PARAMETERS\MRU\STEER SOUNDING BEAM.
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Figure 9-8. Depth correction due to roll (starboard roll viewed from aft)

(4) Constant pitch bias test and gyro stabilized transducers. Transducers are mounted vertically
in a vessel at rest trim. When underway, excessive vessel roll and pitch can deflect the transducer from
vertical. A constant forward pitch offset angle could be induced if a vessel's trim changes while
underway--causing all depth to be measured over slope ranges rather than vertically. Given the typical
beam width of a transducer, this misalignment is usually not significant unless pitch exceeds the beam
width, which could occur for an extremely narrow beam transducer. A constant pitch bias can be checked
similar to that for multibeam systems--i.e., running two pairs of reciprocal lines run over a slope at two
different speeds. The important characteristic of pitch offset is that the along-track displacement caused
by pitch offset is proportional to water depth. Thus, the deeper the water, the larger the offset. Ifa
constant pitch bias is indicated in a single beam transducer, then a slope-vertical correction might be
required. (Refer to the chapter on Multibeam Systems for more details on the pitch bias test).
Alternatively, the transducer could be realigned to point vertical at typical sounding speeds. Gyro
stabilized transducers can also be utilized to correct for these errors if work must be performed in heavy
seas.

(5) Roll-pitch tolerances for single beam systems. Ideally, roll-pitch depth errors should be kept
within tolerable limits--say not greater than 0.2 ft. As indicated in Figure 9-7, this can be achieved if
maximum allowable roll or pitch is kept less than 10 deg when using a typical 8 deg beam width
transducer. On critical deep-draft projects, 5 deg roll-pitch limits would be recommended. In general,
roll-pitch exceeding 10 deg is a degraded working environment and overall acoustic data quality is
marginal. The table in Figure 9-7 also indicates that roll-pitch slope-vertical corrections are insignificant
on project depths of less than 20-25 ft; thus, slope-vertical depth corrections would (usually) only be
significant on deeper draft projects.

(6) Testing roll-pitch magnitudes. For a particular beam width transducer, the effect of roll and

pitch can be roughly tested to determine if roll-pitch slope-vertical corrections are necessary or
significant. A pole-mounted transducer can be hung over the side by hand in deep (i.e., typical project
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depth), smooth-bottom water. Rotate the transducer and observe the rough angle where the recorded
depth begins to increase. If relatively large rotations are required to detect significant depth increases,
then slope-vertical corrections with this transducer's beam width are probably not justified. If relatively
small angular deflections cause discernible increases in depth, then this narrow beam transducer should
have full roll-pitch corrections applied.

e. Yaw. Yaw (or vessel heading) rotation error is not significant for vertical single beam systems
if the transducer and positioning system antenna are co-located vertically. If these units are not located
vertically, then offset corrections must be applied using vessel heading information. This translates the
position to the transducer--it has no effect on the measured depth. A variety of techniques can be used to
measure real-time heading: magnetic fluxgate compasses, fiber optic gyro compasses, inertial systems,
and carrier-phase DGPS. Refer to the chapter on multibeam systems for more details on yaw/heading
offset corrections.

9-7. Calibration of Single Beam Echo Sounders

Calibration of acoustic sounding instruments is absolutely critical (and mandatory) in maintaining quality
control of depth measurements. This is primarily due to instabilities or variances in the water column, or to
a lesser extent, in the equipment. All navigation and dredging surveys for contract measurement and
acceptance require, as a minimum, twice daily calibration at the project work site. Failure to perform
adequate calibrations, including documentation/certification thereof, can lead to total unacceptance of the
survey and any payment associated with it. This section describes the various methods used to calibrate
single beam depth measurement equipment. The calibration procedures in this section also apply to
multiple transducer sweep systems and, to a lesser extent, multibeam systems. Independent quality
assurance procedures are also detailed.

a. Bar check calibration. The primary depth calibration procedure used in USACE is the "bar
check." The bar check is recognized throughout the Corps and dredging industry as the standard reference
system for acoustic depth measurements. The bar check is a quality control procedure. It is not a quality
assurance procedure. The bar check is a flat bar or plate suspended by two precisely marked lines to a
known depth below the water surface and under the transducer. A series of depth intervals are observed
during a bar check, down to the project depth. Any difference between the reference bar depths and the
recorded depths represent corrections to be made to any subsequently recorded soundings. The bar check
represents the only recognized check on the quality of a depth recording system. In reality, the bar check
may not exhibit the same acoustic properties as the bottom; however, in practice, any such differences are
ignored. This primary reference device is also used to periodically check secondary calibration devices,
such as a velocity meter and a ball check. Figure 9-9 characterizes the operation of suspending the bar a
known distance below the waterline using calibrated chains. Both a single line calibration plate and a dual
line (full beam) bar check device are shown. Bar checks correct for velocity variations, draft variations, and
index errors in the echo sounding system--reference Equation 9-1. The effect of a varying velocity of sound
propagation is measured by performing a bar check. The actual velocity need not be computed as part of a
bar check. The bar check must be taken at sufficient intervals to develop the variation. Normally intervals
of 5 to 10 feet are adequate, unless the velocity of sound is highly variable. If a bar check were performed at
1-ft increments throughout the water column, a correction would be available for any observed depth falling
within that those 1-ft intervals. Draft and index variations are also compensated through the use of a bar
check calibration. It is again emphasized that a bar check will not correct for variations in acoustic
reflectivity, either between the bar and bottom material or between different bottom materials within a
project area. The bar check is also not a totally independent reference in that it may contain errors within
itself--e.g., water surface smoothing, line markings.
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Figure 9-9. Bar check calibration (Jacksonville District)

b. Ross ball check. As a substitute to a full-beam bar check, many districts use a center-mounted,
spherical calibration ball with a flat top in lieu of a calibration bar. This device was designed and developed
by Wayne Ross of Ross Laboratories. The ball is suspended on a cable from the interior of the boat by a
hand crank-lock mechanism. The line is marked and calibrated in a manner similar to that used for a bar or
lead line; however, the reference water surface is not. Therefore, any index error or draft line variation must
be calibrated using a standard bar check method. An interior water level gage may also be used to
measure/monitor the line indexes. Details regarding installation and operation of this calibration device can
be obtained from the manufacturer (Ross Laboratories, Inc.). See Figure 9-10.
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Figure 9-10. Ross Ball Check (Surveyboat Adams, Norfolk District)

¢. Velocity probe calibration. In lieu of a bar check calibration, the velocity of sound may also be
directly measured using a velocity probe instrument. A velocity probe measures the speed of sound at
various depth intervals. A velocity probe must still be periodically calibrated, both internally and externally.
A bar check is necessary to perform the external calibration, since a velocity probe measurement will not
determine the constant terms in Equation 9-1.

9-8. Bar or Ball Check Calibration Procedures

The bar check effectively measures for the following systematic errors inherent in depth recording systems:
instrumental errors—index, mechanical, and electrical; velocity of sound errors due to temperature, salinity,
or other suspended or dissolved sediment variations; and static draft fluctuations resulting from varying
vessel displacement caused by fuel and personnel loads.

a. Bar check apparatus. The suspended bar is constructed of flat stainless steel or aluminum
plate welded or bolted to any standard supporting crosspiece section. The plate should be of sufficient
width (typically 8 to 12 in.) to provide an adequate return down to project depth. The bar should be
approximately 1 ft longer than the vessel beam (on the measuring deck). The reflecting plate need not
extend the full length of the bar. Both ends of the bar are rigged with universal-type swivel joints to
attach the supporting lines. Each line is zero-referenced from the top of the plate and is marked at either
1- or 5-ft increments. The top surface of the bar plate may optionally be coated with foam, rubber, or
other like material that better simulates the acoustic reflectivity properties of the channel bottom. A small
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(12-in.-diam) steel plate can be used to calibrate over-the-side mounted transducers. The plate is
suspended by a standard single bar check line or lead line. Calibration and/or adjustment is performed in
a manner identical with that used for bar check. Special caution must be taken not to change the vessel
draft when performing a check on one side or end of the boat.

b. Bar weight. The weight of the bar will be dependent on the types of currents experienced,
project depths, and beam of the vessel. A typical bar will range between 40 and 100 1b. In deep-draft
projects with large currents, a heavy bar is essential because subsurface currents will pull too light a bar
away from the transducer's vertical plane, causing loss of acoustic return or slope error in the check lines.
Provisions for adding additional weight to the bottom base of the bar ends may also be needed in strong
currents. Increased bar weight may necessitate additional personnel to perform the bar check.

¢. Bar check procedures. On a larger vessel, the bar is usually deployed off the bow and each end
walked aft until abeam of the transducer. Both lines are held at the desired fixed depth increment (visually
meaning vessel and water surface motion), and the depth recorder is simultaneously observed, annotated,
and/or recalibrated. Vessel alignment must be held toward the sea to minimize roll. Under adverse wind
and current conditions, coupled with a narrow-beam transducer, maintaining vertical alignment of the bar
and lines becomes extremely difficult, especially at greater bar depths. In such cases, the skill and
experience of the boat operator to maneuver the vessel over the suspended bar becomes critical to the
process. On smaller vessels, personnel movement during a bar check may affect the nominal (underway)
trim of the boat. Care must be taken to ensure that this variation is minimized.

d. Calibration increments. Static bar comparisons should be taken at 5-ft intervals throughout the
project or dredging excavation range. If the recorder is adjusted to display actual bar depths, subsequent bar
check readings need to be taken only at the upper, intermediate, and lower project levels to verify stability.
A sample bar check is shown in Figure 9-11.

e. Data corrections. Stage/tidal corrections, vessel squat corrections, draft loading variances,
calibration line graduation errors, or any other correction should never be “dialed” into the depth recording
device. These corrections are always applied off-line (manually or automatically) or in data reduction
software on an onboard processor. Recorded depth data must be “original” relative to the calibration
process. Adding other time/speed variable corrections makes reconstruction of original survey data difficult
and indefensible in the case of a contractual dispute or claim over the data adequacy.

f- Frequency of bar check. For critical navigation and dredging support surveys, two bar checks are
required each day--one before work and one after completing a day's activity. Additionally, if a mechanical
analog recorder that does not contain a zero/calibration event line(s) is turned off, or the paper or stylus is
replaced, a new bar check must be performed before proceeding with the survey.
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Figure 9-11. Example of bar check in deep-draft navigation project (Jacksonville District)

g. Location of bar checks. Due to the high potential for local temperature and/or salinity
variations in typical USACE river and harbor projects, the resultant effect on the velocity of sound must
be measured directly at the work site. This is a mandatory requirement for payment surveys. Failure to
perform a bar check calibration within the project area will be sufficient reason for rejection of the survey.
If an area is known to be subject to extreme temperature/salinity variations, additional bar checks in these
areas may be warranted. In extremely adverse conditions where it is physically impossible to perform a
bar check at the project site (due to high winds, currents, and/or sea states), a velocity probe may be used
to determine the sound velocity at the project site--see paragraph 9-10. However, on critical projects,
both a bar check and velocity probe should be simultaneously performed in a protected area near the
project vicinity. The velocity derived from the bar check should agree within 5 fps with the probe's
average velocity in the protected area. The echo sounder draft would be set from the bar check and the
velocity would be readjusted based on the probe velocity measured later at the actual project site.

h. Bar check recording. Bar check data for digital data shall be recorded in a standard field survey
book or on a form. Bar check data are obviously visible on analog hard copy recording media and must be
immediately adjacent (on the graphical record) to the actual survey. For dredging payment surveys in which
analog backup recordings must be maintained, digital bar check data may be recorded on the analog record
for comparative purposes. When no analog recorded is used, digitally recorded bar checks shall be recorded
on a write-only type of media. It is a recommended practice to maintain a continuous record of all bar check
calibrations in a bound survey field book. This record should include draft and velocity settings, along with
other instrumentation calibration and alignment records. Figure 9-12 shows pre-sounding and post-
sounding calibrations in which both a bar check and velocity probe are performed simultaneously.
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Figure 9-12. Bar check and velocity meter records (Detroit District)

i. Agreement between successive bar checks. The two bar checks for a work day must be
compared for excessive differences. Adjustments are never made to the final (end-of-day) bar check.
Results are logged at the same check increments used during the initial calibration. Any known draft
variation due to loading should be applied to the final readings before comparison. Otherwise, the draft
variation may be taken from markings on the vessel hull. Failure to obtain consistent agreement between
successive bar check calibrations may be due to any number of physical or electronic causes and must be
located. The frequency of calibration may have to be increased. The mean value of the calibrations may
be used to correct the recorded data. Differences exceeding the limits shown in Table 9-6 may be grounds
for rejection of the survey.

Jj. Calibration of bar check lines. The bar check suspension lines must be periodically checked to
ensure the accuracy and stability of the graduated marks on the lines. The frequency of this independent
calibration is indicated in Table 9-6. Periodic calibration data shall be recorded on a worksheet or in a
standard field survey book. Any errors in the graduated marks must be physically corrected (removed) at
the time of calibration.

9-9. Depth Corrections Based on Bar Check Data

There are several methods of performing bar checks and arriving at corrections to apply to observed depths.
Three methods are commonly used in USACE and are described below. Each of these methods is
acceptable on any type of survey. Typical results of a bar check calibration are shown in Table 9-4 below.
The differences between the bar depth and recorded depth indicate the presence of both a constant index
error and a velocity error in the recorded data. The velocity change is exhibited by the increasing
differences below 20 ft where a change in the water's sound velocity has occurred. The constant 0.2-ft
index error indicates that the presumed 3.0-ft draft measurement must be independently checked. Three
different methods for correcting soundings are described below.
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Table 9-4. Sample results of a bar check calibration

Initial velocity set at 5,100 ft/sec Initial draft = 3.0 ft Project depth range: 20 to 40 ft
Depth of Bar (ft) Recorded Depth (ft) Difference (ft) Notes

5 5.2 0.2 0.2 ft index error indicated

10 10.2 0.2

15 15.2 0.2

20 20.2 0.2

25 25.3 0.3 Change in water column velocity occurs
30 30.4 0.4

35 35.5 0.5

40 40.6 0.6

45 45.7 0.7

50 50.8 0.8

a. Incremental bar check readings and correction formula. Recorded depths may be directly and
individually corrected mathematically without making any adjustments to the draft or velocity settings on
the recording device. All recorded depths are adjusted according to the bar check data, such as that recorded
in Table 9-4. This reduction can be made on-line when an automated data acquisition system is used or off-
line during the post-processing phase. The results of a sample calibration shown in Table 9-4 are used
directly for this process; however, a table combining the before and after survey bar checks may also be
used. A corrected depth is then computed by:

d.=[[ (bar;-bari; ) = (rec; -reciv; )] - (dy -rec;) ] + bar;

(Eq 9-4)

where:

d. = corrected depth

d, = any observed/recorded depth to be corrected for speed of sound and index error

bar; = bar depth at checkpoint i

bariy = bar depth recorded at point i+1

rec; = recorded depth at bar depth i

reciy; = recorded depth at point i+1

i+l = any two successive calibration depth points and rec; > d, < rec;i

An observed depth is corrected between its closest range of calibration data. For example, if a 43.5-ft
sounding is recorded, it is corrected relative to the calibration data in Table 9-4 at the 40- and 45-ft levels.
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From the calibration table:

bar; = 40 rec; = 40.6
bary, = 45 reciy = 457

From Equation 9-4,

d,= (40-45) - (43.5 -40.6)+40
(40.6 —45.7)

do= (-5) - (2.9)+40
(-5.1)

d,= 0.9804 (2.9)+40=2.8 + 40 = 42.8

Given a bar check calibration table, all subsequent observed depths may be corrected using the above-
described procedure. Such a procedure may be performed either on-line or in an off-line mode. Correcting
non-digital depth data by this method is obviously not very practical unless that data can be digitized into a
database. The Correction Table/Formula method works well in areas of salt wedges or places where the
water has distinct temperature differences.

(1) This method may be preferred in the vicinity of power plants where the plant cooling water
effluent has a much higher temperature than the surrounding water. This will cause the speed of sound to
increase slightly if the water is turbulent and thoroughly mixed. In most cases the effluent will not
thoroughly mix with the surrounding water. This will cause the temperature to be different through the
depth layers. The result to the surveyor will be a significant increase in the speed of sound in these depth
layers (shallow soundings). If the bar check table does not reflect this phenomenon, the survey may
erroneously indicate extreme shoaling in the area of the power plant outfall. A separate bar check should be
recorded in these areas.

(2) Since the speed of sound is normally fairly stable over most river and harbor projects, it is
usually desirable and more practical to base the above-described correction over a wider interval than 5 ft.
Given the sample project data in Table 9-4 with excavation depths ranging between 20 and 40 ft, a single
correction factor may be computed over that range, since the differences over that 20 to 40-ft range in Table
9-4 are linear.

For example:

bar; = 20 rec; = 20.2
bar;s, 40 recy, = 40.6

From Equation 9-4,

d.= (20-40) - (dy-20.2)+20
(20.2 — 40.6)

d.= 0.9804d,+0.2

The above factor may be used to correct any depth ranging between 20 and 40 ft and may be practically
extended to a range of 15 to 45 ft. Such a correction procedure is valid as long as the calibration data are
linear over this range.
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(3) The constant term (0.2 ft) represents the index correction. The ratio (0.9804) represents a
velocity correction between that set in the recorder (5,100 ft/sec) and that actually occurring in the water
medium over this range, or approximately (0.9804) - (5,100 ft/sec) = 5,000 ft/sec. Readjusting the recorder
to 5,000 ft/sec and modifying the draft line to 2.8 ft (3.0 - 0.2 ft) will not graphically correct the depths over
this range.

b. Graphical bar check calibration method (Jacksonville District). The computational method
described above may not always be suitable in practice, since the displayed depth cannot readily be related
(i.e., on-site) to a required excavation grade. Performing the computations and then applying other required
corrections (squat, draft loading variances, and stage/tide corrections), requires automated processing
capabilities. Such equipment may not always be available aboard small work boats. Since most
construction payment/acceptance work depends on immediate on-site assessment of the recorded data, the
computations must be minimized. This is accomplished by changing the velocity and draft settings in the
analog/digital recording device so that the recorded depth equals that calibrated during the bar check. In
essence, the recording mechanism is reoriented and rescaled by appropriate adjustment of the velocity and
index/draft. This procedure is performed on/y during the initial bar check of the day, never during the final

check. The procedure for making these adjustments is described below and graphically illustrated in Figure
9-13.

Graphical Calibration Method
(Jacksonville District)

Procedure For Field Calibration of Digital or Analog Depth Sounders

Figure 9-9, page 9-13 @ | DROP BARTO 20.00" |

ADJUSTDIRTO 20.0°*
LSING DRAFT (TIDE CONTROL

@I DROP BARTO 40.0" |

m OBSERVYE DIR READING

@0.0' + 0.1)* |
| Ic:HEc:K|@30.0’|*"‘ |

ADJUST DIR TO 400" *

USING VELOCITY CONTROL @ | _cHECK @200° ** |

RETURN BAR T0 20.0°" FAIL PASS - END
OBSERVE DIR READING

MORE THAN 200’ * F 20,0 + 0.1)* > LESS THAN 200’ *

(VELOCITY TOO SLOW) (VELOCITY TOO FAST)
I I
ADJUST DIR TO 20.0°* ADJUST DIR TO 20.0°*
USING DRAFT/TIDE CONTROL [eass ] USING DRAFT/TIDE CONTROL
SIMULTANEQUSLY SIMULTANEQUSLY
INCREASE VELOCITY CONTROL DECREASE VELOCITY CONTROL

@

* DEPTH CAN VARY DEPENDING ON DEPTH OF WATER TO BE SURVEYED, SHOULD BE
WITHIN 5' OF SHALLOWEST AND DEEPEST WATER.
* NOTE: Recommended check depth interval = every §’

Figure 9-13. Jacksonville District calibration method
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Calibration is a sequential process performed by trial and error so that the index/draft and the sound velocity
errors are simultaneously minimized. Two depths, for example, 20 and 40 ft, are chosen that correspond to
the maximum and minimum project depths. The bar is lowered to the lesser depth, and the depth recorder
display is adjusted with the index controls to read that depth value. The bar is then lowered to the greater
depth, and the reading is adjusted to that depth using the speed of sound control only. When the bar is
returned to the first depth, the reading is observed. If the display reads low (i.e., 19.9 ft), velocity is too high.
The display should be adjusted to the proper reading (20 ft) with the index control while simultaneously
decreasing the speed of sound control. Reverse the adjustments for a high reading (i.e., 20.1 ft). The entire
process is then repeated by lowering the bar to the greater depth, then back to the first depth for inspection of
the display until the correct reading is produced at all three steps (within +0.1 ft). Intermediate readings should
then be checked to compare displayed value with the known length of bar lines.

Once set, the velocity and draft settings will usually remain fairly stable for a given project area. The
primary advantage of the method described above is that a recorded depth can be easily referenced to a
required excavation grade. If the velocity of sound is not relatively constant throughout the working depth
range, it will not be possible to adjust the instrument so that it reads equal to the bar check at each depth
increment. In such cases, the data will have to be corrected by linear interpolation as described previously.

c. Modified graphical bar check calibration method (Norfolk District). This method is similar to
the graphical method except that the draft setting on the recorder is not modified. The bar is placed close to
the maximum project depth (40 ft in this example), and only the speed of sound control is adjusted so that
the observed bar equals the actual bar depth. The bar is then raised at 5-ft intervals throughout the range of
project depths, and observed bar readings are recorded. Any significant variation will be corrected in the
office data-processing program using the computational procedures described previously. This method only
minimizes the error near the lower level at which the sound velocity control was adjusted. The recorded
values at other depths will be proportionately in error. In the sample data from Table 9-4, at the 20-ft bar
check level the recorder will read 19.9 ft, a 0.1-ft error. Near the project excavation grade the instrument is
adequately calibrated. However, this is not true up the side slopes.

9-10. Velocity Meter Calibration Method

A velocity meter is a portable, hand-deployed instrument that directly measures sound velocity. A velocity
meter may be used to correct sounding data for dredging payment surveys provided independent
external/internal calibrations are periodically conducted using a traditional bar check--see paragraph 9-8g
for recommended procedures. Velocity measurements are always taken at the project work site. Two types
of velocity meters are shown in Figure 9-14.
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Figure 9-14. Innerspace Technology Model 443 and Odom DigiBar Velocity Profilers

a. General description of velocity meters. Velocity meters generally consist of a probe attached by
cable to a waterproof, hand-held control unit powered by internal batteries. The cable is numerically labeled
at 5-m intervals and marked in 1-m intervals, or labeled at 10-ft intervals and marked at 5-ft (or more
frequent) intervals. Some models use a pressure sensor for depth determination, thus minimizing cable slant
range errors. Velocity meter output is typically speed of sound as a function of water depth. Sound
velocities should be recorded at 1 to 5 ft depth intervals. Readings should be made to the nearest 1 foot per
second (fps). Where velocity of sound is not constant over the water column (e.g., Table 9-4) a correction
table should be developed in processing software. This is especially critical for multibeam systems where
velocity variations can refract outer beams. Software processing systems, such as HYPACK
(PROCESSING\SOUND VELOCITY), provide a sound velocity correction table based on velocity
readings at incremental depths (Figure 9-15). It is absolutely essential that velocity meter data be
periodically checked with a standard bar check. The following paragraphs describe some of the basic
specifications of two velocity meters. Additional information can be obtained directly from the
manufacturers listed at the end of this chapter.
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Figure 9-15. HYPACK sound velocity correction

(1) Innerspace Model 443. The Model 443 Velocity Profiler (Figure 9-16) measures and records
an accurate speed-of-sound for each foot of the water column automatically as the probe is deployed. It
then computes and displays sound speed and draft values for use in the depth sounder for calibration.
Since depth is determined by a sensor in the underwater probe, the length or angle of the cable paid out is
unimportant, thus enabling the sampling of data while underway. Since the Innerspace 443 provides
precise speed-of-sound for each foot of the water column, this data can also be used to correct acoustical
transmissions from any underwater ranging device, such as transponders used in oil exploration and other
devices such as multibeam sonar. Via the RS232 front panel connector, the speed-of-sound/depth values
can be sent to a computer for further analysis of the water column speed-of-sound gradient. For
multibeam sounding, an acoustic speed-of-sound can be logged for each foot of the water column. This
information can be sent to a computer where it can then be used to apply different speeds-of-sound to
different segments of the water column for more accurate velocity corrections when processing
multibeam sonar data. The Innerspace Model 443 additionally computes and displays the average sound
velocity over the measured water column and the draft/index corrections. This process effectively provides
a correction equation for speed of sound in the water column.
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Figure 9-16. Innerspace Model 443 velocity profiler

(2) Odom Digibar Pro velocity meter. DIGIBAR-PRO (Figure 9-17) is a velocimeter that employs
the sing-around method of sound velocity determination. Mounted near the end of the sampling probe is the
high frequency "sing-around" transducer and its associated reflector. This precisely spaced pair is used to
measure the velocity of sound in water by transmitting and receiving a signal across their known separation
distance. After the first transmission, the received echo is gated and introduced into the feedback loop of an
oscillator that re-triggers the transmitter and begins the cycle again. The frequency resulting from this
regenerative feed-back loop is determined by the distance the signal travels (transducer to reflector and
back) and is directly proportional to the velocity of propagation of the sound pulse through the measured
medium (in this case water). This method of direct sampling means that all factors that influence the speed
of sound, including salinity, pressure, and temperature, are taken into account. An embedded RISC
processor in the probe digitizes the sing-around frequency and depth information, sending that data along
with temperature and calibration constants in ASCII format via a 2 wire current loop up the cable to the
hand-held control unit at a 10 Hz rate. In the control unit, another microprocessor accepts data from the
probe, converting the frequency information to sound velocity, and the pressure data into depths, storing
them in internal memory. In addition to converting both values to usable units, the control unit provides an
operator interface. The multi-line display and system of menus guide the operator through the steps
required to complete a velocity cast. Other features of the control unit include, data storage space,
interfacing circuitry for transmission of collected data to a PC, and a power source (three Alkaline C-cells)
for driving both the probe and its own internal circuitry. The velocity and depth information collected from
up to 10 casts can be stored in DIGIBAR-PRO's internal memory. The average velocity value of each cast
can be calculated, or the entire velocity profile of the cast can be up-loaded to a PC, in spreadsheet format,
for subsequent use in ray-bending calculations. The unit not only samples, displays, and stores values for
the speed of sound in water, but it also ties each collected value to a precise depth. The instrument is made
up of a hand-held controller (splash rated to IP-65), a Kevlar reinforced cable (with a 400 Ib. breaking
strength rating), and a marine grade stainless steel probe. The velocity of sound and depth values displayed
on the DIGIBAR-PRO front panel are measured, stored in memory, and displayed by the system's internal
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microprocessor and its associated circuitry. The processor applies Del Grosso's formula to the sing-around
frequency calibration constants, yielding accurate and traceable velocity results. The meter has a pressure
sensor to determine depth of the probe. The precise profiling capabilities allow multibeam sounders to
utilize the output of the DIGIBAR-PRO directly in their critical ray-bending calculations.

Figure 9-17. Odom DIGIBAR PRO velocity meter

b. Velocity probe quality control test. A quality control test must be performed one time each week
that the velocity meter is used to determine sound velocity corrections. These tests may vary depending on
the manufacturer's recommendation. The following equipment is typically needed for data quality assurance
tests of velocity probes:

. Calibrated thermometer
. Clean fresh water
. Clean vessel (plastic bucket) large enough for the probe.

Fresh water is needed because its salinity (parts per thousand) is less than that of sea water. In some cases
the fresh water salts, pollutants, or other particles in suspension may affect the water density or the
elasticity. Distilled water should be used if this is the case. Reduction of salinity and pressure effects leaves
the elastic water property a function of temperature only for practical purposes. This determines the average
sound velocity through the layers in the water column. Using the manufacturer's chart, the propagation
velocity can be computed with known temperature. A worksheet similar to that shown in Figure 9-14 may
be used as a record of the test. This worksheet was constructed for the Odom velocity meter. Computer
programs are also available from the manufacturers for this calibration.
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c. Velocity meter corrections/calibrations. The velocity probe measures the actual sound velocity
over the entire depth measurement range. From these data, a correction algorithm can be devised for on-line
or post-processing data reduction. If velocity probe data are used to obtain an average sound velocity over a
given range, then this average velocity (or velocities) may be used to adjust the digital or analog recording
device as is done with a bar check calibration. The average velocity from a probe will be the same as the
indirect velocity determined by a bar check. A velocity probe calibration does not confirm/check the
index/draft setting on the analog/digital recorder. This must be done with a standard bar check.

d. Index correction. The application of the probe's average velocity data depends on the type of
probe system used and any software included with that system. The Innerspace 443 probe system used by
some USACE districts automatically determines the average velocity (v;) of the layer between the surface
and the upper project depth (UD) and the average velocity (v,) between the UD and lower project depth
(LD). The average velocity is dialed into the depth recorder (digitizer), and the index setting is computed
from the following equation and set into the recorder:

Index Correction = [UD (v; - v;)) + Draft-v,] + v,

(Eq 9-5)
Where:
UD = upper project depth
Vi = average velocity -- surface to UD level
) = average velocity -- UD to LD levels
Draft = measured draft of vessel

A major advantage of a velocity probe check over a bar check is the ability to perform rapid calibrations in
heavy seas or currents. Calibrations are thus more easily (and frequently) performed directly at the project
site. If repeated comparisons between the velocity probe and bar check yield consistent velocity
measurements, then the velocity probe can be used with confidence. It is important to remember that the
velocity probe measures only the “v” term in Equation 9-1. Therefore, a conventional bar check must be
periodically performed in conjunction with a velocity probe measurement to calibrate system indexes and
draft corrections. Those velocity probes that additionally derive the draft and index constants in Equation
9-1 must also be verified with a bar check device. These corrections may also prove to be relatively stable
over the long term, as has been indicated by field results.

9-11. Squat and Settlement Calibration Test

As a vessel's velocity increases, it generally settles or squats into a lower profile in the water, causing an
error in depth measurement that must be corrected--Figure 9-18. A squat test should be performed at least
annually to determine the relation between boat speed and transducer height above or below the static
sounding reference plane. Report results of this calibration test using a standard field book. Squat
correction tables/curves should be permanently posted aboard the vessel--see example in Table 9-5.
Without squat correction, channels may be actually dredged deeper than the drawings indicate. RTK DGPS
systems which provide direct (absolute) antenna-transducer elevation eliminate the need for the squat
correction, as the antenna height will record the squat in real-time. However, if the RTK DGPS system is
set up to provide only the antenna height and is not configured to resolve the transducer elevation, then the
squat correction must still be applied.
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Settlement - At low speeds the effect of moving the hull through the water causes a
local depression in the water surface around the hull. The effect of increasing speed

on vessels with planing hulls is to cause them to lift out of the water.

==

Squat - Changes in vessel trim as it moves through the water. Little appreciable
affect on transducer depth if transducer is located near amidships.

Figure 9-18. Squat and settlement effects on vessel draft (from NOAA)

Table 9-5. Squat and Settlement Calibration (65-ft Surveyboat Florida, Jacksonville District)

Conducted 29 May 1998, St. Johns River, Jacksonville, FL

Engine RPM Upstream Rod ~ Downstream Rod Tide Squat  HYPACK Entry
Dead in water 0.70 - 1.12 0.00

800 0.73 0.73 1.19 -0.10 +0.10

1000 0.65 0.63 1.33 -0.15 +0.15

1200 0.62 0.58 1.43 -0.21 +0.21

1500 0.58 0.58 1.50 -0.26 +0.26

1800 0.43 0.41 1.60 -0.20 +0.20

a. Conventional differential leveling techniques are utilized to measure the required calibration
constants under normal loading (fuel/personnel) conditions. A level is set up on a pier or bulkhead with the
boat in a static position in calm water, and elevations are taken at a point on the boat directly over the
transducer, i.e., amidships (see Figure 9-19). With a stadia board or level rod held at this point, the boat is
driven past the instrument at various speeds, and elevation differences are noted at each speed. In moving
bodies of water (wind and/or current), this procedure must be run both up and down current to obtain the
mean speed/squat. Boat velocities and observed rod readings are recorded on the form. A subtraction of
rod readings after due correction for tide differences gives the squat corrections at each velocity.
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Figure 9-19. Squat and settlement test procedure with differential leveling

b. Corrections are added to the soundings to refer them to a static state. Squat corrections
are therefore considered positive quantities as the transducer depresses (squats) deeper into the water at
increased speeds. In this case, a positive squat is added to the raw observed/recorded depth. A negative
squat may occur with high-speed planing, surface effect, or hovering type vessels. For these types of survey
vessels, a squat test is especially critical and must be performed more frequently.

9-12. Miscellaneous Controls and Checks

a. Vessel draft variation correction. Boat loading variances during the course of a survey will
affect transducer height. Short-term variations in the draft due to fuel usage may be observed directly from
scribe marks on the hull abeam of the transducer. Any such variation should be evidenced directly in
subsequent bar checks, and only then may these draft variation corrections be applied to observed depths.
The actual draft/index setting on the recorder/digitizer should not be changed to reflect a draft variation.
These variations should be applied during the on-line or post-processing sequences. Likewise, a physically
measured draft is not directly entered into a echo sounding/recording device but must be confirmed by an
independent calibration. The actual draft should be determined by performing a standard bar check
calibration near the upper water surface with the upper bar level set just below the transducer depth, i.e., 3 to
6 ft. A sequential trial-and-error calibration is performed as described previously. When no further
adjustments are required either at the selected lower depth or at the upper depth, the final draft setting is
considered to be the transducer draft. Data from this draft calibration observation should be compared with
the water line mark readings to establish a record of draft variations, from which corrections can be directly
applied to recorded depths based solely on hull waterline-mark elevations.
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b. Sensitivity/gain control. Most echo sounders use a sensitivity control to vary the detection
threshold at which a recorded acoustic signal is displayed. The shape and intensity of the returning pulse is
partly a function of the bottom material. In unconsolidated sediments, slight variations in the sensitivity
control can cause significant variation in the detection threshold, i.e., depth. Increased sensitivity can cause
returns from vegetation to be recorded. Reflective characteristics of the check bar may also differ
significantly from the bottom material. These constant variations can exceed 1 ft in some instances and can
easily represent the major error component in depth measurement. The sensitivity/gain control may be
varied during the initial bar check calibration to determine if there is any effect on the depth reading/display.
If so, the sensitivity control should not be changed during the course of the survey; nor should automated
settings be selected. To minimize errors due to this source, it is best practice not to change the sensitivity
and gain controls during a survey or between successive surveys of the same project area.

c¢. Frequency stability. The stability of the mechanical frequency of older mechanical analog
recording sounders can be a problem and must be continuously monitored. Many recorders display a
“calibrate" line that records the frequency stability. This line should be stable to +0.1 ft or +0.2 percent.
The machine frequency, or “speed of sound” control should never be changed except during an initial
(before-survey) bar check. Echo sounders with erratic frequency stability should be replaced.

d. Draft display stability. The “draft” or “index” line on an older mechanical analog recorder must
be stable to within +0.1 ft during the course of a survey. Corrections must be made for lateral movements in
the recording paper based on the movement in the index reference setting. Draft settings should never be
altered except during initial calibration bar checks. Draft variations are not a problem on digital recording
devices.

e. Display phase shifts. Calibrations of older mechanical analog recorders are valid only on the
display phase on which they are performed. If use of a deeper display phase is required, the second phase
must be calibrated separately from the first phase. Because some portable sounding recorders can have 2-ft
or more phase shift errors, this check is critical in deep-draft projects in which switching between phases is
common. Ifthese phase errors are large, it is often easier to place a large index constant on the second
(deeper) phase and perform all bar checks and surveys on this phase exclusively, eliminating any need to
switch between phases.

f- Lead line calibration check on echo sounders. A hand lead line may be used to roughly check
an echo sounder. This check should be done over a hard, flat bottom of depth at or near project grade.
The echo sounder recorder velocity is then adjusted so that the displayed depth equals that observed with
the lead line. Calibrating an echo sounder in this manner is only accurate at the lead line depth. This
method of calibration is acceptable only for non-navigation surveys. However, it may have application in
correlating dual frequency recorders in fluff areas.

9-13. Plotted Depth Options for Single Beam Surveys

Depth sounders are capable of recording depths at rates of 10 or more per second. However, positional
updates are typically input every second. Thus, the processing software must interpolate and time-tag
positions for the intermediate depths--Figure 9-20. Likewise, roll, pitch, heave and heading data comes in at
varying times and must be time-tagged to each depth. This time-tagging is usually performed off-line. It is
not feasible to plot all recorded "shot" depth data in plan view. Reduced sounding data are normally plotted
on the final plan drawings at a density of between 4 and 8 soundings per inch at the scale of development--
e.g., between 12 ft and 25 ftat 1 " = 100 ft. Higher densities (or all recorded depth data) may be plotted in
profile form in section views.
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Figure 9-20. Tagging positions to intermediate depths

a. Depth filtering, thinning, and binning. Single beam profile data may be thinned using
intelligent data thinning software routines. Placing data points at evenly spaced distances (single-beam
binning) along the cross-section track may corrupt the topography. Intelligent software is available to filter
and thin data while maintaining integrity of the profile--see Chapter 11, paragraph 11-12 (Multibeam Data
Editing and Processing). When depth databases are thinned for plotting or other purposes, the random shot
depth should be used. If databases are sorted to reduce the density of depths collected along a cross-section,
then random depths along the section should be selected such that overplotting adjacent depths is avoided.
Use of randomly thinned depths most correctly represents the original database and the accuracy of the
individual observations. HYPACK sorting programs CROSS-SORT is designed to locate and plot the shot
point depths in a selected region such that overplots are avoided.

b. Shoal biased minimum depths. Various depth data selection and thinning processes are
employed to reduce depth data for plotting purposes. HYPACK sorting program "SORT" is designed to
locate and plot only the minimum depths in a selected region such that overplots are avoided. Selection of
minimum depths is termed "shoal biasing" in the Corps. Use of shoal biasing techniques is primarily
intended for nautical charting purposes where the least recorded depth in a given area is desired. These
minimum depth biasing techniques should not be used for dredging measurement and payment surveys--
especially on after-dredging surveys where suspended sediment biasing can occur. Minimum depth biasing
can also distort side slope depiction or bias shoaling along toes. Minimum depth selection should never be
used when roll, pitch, and heave corrections are not observed and applied. Use of minimum depth biasing
has led to numerous contract disputes and claims. Shoal biasing selected minimum depths may have
application for project condition surveys when no quantity estimates are made from the data. Drawings
should clearly note that original depth data was sorted and reduced by minimum depth selection methods.

¢. Depth resolution. It is USACE policy to record and plot corrected depths to a resolution of 0.1
ft. Depths should be rounded using standard engineering practice.
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9-14. Latency Tests

Latency is the time difference or lag between the time positioning data are received and the time the
computed/processed position reaches the data logging module and is time-tagged. Latency typically
results in a negative along-track displacement of the depth measurements--i.e., the time-tagged observed
depth is acquired during the positioning system reading cycle whereas the output position is time-tagged
when the computation cycle has been completed (see Figure 9-21). While surveying at slow speeds, this
displacement will be small. At higher speeds, the displacement increases--i.e., it is proportionate to the
speed. Position-depth latency distances of up to 40 ft have been observed--an intolerable systematic error
that must be corrected and periodically calibrated. The impact of a latency error is illustrated in Figure 9-
22 where a sawtooth contour results and dredge payment quantities become biased. Latency
displacements are also a function of the type of positioning system used. For DGPS systems, the
processing time for the position will vary with the number of observations used in the final GPS solution-
-thus causing small variations in the latency itself. Use of the T, pulse from the GPS receiver minimizes
this error. If the time imbedded in the GPS message is used, then the correct synchronization between
this time and the transducer or signal processing clock must be assured. The latency delay is computed
by measuring the along-track displacement of soundings from the pair of coincident lines run at different
speeds over a steep slope or other prominent topographic feature. Details on performing latency time bias
tests are found in the Multibeam Systems chapter of this manual. Procedures for applying latency
corrections (in real-time and/or post-processing corrections) are contained in hydrographic survey
software manuals--typically under hardware setup sections where various positioning equipment offsets
are entered. Latency bias calibration tests and application of correctors are absolutely mandatory for all
USACE surveys.

GPS/DGPS position update
and computation time varies

Acquire with number & location of satellites,
GPS/DGPS GPS processor, etc
Positioning
Data Latency time 4
Enter sensor's offsets relative ta ﬂl
boat reference point:
4 or more Starbomrd:  |-280 v [0.00
satellites Forward: [5.60 Pitch: [0.00
(varies) varies Height: [10z0 Rol: [0.00
>
LATENCY TIME
ERROR HYPACK device setup--offsets and latency
Acquired position Time-tagged output C
update point position update point [Tt
Time-tagged depth )

Figure 9-21. Positional latency correction
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Figure 9-22. Effect of latency error in data contours as shown in plan view of channel (top). Potential impact
of latency error on dredge payment shown in bottom view
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9-15. Depth Quality Assurance Techniques for Single Beam Surveys

This section describes various procedures used to monitor quality assurance (QA) on a single beam
hydrographic survey. These techniques are applicable to critical navigation and dredging payment surveys.
The primary and most critical reason for these QA tests is to detect a systematic bias in the data--e.g., tide,
velocity, squat, etc. QA tests generally rely on comparisons of depth measurements observed from
independent surveys of the same area by the same survey vessel. The adequacy of these comparisons
depends on the number of depth comparisons made and the independence of the comparative surveys; in
many instances, the number of comparison points is not statistically valid and the surveys are not truly
independent--see Chapter 4. From a rigid statistical sense the results of such comparisons are only an
"estimate" of the true data accuracy. Therefore, comparative data derived from these surveys cannot be
considered an absolute QA check.

a. Cross-line check method. To perform quality control checks on the internal consistency of
dredging measurement and payment surveys, cross-line checks should be taken normal to the channel cross-
sections. Preferably, these data are obtained at different tide/stage levels and after recalibration of depth
sounding equipment. Elevations should be determined on survey lines and cross lines at each crossing by
linear interpolation, using either manual or automated techniques. Differences should be tabulated and
statistically analyzed. At least 100 check comparisons should be obtained--see minimum requirements in
Chapter 4. The mean difference and standard deviations of crossing elevations should generally fall within
the tolerances shown in Table 9-6. Exact linear interpolation for line intersections may not be necessary if
the footprint size of the echo sounder is considered. The mean difference or bias between the two separate
surveys is far more critical test than the standard deviation test result. A simplified example is shown in
Figure 9-23. In this example, only 12 intersections are computed--a totally insufficient number of
comparisons for any meaningful analysis--refer to paragraph 4-7 (Approximate Field Assessments of Depth
Measurement Accuracy) in Chapter 4 for a discussion on the minimum number of cross-line checks that
should be obtained. The mean difference and the standard error in this example are well within tolerances.
The results of such an analysis will be noted on all plots, drawings, metadata files, maps, or charts as an
indication of the data consistency obtained.

b. Automated computation of cross-line checks. Computer software to perform the cross-line check
comparisons may be obtained from vendors. This software reads the cross-section profile data file and the
longitudinal profile data file. It then computes the intersection and interpolates a depth from each input file.
Each record of the output file lists the horizontal intersection, the interpolated depths, and the absolute
difference in depths, along with the mean difference and standard deviation. If the output standard deviation
is computed at the one-sigma level, then it must be multiplied by 1.96 to convert it to the 95% confidence
level specified in Table 9-6 and Table 3-1. The example shown in Figure 9-24 is from HYPACK MAX
Cross Check Statistics routines.
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Given the following cross line check data,

cs = depth from cross section survey L = depth from longitudional check runs
cs401 +0.2 cs401 0.2 cs 426
+ + +
« L 399 + L 403 . L 424
417 40.3 424
. SMT 404 Lo +0.2 cs
« L4113 ™ < L401 AV - La427
. Residual differences “v “ .
¢ cs456 +(0.1 € « cs41.2 01 . cs 41.3
+ + +
+ L 455 « L 413 . L 417
« cs445 +0.2 « cs427 +0.3 © cs44.1
+ + +
« L 443 - L 424 . L 44.0

Mean of differences = sum (v) /n = +0.7/12 = +0.058 ft << 0.2 ft allowed
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-0.3

Standard error (95%) =1.96 * sqrt [sum |v2|/(n-1)]= 1.96 * sqrt[ (0.69)/11] = +/- 0.50 ft
( +/- 2.0 ft allowed in > 40 ft project )

Figure 9-23. Sample cross line check computation

INPUT INFD

Section File | Iroiects\HaI\E dit'halll 28.log
Crozs Line File | Iroiects\HaI\E ditshall 01 6.log

I Cross Statistics
File Wiew Print Help

|\Proiects\H ahEditsHal T=T

Search Radiuz IEU ok |
[rata Denzity |3 Cancel |

=10 x|

Cross Check |  ©062_1022_PAT |  B883_1029_PAT | 8Bu_1832.PAT |
Table | =1 z2 dif | =z1 z2 dif | =1 z2 dif |

| | | |

807_1884 .PAT | 6.46 6.12 98.3% | 11.32 11.49 -8.17 | 24.37 23.68 0.69 |
| | | |

008 1067 .PAT | 9.50 9.52 -0.82 | 9.33 8.96 0.37 | 13.78 12.87 0.91 |
| | | |

009 _1009.PAT | 6.36 6.69 -0.34% | 11.72 11.76 -0.084 | 12.683 11.38 0.73 |
| | | |

o160 1811.PAT | nfa n/a n/fa | n/a nfa n/a | 11.53 18.96 B.57 |
| | | |

B11_1812.PAT | 7.78 7.44% 9.34 | 6.83 6.67 B.16 | 8.20 7.96 8.24 |

Figure 9-24. Cross line statistics routines (Coastal Oceanographics, Inc.)
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c. External check line comparisons (Norfolk District). Another QA technique involves the
establishment of external check sections. In order to verify accuracy of the vertical portion of the survey,
check sections are set up on a large portion of projects. A track line is computed parallel with the channel
and outside of it far enough that any activity in the channel will not affect the natural lay of the bottom
covered by the track line. The line is computed so that it starts and stops on given station numbers, and an
area is picked that is relatively devoid of any abrupt changes in elevation. Depending on the length of the
survey there may be several lines, i.e. one in each tidal zone. These same lines are used each time the
project is surveyed.

(1) How many times the check lines are run is largely a field decision made by field personnel that
are on site. This decision is based on the weather, the length of time they have been surveying, the number
of sections covered, and the performance of the depth recorder. At any suspicion that erroneous depths are
being received, the calibration is checked and the check line re-run.

(2) Check lines are processed in the office just like any other line. These lines are not plotted on
the map; instead they are run through a computer program that computes the average difference between
each check line covering the same stations--see Figure 9-25. In this way it can be determined if a vertical
shift has occurred. Such a shift would likely indicate problems in the local tidal model.

Cape Henry Channel -- External Checkline “A”
USAED Norfolk Surveyboat Adams

Date of Section Time Average Depth Residual Residual Squared
06/26/92 947 37.83 -.01 .0001
06/26/92 951 37.85 .01 .0001
06/26/92 955 37.82 -.02 .0004
06/26/92 959 37.86 _.02 .0004
Totals 37.84 0.00 .0010

50% Error = (+/-) .0123146288346 = (+/-)0.6745 * Standard Deviation
Standard Deviation = (+/-) .0182574185835
90% Error = (+/-)1.6449 * Standard Deviation = (+/-) .030031627828

P&S Survey by Adams (RJW)

Date of Section Time Average Depth Residual Residual Squared
10/28/92 1622 37.95 0.00 0.0000
10/28/92 1627 37.95 0.00 0.0000
10/28/92 1631 37.92 -.03 .0009
10/28/92 1635 37.97 _.02 .0004
Totals 37.95 -.01 .0013

50% Error = (+/-) .0140408371664 = (+/-)0.6745 * Standard Deviation
Standard Deviation = (+/-) .0208166599947
90% Error = (+/-)1.6449 * Standard Deviation = (+/-) .0342413240252

Figure 9-25. External check line comparison (Norfolk District)
d. Averages of Extended Cross Sections (Norfolk District). Extended cross sections represent yet
another quality control technique. They provide a means for comparing successive surveys of a given
area. These comparisons help establish survey repeatability.

(1) The use of extended cross sections for comparing successive surveys requires that four
conditions be satisfied. First, the number of extended cross sections needs to adequately represent the
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survey. Second, each cross section must be extended beyond the area affected by dredging, since the
comparisons could be made between surveys conducted before and after dredging. Third, the bottom
outside of the dredging area must be relatively flat; otherwise it will be difficult to distinguish between the
natural bottom and a survey discrepancy. Finally, the bottom must be relatively stable outside of the
dredging area.

(2) The primary purpose of extended cross sections is to compare two given surveys by computing
the average depth along the extended portion of each cross section. This is repeated for each successive
survey of a given cross section. The algebraic difference between the average depth of each of the two
surveys is computed. Then the average algebraic difference of all the cross sections is computed. The result
of this analysis (Figure 9-26) will be a measure of how well two given surveys at a given cross section
repeat each other and how well the two surveys of the entire group of cross sections compare overall.

Richmond Deepwater Terminal -- Average of Extended Cross-Sections
USAED Norfolk  Surveyboat Adams

Average Depths are computed from 0 feet outside Toe to 100 feet outside Toe

Station No. Avg. Depth (ft) Avg. Depth (ft) Col1-Col 2
5400.00 17.5 17.2 3
5469.75 18.3 18.6 -3
5500.00 18.4 18.3 A
5600.00 18.0 18.1 -1
5700.00 18.2 18.1 A
5800.00 19.1 18.8 3
5900.00 19.8 19.6 2
6000.00 20.6 20.4 2
6100.00 21.9 21.6 3
6200.00 21.3 20.9 4
6300.00 21.2 21.0 2

Average 19.5 19.3
Average Difference All Surveys = 2

Figure 9-26. Extended cross-section comparison

9-16. Summary of Quality Control Criteria for Single Beam Echo Sounders

The following table contains critical QC and QA requirements for USACE single-beam surveys
supporting dredging and navigation. This guidance has been developed from years of experience in
numerous districts. It is intended to ensure Corps-wide consistency and quality in data used for water
resource planning, design, construction, and operation. Requests for internal or external waivers from this
guidance should be thoroughly justified and documented, especially if dredge measurement and payment
surveys are involved. The table contains criteria for single-beam surveys in rock-cut projects. Since
Table 3-1 requires 100% sweep coverage in such projects, use of a single beam system would not be
practical. However, should a HQUSACE waiver from 100% coverage be obtained, then the criteria in
Table 9-6 would be applicable.
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Table 9-6. Quality Control and Quality Assurance Criteria for Single Beam Surveys

PROJECT CLASSIFICATION

Navigation & Dredging Support Surveys
Bottom Material Classification

Other General Surveys & Studies
(Recommended Standards)

Hard * Soft
TRANSDUCER MOUNTING LOCATION:
In-hull amidships below antenna Required Recommended Preferred
Port-starboard (over side) mounts if full HPR corr'n if full HPR corr'n Optional
Stern or bow mount if full HPR corr'n if full HPR corr'n Optional
ACOUSTIC FREQUENCY (+ 10%) 200 kHz 200 kHz 200 kHz
Beam angle @ - 3dB power points 3 deg 8 deg 8 deg
Low frequency fluff applications 24-28 kHz 24-28 kHz 24-28 kHz
VELOCITY CALIBRATION PROCEDURES:
Perform at least 2/day 2/day 1/day
Bar check Preferred Preferred Optional
Ross Ball check (w/ periodic bar cks) Optional Optional Optional
Check with bar every Month Month Month
Velocity casts (w/ periodic bar checks)  Optional Optional Optional
Check with bar every Month Month Month
Lead line calibrations allowed No No Optional
BAR/BALL CHECK CALIBRATION:
Bar/ball cables marked at least every 51t 51t 51t
Independently measure cables Quarterly Annually Annually
Correct line errors exceeding 0.05 ft 0.05 ft 0.05 ft
Location of calibration At project site Near project site Vicinity
Number of comparisons within range 3+ (every5ft) 2 2
Record calibrations to nearest 0.1ft 0.1t 0.1 1t
Data rejection tolerance between checks 0.2 ft 0.3 1t 0.5 1t
VELOCITY PROBE CALIBRATIONS
Perform internal calibration Weekly Weekly Monthly
Record velocity to nearest 1 fps 1 fps 1 fps
Record velocities at least every 51t 51t 5 ft
Reject tolerance between checks 5 fps 5 fps 5 fps
Location of calibration At project site Near project site Vicinity
MOTION COMPENSATION REQUIREMENTS:
Compensation reqd if roll-pitch exceeds > 5 deg > 10 deg No limit
Compensation reqd if heave exceeds >0.2ft >0.5ft No limit
Roll-Pitch beam steering position
displacement reqd if corrn>1m  Required Recommended Optional
Roll-Pitch beam slope-vertical corr'n
reqd if error > 0.2 ft Required Recommended Optional
Yaw position correction Recommended Optional Not reqd
Pitch bias test at installation at installation Not reqd
Transducer stabilization Optional Optional Not reqd
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Table 9-6. Quality Control and Quality Assurance Criteria for Single Beam Surveys (continued)

PROJECT CLASSIFICATION
Navigation & Dredging Support Surveys Other General Surveys & Studies

Bottom Material Classification (Recommended Standards)
Hard * Soft
MISCELLANEOUS CHECKS
Squat test calibration performed Annually Annually Annually
Check vessel draft variations 2/day 2/day 2/day
LATENCY TEST
Perform every 3 mos 6 mos Annually
Recommended vessel speed NTE 5 kts 10 kts Unlimited
QA CROSS-LINE PERFORMANCE TEST
Requirement Required Optional Not reqd
Maximum allowable mean bias <0.1ft <0.2ft N/A
Standard deviation (95%) [ per Table 3-1 ] N/A

Minimum number of comparison points  [100 points--see Chapter 4, section 4-7]

RECORDED DEPTH

Depth recording density 50-100 millisec  250-1,000 millisec as reqd

Dredge payment quantities Full density shot Full density shot N/A

B/D or A/D plot Selected shot Selected shot N/A

Project condition plot (thinned) Shot Shot or average Optional

Record depth to nearest 0.1 1t 0.1 1t 0.1 1t
ARCHIVED ANALOG DEPTH RECORDS

Contracted construction [ Hard-copy or write-once disc ]

Project condition surveys Digital Digital Optional

* HQUSACE waiver required

9-17. Referenced Equipment Manufacturers

a. Odom Hydrographic Systems, Inc., 8178 GSRI Road, Building B, Baton Rouge, LA.
http://www.odomhydrographic.com

b. Innerspace Technology, Inc., 36 Industrial Park, Waldwick, NJ.
http://www.innerspacetechnology.com

¢. Knudsen Engineering Limited, 10 Industrial Road, Perth, Ontario, Canada.
http://knudsenengineering.com

d. Ross Laboratories, 3138 Fairview Ave. E., Seattle, WA 98102.
http://www.rosslaboratories.com

e. Raytheon Marine Company, High Seas Products, 22 Cotton Road, Nashua, NH.
http://www.raymarine.com

f. Coastal Oceanographics, Inc. (HYPACK MAX). 11-G Old Indian Trail, Middlefield, CT.
http://www.coastalo.com
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9-18. Mandatory Requirements
The criteria for navigation and dredging surveys in Table 9-6, along with supplemental explanatory material

throughout the chapter, are considered mandatory. Allowable exceptions or deviations from the criteria in
Table 9-6 may be contained in these sections.
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Chapter 10
Multiple Transducer Channel Sweep Systems for Navigation Projects

10-1. General Scope

The Corps deploys a variety of multiple-transducer channel sweep systems for clearing shallow-and deep-
draft navigation projects. These systems are designed to provide 100% coverage (see Figure 10-1) of a
given project site and are particularly useful in searching for and supporting clearance of hazards to
navigation. They also are used for performing dredge measurement and payment surveys since their full
coverage capabilities provide more-accurate quantity computations. After-dredge surveys performed with
channel sweep systems are used for certifying channel grade clearance. Some districts use sweep systems
for routine project condition surveys because they are useful in locating channel obstructions or “strikes.”
Multiple transducer systems are mainly used on shallow draft and inland navigation projects. Their use
on deep draft projects is declining due to increased reliance on multibeam technology. Since multiple
transducer systems are similar in operation to single beam systems, most of the quality control and quality
assurance procedures covered in the previous chapter are applicable to multiple transducer operations.
Specific technical criteria for multiple transducer systems are found in Table 10-1 at the end of this
chapter.

Figure 10-1. Generalized multiple transducer sweep array

10-2. Background

Multiple transducer systems were first deployed in the Corps during the early 1970s. The primary goal
during that time was to replace the mechanical bar sweeps used by some districts for project clearance
and acceptance. Most Corps districts contracted with Ross Laboratories to develop systems with
transducers mounted on side-mounted booms. Other multiple transducer systems were developed by
Raytheon, Innerspace Technology, and Odom. Currently (FY 01) eight districts are operating multiple
transducer systems on both shallow- and deep-draft navigation projects: Detroit, St. Louis, St. Paul, New
York, Savannah, Mobile, New England, and Portland.
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10-3. Design of Channel Sweep Systems

Channel sweep systems are simply a series of standard single beam transducers vertically mounted on a boat,
barge, or other stable platform. The transducers are typically mounted boom attachments to the vessel. The
number of transducers in a sweep ranges from three up to 32. Bottom coverage is a function of transducer
spacing, beam width, and channel depth. Due to high resultant motion at the far end of each boom (from
vessel roll), boom-sweep systems are normally effective only on calm, restricted inland waterways.
These systems are used to perform both payment and project condition surveys. Boom-mounted sweep
vessels normally perform longitudinal run sweep surveys in order to identify shoals for dredging.

a. Sweep width. The sweep width is determined by the type of vessel deployed and project
(channel) characteristics. Typically, sweep systems are designed to cover swaths ranging from 25 ft to over
120 ft. Optimizing sweep width with vessel maneuverability is often difficult--large sweeps using boom-
mounted transducers being more difficult to control. Optimizing sweep width requires consideration of
vessel characteristics and local conditions.

b. Transducer configuration. Sweep systems may use any number of transducers. Two or more
transducers may be mounted permanently in the vessel hull. Additional transducers may be mounted on
“over-the-side” outriggers or, more commonly, from hinged, retractable booms deployed to port and
starboard. The more common systems deploy between 3 and 12 transducers on combinations of hull and
retractable boom mounts. Figure 10-2 depicts a typical Ross boom sweep system operated by the St.
Louis district. Similar boom-mounted Ross sweep systems are deployed by the St. Paul, New York,
Mobile, and Savannah districts.

Figure 10-2. Typical Ross boom sweep system (St. Louis District)

(1) A typical installation for a boom system would include one or more transducers mounted in
the hull and two or more transducers mounted on each boom. Often, a five-channel system is used (1
hull, 2 port, and 2 starboard). Transducers are 208 kHz at 8-deg beam angle. Each channel has its own
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transmitter, receiver, and depth digitizer board. Both analog and digital depths are provided, and the
multi-channel depth data is multiplexed via a single RS232 board.

(2) The port and starboard booms are retractable via hand winch. The stored position is vertical--
usually against the side of the boat cabin. The individual struts mounting the transducers are designed
with a breakaway feature should the strut strike a floating obstacle. The boom assemblies can be removed
if necessary.

(3) Some portable multiple transducer systems were designed without boom arrays. Side
transducers were temporarily mounted to the hull of the boat, as shown in Figure 10-3. With only three
transducers, sweep coverage was reduced; however, higher vessel speeds could be attained without boom
restrictions.

Figure 10-3. Typical three-channel hull mounted sweep (Jacksonville District)

c¢. Transducer beam width and spacing. Transducer spacing is determined by the nominal
project depth, transducer beam angle, and desired side overlap between transducers. Transducer spacing
typically ranges between 3 and 10 ft, depending on channel/project depth. Ideally, this spacing could be
varied for given project depths; practically, however, the spacing is usually set for an optimum minimum
depth in most projects. Transducer spacing can be computed by the following:

Transducer Spacing = 2-(d) - tan (b/2)
(Eq 10-1)
where,
d = design project depth
b = transducer beam width
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Transducer spacing (in feet) for 8 deg and 16 deg beam widths for various project depths (at 100%
coverage--i.e., no overlap) are shown below.

Depth (Feet)
Beamwidth 10 15 20 25 30 40 50 75
8 deg 14 2.1 2.8 3.5 4.2 5.6 7.0 10.5
16 deg 2.8 4.2 5.6 7.0 8.4 11.2 14.1 21.1

From the above table, a five-transducer system operating in a 10-ft inland navigation project will cover
about a 15-ft swath if a 16-deg beam width is used. Larger beam width transducers may be obtained to
increase coverage. Full 100% coverage is not always required on shallow-draft inland projects; thus the
spacing can be adjusted for 50% to 75% coverage. Spacing may also be reduced to provide overlapping
coverage (i.e., > 100%) for critical strike detection.

d. Strike detection with sweep systems. The capability for strike detection using channel sweep
systems is highly dependent on the operating characteristics of the transducers and the acoustic processing
system, along with coverage patterns, floating plant maneuverability, and sweep overlap. Optimum
transducer spacing and beam angle are essential for strike identification given a nominal project depth.
Obtaining 100% coverage with an acoustic sweep system may not provide full assurance that all potential
strikes have been recovered. Many objects can deflect acoustic energy such that they are below the
detection threshold of the echo sounder. Some large rock fragments can exhibit “stealth-like” acoustic
characteristics to vertically mounted transducers, and thus avoid acoustic detection. In such cases, it is
best practice to run overlapping swath runs that will provide 200% (or more) bottom coverage.

e. Data collection methods. Both analog and digital data recording may be utilized on these
systems. Figure 10-4 shows an analog representation from three transducers in an older Raytheon 719
CSS system operated by the Jacksonville district. Many digital display modeling techniques are now
available to assist in interpretation of the large amount of recorded data, especially when 8, 16, 32 or
more transducers are simultaneously operating. Vessel guidance, tracking, and data storage is performed
using standard software packages containing modules for multiple transducer systems. Complete bottom
coverage is assured by screen painting swath tracks similar to multibeam systems.
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TYPICAL DATA FROM SWEEP OF A SUBMERGENT
DISPOSAL AREA SOUTH OF EGMONT CUT |,
TAMPA HARBOR (RAYTHEON 719 C55)
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Figure 10-4. Raytheon 719 CSS multiple transducer analog record ca 1980 (Jacksonville District)

10-4. Philadelphia District Channel Sweep System

The Philadelphia District operated a ten-transducer boom-mounted Ross sweep system until 1999. It was

used on deep-draft projects for clearance and dredge payment. It has recently been replaced with a
multibeam system. Since this system is representative of most USACE sweep systems, a brief description

of it follows.

a. Four of the 10 transducers are mounted directly to the hull of the catamaran-type survey
vessel. Six transducers are boom mounted, three to port side and three to the starboard side boom.
Transducers are calibrated with a bar check monthly. Daily, a Ross ball check is performed to monitor
the hull-mounted transducers. A sound velocity profile is also observed to monitor velocity changes.

b. Vessel sweep speed is normally between 3 and 6 knots. Sweep data from all transducers is
collected by time, not distance along the track line. Therefore, vessel speed must be controlled to avoid
gaps. A fluxgate compass (or gyroscope) is interfaced with the data collection system to correct for yaw
of the vessel and boom assembly--allowing for direct coordinate computation on each transducer. Any
type of horizontal positioning system can be used--microwave and DGPS being the most common.

c. Sweep line spacings are designed for 20% side overlap. Cross-line checks may be run in order
to monitor quality control of the sweep data. Comparisons can be made using either a single transducer or

full terrain models.
d. Sweep data is edited though use of the system monitor aboard the vessel. Editing and review
are made in plan or section format and the database corrected as required. Final plot scales and densities

are selected depending on the nature of the project. In most instances, depth data must be selectively
“thinned” for plan view plots at normal scales. Other options allow for selecting fixed cell (window) sizes

for site plan plots or filtering out and plotting strikes above a preset grade.
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e. Cell/window size can be automatically determined -- typically 5-ft or 10-ft square. Since one
or more depths may have been recorded within a cell, different techniques are used in determining the final
value displayed or in material quantity computations. Normally, either the least depth or average depth
within a cell is used. This value is then shifted to the cell centroid for plotting purposes. This process for
selecting, thinning, and shifting of data must be thoroughly understood by those evaluating the data
relative to contract performance.

10-5. Detroit District 120-Ft Strike Detection System

An Odom Echoscan multiple transducer channel sweep system used by the Detroit District (Figure 10-5)
is deployed from a 200-ton, 100-ft long by 30-ft beam by 7-ft draft, self-propelled barge containing 32
separate transducers spaced 3.75 ft O/C. The transducers are mounted along a catwalk that extends 10
feet beyond each end of the vessel. This provides for a 116.25 ft length or about a 120-foot swath at
typical project depth. These systems are used for strike detection in rock cut channels. Obstructions may
be caused by ice jams, propeller wash, or large vessels dragging anchors that lifts and loosens rock
material within the channels. The district deploys two such systems--one in Detroit and another at Sault
Ste. Marie, MI. They have replaced the manual sweep rafts previously used for strike detection. Each
transducer has a large enough beam width to provide overlapping coverage in typical 25- to 30-ft project
depths found in the Detroit, St. Clair and St. Marys channels. The operating frequency is 214 kHz with a
pulse duration of 0.1 msec. The transducers are small ceramic discs 1.55 inches in diameter. The
transducer beam width is 12 deg at -3dB and 17 deg at the -6 dB power points. Transducers are
individually calibrated using standard bar check devices supplemented with velocity probe data and ball-
check methods. A 32-foot calibration bar is employed in order to check every transducer Calibration is
also performed in a lock chamber at the Soo Locks where 30-ft checks can be obtained. Each transducer
has separate draft and sound velocity settings. This type of vessel usually works in conjunction with a
crane barge (derrick boat) for removing loose rock and other debris within navigation projects.

(1) The vessels are propelled by two Schottell, 360-deg, hydraulically operated rudder propellers,
one at each end of the vessel. They are driven by 240 HP engines. The vessels have no keel so all
direction and movement is dependent on the rudder-propeller system. The vessels are controlled by the
direction and amount of thrust from the rudder-propeller. The vessel is navigated to work sites as any
130-ft long vessel. The rudder is manually controlled and a handwheel from each rudder-propeller with
arrows indicating thrust direction allows the boat operator to direct the engine's output. Throttles located
in the center of the handwheel provide the thrust controls. Auxiliary power is obtained from two 30 kW
generators operating at 3 phase and 480 volts.

(2) The vessels are operated sideways while sweeping. The boat operator controls the vessel's
speed and direction with a single handwheel and throttle. The Schottell unit's actual direction and amount
of thrust is controlled by a computer interfaced to a gyrocompass and autopilot. The computer maintains
alignment of the vessel at 90 degrees to the direction of survey.

(3) The sweep vessels were originally positioned using Del Norte microwave range-range and
range-azimuth modes. In the 1990s positioning was converted to differential GPS. Data acquisition was
originally performed using Comstar Echo Scan software running on a HP 9000 computer. Processing
originally required 16 hours for each 8 hours of survey data collected--requiring a 24-hour processing
operation. Once PC-based HYPACK software was added in 1994, data processing time was reduced
substantially. Since only "strikes" above grade are significant, processing and/or plotting of data below
grade can be eliminated.

(4) Original staffing on the sweep vessel in 1986 was nine persons: 3 Wage Grade vessel

operators and 6 GS survey technicians. With DGPS positioning and enhanced acquisition software, this
staffing was reduced to 4 persons by 1995.
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Figure 10-5. Detroit District Survey Vessel PAJ, a 120-ft, 32-channel sweep system

10-6. St. Paul District Channel Sweep Systems for Shallow-Draft Projects

St. Paul District operates two multi-transducer sweep survey systems on the Upper Mississippi River.
Both are boom-mounted systems: one being a nine-transducer array and the other a five-transducer array.
Both systems were designed and installed by Ross Laboratories Inc. The systems are primarily used on
project condition and dredge payment surveys of shallow-draft projects in St. Paul District.

a. Nine-transducer system. The nine-transducer system has a 50-ft swath capability and the five-
transducer system has a 25-ft swath capability. The nine-transducer system is boom mounted on a 36-ft
Sea Ark vessel. It utilizes the USCG Radiobeacon DGPS for positioning. Its roll sensor and fluxgate
compass are integrated into the HY SWEEP data collection software (Coastal Oceanographics). Although
the boat is capable of a 50-ft swath, it is not trailerable and is extremely slow.

b. Five-transducer system. The five-transducer vessel is boom mounted on a 24-ft Sea Ark boat
powered by twin 150-HP outboard engines (Figure 10-6). The survey system is a complete 12-volt
system with DGPS, roll sensor, and fluxgate compass all integrated into HY SWEEP data collection
software. The five transducers are interchangeable from 10-degree to 20-degree beam angles for
shallower water. All surveys are accomplished longitudinally and usually at speeds of under seven knots.
Sweep data is edited in HY SWEEP software and then e-mailed to the Fountain City Project Office for
plotting and analysis.
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¢. Lock chamber calibration procedures. The electronics are calibrated monthly using an
aluminum bar check inside a lock chamber with the gates closed. The lock floor monoliths are sounded
by using a lead line or pole to make certain the monoliths have not heaved or sunk. The bar check is then
used to calibrate the sounders with the depths at 5, 10, 15 and 20 feet. All transducers are then forced to
read the same depths on the data collection computer. A predetermined survey line is set up in the lock
chamber and both the 24-ft and 36-ft sweep boats run this line. The lines of each boat are analyzed for
correct depths. If they all read the same the systems are ready for production. The Ross ball check is
then calibrated at the same time for future daily or job specific use for project condition and /or payment
surveys.

Figure 10-6. St. Paul District Five-Channel Ross Mini Sweep System

10-7. Mobile District Tuscaloosa Site Office Sweep Systems

The Mobile District Tuscaloosa Site Office operates four multiple-transducer automated sweep survey
systems (Figure 10-7) utilizing depth sounding hardware manufactured by Ross Laboratories, and
HYPACK data collection and post processing software from Coastal Oceanographics. The systems are
used to provide support for dredging activities and project conditions along over 700 miles of the shallow
draft 9-ft x 200-ft navigation channels of the Black Warrior—Tomigbee and Alabama River Systems.
Brief descriptions of the systems follow.

a. General description. The Tuscaloosa Site Office Navigation Unit operates three (3) trailerable
24-ft sweep survey vessels and the 60-ft sweep survey vessel E.B. WALLACE. The three 24-ft small-
boat systems have a total of five transducers with four being attached to spring-loaded strut and boom
assemblies and one being mounted amidships through the hull. The small boat systems provide a 25 ft
complete swath coverage of the bottom with no gaps at water depths of 17 ft while performing data
collection survey operations. The E.B. WALLACE has a total of 12 transducers with 10 being mounted
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on spring loaded struts attached to two 30 ft hydraulically operated retractable booms and two being
mounted amidships through the hull. The E.B. WALLACE provides a complete 70 ft wide swath of the
river bottom with each pass of the vessel. All transducers are spaced at 5 ft intervals along the boom and
operate at frequencies of 200 kHz with dual beam selectable angles of 10 and 22 deg. Each of the four
vessel's electronic components is rack mounted and located in a climate controlled cabin area.

b. Survey procedures. The multi-transducer (sweep) survey systems generate accurate
representations of the complete waterway bottom using depths received from multiple transducers
configured for sweep survey application and electronic positioning. Data collection is performed for each
assigned surveying effort by running sweep lines that are parallel to the navigation channel. This method
is also known as “Mowing the lawn” or “painting the screen” and provides data coverage of the entire
navigable water area or river bank to river bank survey.

c¢. Transducer calibration and quality control. Transducers are calibrated with daily “ball
checks” using the Ross Labs lead ball check assembly. Traditional monthly bar checks are also made
using steel angle iron and a calibrated chain to verify the transducer accuracy. Checks are also performed
over fixed objects such as lock and dam miter sills to provide additional assurance of depth accuracy.
Independent verification is also made by comparisons of hydrographic data produced with the sweep
system with simultaneous collected data produced by A-E contract survey vessels.

d. Vessel positioning. Standard meter level DGPS Positioning is provided through Novatel 10
and 12 channel DGPS cards with Starlink Radio Beacon receivers providing differential correction
signals from USCG broadcast sites. A KVH digital compass/roll sensor is incorporated into the data
collection systems to provide heading and boom arm roll corrections.

e. Data processing. Sweep data in digital format is recorded and stored onto 3.5 inch diskette for
editing and post-processing using Coastal Oceanographics HYPACK suite of software — presently the
HYPACK MAX version. The data is processed into full color 30 x 42-inch plan drawings of each survey
area. The finished plots consist of color filled depth contours with elevation labels. All data points
collected during the sweep survey are used in the post-processing effort with various levels of data
thinning being performed to achieve desired bottom mapping results.

f- Data distribution. End use of the processed data consists of not only hard copy plots but also
digital dredging files and publicly available X-Y-Z data points. Contract rental dredges are given digital
plans and detailed cut boxes that are displayed using government-furnished DREDGEPACK software
from Coastal Oceanographics. Digital X-Y-Z data is also made available via the Tuscaloosa Homepage
Internet site for FTP download by vendors desiring to produce electronic charting products. The available
data set consists of edited ASCII X-Y-Z format sounding points from which the electronic chart vendor
will utilize to produce contour maps. Such contouring will be incorporated into charts depicting the
shoreline and other physical features of the river system. Vendors providing electronic charting systems
will be responsible for providing the finished chart that will ultimately be displayed on a vessel by the
end-user.

g. Equipment. The following is a list of equipment on the 24-ft Small-boat Systems and the 60-ft
E.B. WALLACE:
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Ross Model 5001 Fine line survey recorder.
Ross Model 4401 Precision Multi-track Transceiver.
Ross Model 4801 Multi-channel Receiver/Digitizer.
(5-channels) - Small-boat systems
(12-channels) - E.B. WALLACE
Ross Model 8501 Interface.
Ross Model 1001 Converter.
Ross Model 3101 Annotation Generator.
Ross Model 9801 Mixer.
Equipment rack of modular design and mounted on sliding tracks in a 19-inch cabinet
housing all electronic component modules.
Ross Transducer - 200 kHz, dual beam (10 and 22 degree beams).
Ross one-man bar check and underwater housing.
Associated hardware and KVH digital Compass/roll sensor.
Novatel GPS card contained within data collection computer. (E.B. WALLACE and
Small-Boat 6212 - 10 Channel Card, all others have 12-channel cards)
Starlink Radio Beacon receiver
Small-HP desktop printer
Data collection computer (Located internally in equipment rack). Consists of 233 MHz
Pentium with 128 MB of RAM, 4.3 Gig hard drive, 8 MB of Video Ram and CD-ROM
dive.
Flat screen monitor.

L

3

el

60- ft E.B. Wallace and three 24-ft
sweep vessels

Figure 10-7. Mobile District (Tuscaloosa Site Office) sweep vessels
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10-8. New York District Multiple Transducer and Multibeam Sweep System

Figure 10-8 shows a survey vessel operated by the New York District that is equipped with both a
multiple transducer sweep system (Odom Miniscan) and a multibeam system (Odom Echoscan). These
systems were developed by Odom Hydrographic Systems and allow simultaneous coverage of rock
excavations in New York Harbor deep-draft channel deepening projects.

POS/MV
Position, Heading, Motion Sensor
ECHOSCAN
Transducer

Bow Mounted

4

MINISCAN
Multi-Transducer System
(7 single beam transducers)

Figure 10-8. Dual Multiple Transducer and Multibeam Sweep System (New York District)

10-9. Multiple Transducer System Quality Control and Quality Assurance

Multiple transducer QC requirements are essentially identical to single beam QC covered in Chapter 9.
Multiple transducer QA Performance Tests are identical with multibeam QA tests covered in Chapter 11.
Table 10-1 below details QC and QA criteria for multiple transducer systems. The following paragraphs
amplify some of the criteria in this table that were not described in this chapter or were previously
covered under single beam systems in Chapter 9.

a. Velocity calibration. Multiple transducer system velocities are calibrated identically to single
beam systems. Typically only one of the transducers is used to determine the velocity correction. All
boom transducers are initially referenced to the hull transducer during installation. Maintaining and
monitoring transducer draft and alignment throughout the booms is especially critical. Calibration of the
multi-transducer system is performed similarly to that of single transducer systems, except during
installation of the boom transducers. Index and/or draft errors of the boom transducers are individually
stored in the hydrographic survey processing system as corrections. Removal of any one of the boom
transducers for any reason (cleaning, etc.) constitutes a re-installation/boom calibration procedure. The
bar check for the multi-transducer system is performed on the permanent hull transducer.

b. Boom calibration procedure after installation. The survey vessel must be in protected calm
water for this procedure. The booms are lowered and leveled by the best possible means available. Roll
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motion must not be allowed at this time. A bar check using any of the accepted USACE methods is
performed on the hull transducer. This will minimize the index and draft errors and establish the same
speed of sound for all transducers. Next the bar is moved outward from the hull transducer (preferably by
two steady small boats) to the nearest boom transducer on one side of the survey vessel. The hull
transducer soundings are compared to the sounding values recorded at the hull transducer. Any
discrepancy found is recorded as a combination of draft and index error. The opposite (negative) of this
recorded value will be applied to all soundings from this particular transducer until the transducer is
physically moved from the fixed position in the boom. All boom transducers are compared to the hull
transducer by the same procedure. The area selected for the boom calibration should be where no
changes in temperature or salinity could change the speed of sound during this important calibration.
Clearly noticeable particles in the water column may also affect the speed of sound.

¢. Periodic calibration of Ross Dolphin Sweep System (Philadelphia District Method). Periodic
calibration of Ross Dolphin sweep systems is performed using basically the same criteria required for a
single transducer system. Once a month, all transducers in the hull are calibrated, utilizing a standard bar
lowered to the project depth directly under the vessel. Transducers in the port/starboard beams are
calibrated on an annual basis. On a daily basis, a Ross ball check device, which is mounted as part of the
referenced transducer pod, is utilized to obtain the speed of sound utilizing a 3'%-deg transducer. The 3'2-deg
transducer is used to assure that the depth reference is as close to a true vertical distance as possible. A sound
velocity profiler is also used daily to verify the ball check calibration procedure. Maintaining and monitoring
the transducer draft is especially critical. Each transducer channel in the sweep is adjusted similar to the
procedure used in the single transducer systems.

d. Lock chamber calibration. When a lock chamber with a clean, smooth floor is located in the
district, multiple transducer sweep systems may be simultaneously calibrated. Calibration can be
performed at varied surface elevations by drawing down the lock to desired intervals. The lock chamber
affords a stable water surface that eliminates sea state effects on outer boom transducers. Individual
transducer channels are calibrated and adjusted to read true depths.

e. Motion compensation requirements. Boom sweep systems are normally used on shallow draft
inland projects where sea state conditions are typically calm. Thus, full X-Y-Z inertial motion sensors are
rarely added to these sweep systems unless sea states cause excessive errors. Roll correction is especially
needed to correct for motion at the outer transducers. Physical movement of the outer transducers will
determine whether surveys should continue under adverse sea conditions. Small roll errors can
significantly affect depth readings on long boom systems--e.g., a 1-deg roll on a 25-ft boom causes
approximately a 0.4 ft error in the sounding. Excessive heave should not be a problem on inland
navigation projects where sweep systems are deployed.

(1) Roll compensation. Roll should be compensated for and corrected in the processing software
if the outer transducer on a boom experiences movement in excess that shown in Table 10-1. Smaller
boat systems with short outriggers would be less subject to roll errors, so compensation would not be
required. Beam steering position and slope corrections due to excessive roll and pitch are usually
negligible for shallow-draft projects when wide beam transducers are used; thus the need for these
corrections would be minimal.

(2) Yaw correction. Boom alignment due to vessel yaw is controlled using a flux gate compass, a
gyrocompass, or DGPS azimuth techniques. Software must correct each transducer offset relative to the
positioning antenna in addition to correcting eccentricities due to yaw. This is done using similar
techniques covered under the chapter on multibeam systems. Full yaw correction is critical.

(3) Heave correction. Only required in excessive sea states.

(4) Pitch bias. Usually negligible given slow sweep speeds.
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(5) Latency. Latency between the positioning system and the multiple transducers is calibrated
similar to single- or multibeam systems--see Chapters 9 and 11.

(6) Fixed offsets. Horizontal offsets of individual transducers are measured relative to the vessel
center of mass--the point where a HPR unit should be located. Vertical offsets (draft) are relative to the
water line and are determined from a bar check. Parameters for multiple transducer systems are entered
in processing software in a variety of methods--Figure 10-9 depicts a typical HYPACK MAX/HYSWEEP
offset table.

Multiple Transducer Offsets
Humber of Transducers IB
Transducer Starboard | Forward | Diraft | Pitch |Hull ILalency | ﬂ
1 -20.0{ 0.0 1.1 0.0 0.0 0.000
2 -15.0 0.0 1.1 0.0 0.0 0.000
3 -10.0 0.0 1.1 0.0 0.0 0.000
4 50 0.0 0.7 0.0 0.0 0.000
5 5.0 0.0 0.7 0.0 0.0 0.000
b 10.0 0.0 11 0.0 0.0 0.000
7 15.0 0.0 1.1 0.0 0.0 0.000
8 200 0.0 11 0.0 0.0 0.000
DK | Cancel |

Figure 10-9. Multiple transducer offsets (Coastal Oceanographics, Inc.)

f- Squat tests. At slow sweep speeds vessel squat and settlement should be minimal; however
this should be annually verified by a standard squat test as described in Chapter 9.

g. Vessel speed and shoal/strike detection hits. Vessel speed should be controlled such that
objects or shoals above project grade receive at least three solid acoustic hits during a pass, or accumulate
on overlapping passes. The depth update rate for each transducer channel must also be factored into the
maximum speed determination. Data gaps can result if too high a velocity is maintained and individual
channels do not update at a rapid enough level. Depths should be recorded at the maximum rate possible
with the recording and processing system.

h. Quality assurance performance tests. QA tests with multiple transducer systems are
performed similar to multibeam systems, i.e., comparisons between two independently collected full data
sets over the same area. Follow the QA performance procedures described in Chapter 11.

i. Recorded depths. For dredge payment surveys, the maximum update rate shall be used in
recording depths from each transducer channel. If depths are binned or gridded for plotting purposes, the
shot depth nearest the bin centroid shall be used. Shoal biased (i.e., minimum) or average depths shall not
be used to evaluate dredging progress. Data thinning shall be kept to a minimum for payment surveys.
Likewise, bin sizes should be kept as small as possible. Refer to Chapter 11 (paragraph 11-12) for
additional standards and guidance on intelligent data thinning and bin size restrictions.
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j. Archived data. 1t is not practical to retain hard copy records of multiple transducer surveys.
Original depth records from each transducer may be retained in digital format. Where contracted
construction payment is involved, then a write-once type of media should be used.

Table 10-1. Quality Control and Quality Assurance Criteria for Multiple Transducer Surveys

PROJECT CLASSIFICATION

Navigation & Dredging Support Surveys
Bottom Material Classification

Other General Surveys & Studies
(Recommended Standards)

Hard Soft
ACOUSTIC FREQUENCY (+ 10%) 200 kHz 200 kHz 200 kHz
Beam angle @ - 3dB power points 8 deg 8-25 deg 8-25 deg
Low frequency fluff applications 24-28 kHz 24-28 kHz 24-28 kHz
VELOCITY CALIBRATION PROCEDURES:
Perform at least 2/day 2/day 1/day
Bar check Preferred Preferred Optional
Ross Ball check (w/ periodic bar cks) Optional Optional Optional
Check with bar every Month Month Month
Velocity casts (w/ periodic bar checks)  Optional Optional Optional
Check with bar every Month Month Month
Lead line calibrations allowed No No Optional
BAR/BALL CHECK CALIBRATION:
Bar/ball cables marked at least every 5ft 5 ft 5 ft
Independently measure cables Quarterly Annually Annually
Correct line errors exceeding 0.05 ft 0.05 ft 0.05 ft
Location of calibration At project site Near project site Vicinity
Number of comparisons within range 3+ (every5ft) 2 2
Record calibrations to nearest 0.1 ft 0.1t 0.1t
Data rejection tolerance between checks 0.2 ft 0.3 1t 0.5ft
VELOCITY PROBE CALIBRATIONS
Perform internal calibration Weekly Weekly Monthly
Record velocity to nearest 1 fps 1 fps 1 fps
Record velocities at least every 5ft 5 ft 5 ft
Reject tolerance between checks 5 fps 5 fps 5 fps
Location of calibration At project site Near project site Vicinity
MOTION COMPENSATION REQUIREMENTS:
Compensation reqd if roll-pitch exceeds > 1 deg > 2 deg No limit
Compensation reqd if heave exceeds > 0.2 ft > 0.5t No limit
Roll-Pitch beam steering position
displacement reqd if corr'n>1m  Required Recommended Optional
Roll-Pitch beam slope-vertical corr'n
reqd if error > 0.2 ft Required Recommended Optional
Yaw position correction Required Required Not reqd
Pitch bias test at installation at installation Not reqd
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Table 10-1. Quality Control and Quality Assurance Criteria for Multiple Transducer Surveys (cont.)

PROJECT CLASSIFICATION

Navigation & Dredging Support Surveys

Bottom Material Classification

Other General Surveys & Studies
(Recommended Standards)

Hard Soft
MISCELLANEOUS CHECKS
Squat test calibration performed Annually Annually Annually
Check vessel draft variations 2/day 2/day 2/day
Boom/transducer alignments annually annually annually
LATENCY TEST
Perform every 3 mos 6 mos Annually
Recommended vessel speed NTE 2-5 kts 5 kts Unlimited
QA PERFORMANCE TEST
Requirement Required Recommended Not reqd
Maximum allowable bias <0.1ft <0.2ft N/A
Standard deviation (95%) [ perTable 3-1 ] N/A
RECORDED DEPTH
Depth recording density max possible 50-1,000 millisec as reqd
Dredge payment quantities Full density shot Full density shot N/A
B/D or A/D plot Selected shot Selected shot N/A
Project condition plot (thinned/binned) Centroid shot Shot or minimum (bias)  Optional
Maximum bin size (quantities) Tm 5m as reqd
Record depth to nearest 0.1ft 0.11ft 0.1ft
ARCHIVED ANALOG DEPTH RECORDS
Contracted construction [ Write-once disc ]
Project condition surveys Digital Digital Optional

10-10. Mandatory Requirements

The criteria in Table 10-1 are considered mandatory, including applicable references to equivalent single
beam systems in Chapter 9 and multibeam QA requirements in Chapter 11.
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Chapter 11
Acoustic Multibeam Survey Systems for Deep-Draft Navigation Projects

11-1. General Scope and Applications

This chapter provides USACE policy and guidance for acquisition, cdibration, quality control, and
quality assurance of multibeam survey systems used on deep-draft navigation, flood control, and charting
projects. Instructions for operating specific multibeam systems, or the acquisition, processing, and
editing of data from these systems, are found in manufacturer's operating manuals and software
processing manuals specific to the systems employed.

Figure 11-1. Full-coverage multibeam survey of coastal inlet navigation project (Galveston District)

11-2. Background

The US Navy devel oped multibeam swath survey technology in the early 1960s for deep-water
bathymetric mapping. Only since the early 1990s has this technology been developed and marketed for
shalow-water USACE applications, such asthoseillustrated in Figure 11-1. It is expected that the use of
multibeam systems will significantly increase over the next few years, and will gradually supplant single
beam transducer survey systems in deep-draft navigation projects. Multibeam systems, when coupled
with digital side-scan imaging systems, have the potential to become a primary strike detection method in
USACE. Multibeam systems have technically advanced since their introduction in the early 1990's to the
point that they now have a direct application to most Corps navigation project survey activities. When
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properly deployed and operated, the accuracy, coverage, and strike detection capabilities of multibeam
systems now exceeds that of traditiona vertical single beam echo sounding methods.

11-3. Principles of Operation

Multibeam sonar systems employ beamforming or interferometric (phased array) acoustic detection
techniques from which detailed terrain cross-section (swath) data can be developed many times per
second. A single transducer, or pair of transducers, forms afan array of narrow beams that result in
acoustic travel-time measurements over a swath that varies with system-type and bottom depth--typically
mapping an area 2 to 14 times the channel depth with each array pulse--see Figure 11-2. Generating
many sweeps per second (e.g., the Reson Seabat 8101 generates 30 profiles per second at 7.4 times water
depth), multibeam systems can obtain 100% bottom coverage, and can provide high resolution footprints
when narrowly focused beams are formed--e.g., < 1 deg. Multibeam systems can aso be configured for
waters-edge to waters-edge coverage (i.e., over 180 degree swath), alowing side-looking, full-coverage
underwater topographic mapping of constricted channels, lock chambers, revetments, breakwaters, and
other underwater structures. Some systems collect acoustic backscatter information that can produce
digital side-scan imagery simultaneoudly with the swath mapping data, an advantage in locating
underwater rock, hazards, shoals, or other objects (strike detection). Multibeam acoustic frequencies and
signal processing methods may be adjusted to match the survey requirements--dredging measurement and
payment, strike detection, structure mapping, etc. Some systems can provide near rea-time data
collection, filtering, editing, quality assessment, and display; aong with near real-time (i.e., on board)
data processing, plotting, and volume computations; thus, fina plan drawings, 3D terrain models, and
dredged quantities can be completed in the field the same day the survey is performed.

Transverse view of 16
near-nadir beams formed
by a multibeam
transducer. The large
beam footprint at nadir
represents typical single
beam coverage.

+  Multibeam transducers are typically
based on cross-fan geometry...a
transmit array and a receive array in
an “L” or “T” configuration.

« Each array consists of multiple ;
i ical transd I equally o
spaced, in a line. Arrays can be flat or /.// R
curved. R

i,
« Each array produces a flattened main /}/ ;‘.r ;.- ’
P

lobe which is narrow in the array’s

long axis. F
«  The intersection of the / i P
two flattened main lobes ﬁ __?Ei"r‘_{”_ﬂ.-' g
results in a narrow beam.
« Every “firing” or transmission | ]
of the array is called i - :
a “ping”. During one ping, - i ':J

all beams are transmitted Top-down (plan) view of transmit main lobe |
. and receive main lobe intersection as

& received. projected onto the seafloor...with highlighted

cross product.

Figure 11-2. Multibeam geometry (NOAA) and typical transducer
array configuration (GeoAcoustics, Inc.)
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a. General. All multibeam swath systems use the same basic approach to depth measurement. A
lateral swath of seafloor isilluminated acoustically and the returning echo signals are processed into
vertical depths. Travel time estimates are converted into sant ranges, horizontal off-center distances, and
then depth by applying beam angles and sound velocity profile data. The object is to convert two-way
dope distance travel timesto avertical depth at points along the bottom.  Slope distances are resolved
using amplitude and/or phase detection methods. Amplitude detection relies on finding the time of beam
bore site interception with the bottom, typically determined using a center-of -energy method, or matched
filter method. Phase detection relies on finding the time of the zero phase crossing using two or more
subsections of the receive array. Amplitude detection is typically used for the inner beams (e.g., 0 deg to
45-deg off-nadir) and phase detection is typically used for the outer beams (e.g., 45 deg out to 100-deg
off-nadir). The changeover point between amplitude and phase detection varies by design; methods
include absolute cutoff, real-time analysis of each beam, and combination amplitude and phase. Depth
accuracy can change at bottom detection transition points.

b. Beam spacing. Swath systems are typically designed with between a 0.5 deg and 3.0 deg
beam spacing. Due to the physics involved, a half-degree beam spacing is about the best that can be
achieved and till have a portable electronically beam-formed system. To increase resolution,
interferometric phased array techniques are employed. The accuracy of awide-swath multibeam is
determined by the ability of a multibeam system to resolve the actual beam angle in varying situations.

c. Sgnal parameters. Each individua bottom spot within the ensonifinied swath responds with
an echo signal in which signal parameters (amplitude, frequency, phase) are al dependent. These
parameters are dependent upon the characteristics of the bottom, namely (1) bottom reflectivity and (2)
dope angle of incidence of the beam. The quality of the return signa is dependent upon the primary
projector/receiver characteristics and the geometrical and reflective properites of the particular bottom
gpot. The hardware is afactor in the quality of the final data. In designs that rely totally on electronic
beamforming, the transducer must be optimized for a particular application. A multibeam sonar’ s bottom
detection thus provides three pieces of information: (1) the angle of the beam along which the acoustic
pulse traveled, relative to the sonar head, (2) the round-trip travel time of the acoustic pulse, and (3) a
signd intensity time series of the bottom return. These three pieces of information must be integrated
with the other sensor data to determine the total sounding solution (i.e., X-Y -Z) relative to our Earth-fixed
coordinate system. Most multibeam systems can also output the angle independent imagery--more
commonly called pseudo side scan imagery.

d. Vessd rall, pitch, and yaw effects. Horizontal positioning accuracy is dependent upon the
ability of the system to compensate for pointing errors caused by vessd rall, pitch, and yaw--Figure 11-3.
Across-track location of each bottom point is critical. In wider swath systems, even a small degree of roll
can cause large errors in the outer beams; thus, restrictions are typically placed on use of outer beam data.
These errors are compounded due to beam spreading.
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Figure 11-3. Multibeam offsets, roll, pitch, and yaw (NOAA)

e. Beamfootprint size. Outer beam quality and accuracy is dependent upon footprint size. As
with single beam echo sounders, the smaller the beam angle, the better the system is able to discern true
depth and resolve small features. Asthe size of the footprint increases toward the outer beams due to
beam spreading, the stability and accuracy of the data decreases, resulting in a degradation of data quality
and accuracy in the outer portions of the beam array. For this reason, restrictions are typically placed on
use of outer beam data; which limits the amount of single pass coverage in multibeam surveys.
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Figure 11-4. Beam forming methods in multibeam systems
(Odom Hydrographic Systems and University of New Brunswick)

f. Beamforming methods. The following methods are used by various multibeam systems to
determine sope distances and resultant depth from different directions in a beam array:

(2) Electronic beamforming. Electronic beamforming is generally based on eectronic filter
techniques to differentiate between individual echo contributions from different directions. Basicaly,
each beam is formed by filtering out unwanted components. Depth is resolved based on center-of -energy
or phase estimates. Electronic beamforming multibeam systems estimate the slant range to each echo
event point based on the strength of the signal relative to athreshold. Electronic beamforming provides a
stable and robust range and bearing estimate for each individual channel, primarily in the inner beams. A
disadvantage is that the resolution is limited by the geometric properties of the transducer array and the
multiplexing rate of the electronics. Also, the transducer design dictates the resolution of the system.
Because it would be impossible for the electronics box to contain a separate bank of filters for each
channel, the electronics must be time-shared. Therefore, a multiplexer isrequired and it must sample
each channd individualy. All other channels are ignored during this sampling time. Thisresultsina
spatially truncated profile or "blocky" dataset. All eectronic beamformers also incur some degree of
overlap between adjacent beams and inherent side lobe interference. Due to the mechanical design of an
electronic beamforming transducer, it is amost impossible to avoid beam overlap at some point. Side
lobe interference--something inherent in al electronic beamformers--causes unwanted returns that cannot
aways be removed in the filters. Side lobe interference also causes problems in the bottom detection
process (especialy where sharp bottom features are present) and fal se targets may be generated in the side
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scan imagery. Electronic beamforming can be applied to either the transmit or receive cycles. To steer a
beam downward, multiple staves (elements) are sequenced with adight delay--see Figure 11-4. Each
stavefiresin sequence. The sum of the signals from each stave would then produce awavelet in the
desired direction. To steer abeam normal to the face (straight out), al staves would fire at the same time.
In the case of atransmit beam formed system, each beam must be formed one at atime. The process of
transmit beam steerage is slow since each beam must be formed in sequence. A better solution (and the
one used by al current electronic beamforming multibeams) is to apply this "phasing” principle to the
receive signals. A fanbeam is projected across the swath and the received signals are processed (usually
one iteration for each beam). Filters must be used to remove unwanted components from adjacent
channels.

(2) Physical beamforming. The physically beamformed echo sounders use a common fanbeam
projector and an array of polymer receive elements physicaly pointed in the desired direction. Depthis
determined based on the amplitude of the return signal (the center-of -energy detection method). Beam
parameters are determined by the physical shape of polymer receive elements. Odom Hydrographic
System's ECHOSCAN uses a piezoel ectric non-ceramic material, known as PV DF, that can be physically
cut and shaped to produce the desired beam pattern that provides high sensitivity to weak signals,
eliminates side lobe interference, and forms dlliptical (pencil beam) patterns. Because it is not a"wide
swath" multibeam, the ECHOSCAN can effectively apply the center-of -energy method of bottom
detection and is not as prone to "ray bending”. To offset the limited swath of 90 deg, the motion sensor is
contained inside the transducer housing to alow tilting of the transducer to ook up at structures or out to
water's edge. The hydrodynamic shape to the transducer also alows for faster survey speeds. Also co-
located are the side scan elements (traditiona high-resolution, analog receive elements) to receive
imagery smultaneoudly derived from the common 200 kHz projector. Advantages of physica
beamforming include (1) very high signalto-noise ratio, (2) negligable side lobe interference, (3) low
percentage of "bad" data points, and (4) less expense. The only limitation to the physica beamforming
approach is the compromise between swath width and transducer size.

(3) Interferometry (Phased Array). Beam direction is determined by measuring differencesin
signa arrival times on an array of receive elements (phase differentiation). Interferometers provide range
and bearing estimates to bottom depth points by detecting propagation delays from individual bottom
spots to dif ferent transducer subsections. The bottom spot direction is determined by differencing the
acoustic arrival times (i.e., phasing). In Figure 11-4 the same signa arrives at element A dightly later
than it doesat B. Thisisinterpreted by the electronics as a phase difference in the signal. The phase
difference is then converted to an angle or receive vector relative to perpendicular (boresight).
Interferometry differs from the standard beam former in that the beams are created by a signa processor
from data stored in the receive buffer. In interferometric systems, discrete beams are not physically
formed--phase information from &l directions are received and processed smultaneously. Theterm
"beam" actually does not apply herein a physical sense. Consolidation into beamsis more of a
mathematical operation executed after the datais received and buffered. Interferometric techniques can
provide extremely high resolutions and a large number of beams. There are distinct advantages to an
interferometric multibeam system that cannot be achieved by other methods. Outer beam detection is
more robust and stable and tends to be less noisy than in eectronic beamforming methods. The beam
angles are easily steered to compensate for vessel motion and can be adjusted to provide "equal footprint”
ensonification to compensate for beam spreading. Depth resolution is limited only by the processing
power of the electronics. The disadvantages of apurely interferometric multibeam echo sounder include:
(1) phase tracking circuitry can become unstable and cause high data variations, and (2) resolution
depends on the internal detection rate (i.e., sophistication of the processing system).

(4) Combined electronic beamforming and interferometric (phased array) method. The
FANSWEEP Models 15 and 20 use a combination of electronic and interferometric techniques to process
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multibeam data. This provides equal footprint spacing across the full array rather than variable footprint
size from fixed beam width arrays. (See Figure 11-5). To accomplish this, the beam spacing angle must
be variable from 1.5 deg at nadir to 0.12 deg on the outermost beams. The processing system must have
full control of the beam spacing and direction--in real-time.

Equal Beam Spacing

Tl

Equal Footprint Spacing

Figure 11-5. Equal footprint spacing using electronic and interferometric beamforming
(Odom Hydrographic Systems)

Figure 11-6 depicts the design and configuration of the FANSWEEP 15/20 multibeam system mounted
over-the-side on the 27 foot survey vessel. In this combined system, electronic beamforming techniques
form four (4) transmit beams and each transmit beam is at a dightly different frequency with the lower
frequencies in the two outermost patterns to compensate for the longer ray paths. It configures 26 rows of
elementsinto two groups for transmit beamforming, then into 10 groups for interferometric reception.
The combination aso alows for highly focused beams in the along-track direction. Individual beamsin
the across-plane follow an adaptive scheme which aso alows for equal footprint ensonification over
terrain that is not flat. All received raw echo samples are stored into an internal amplitude/phase memory.
No beams are involved during the receive portion of the cycle; instead, al of the information is buffered
simultaneoudly asit isreceived. Thisincludes both phase and amplitude information. Independent,
simultanous software processes emul ate both the classical beamformer and the interferometer algorithms
providing two independent depth estimates which are then resolved into 4096 bathymetry and side scan
points across the swath. Based on the initial amplitude and phase estimates, a secondary correlation filter
re-iterates the buffer to consolidate the points into groups of three or more (total of 1,440 at 12 times
water depth). Data are grouped into the desired number of beams (bottom points). The number of beams
(up to 1440) and the swath width (up to 12 times the water depth), and coverage restrictions to a small
sector (port or starboard), are al operator selectable.

11-7



EM 1110-2-1003
Change 1
1 Apr 04

A Combined Electronic Beamforming and Interferometric (Phased)
Multibeam

» Square transducer array arranged in
a "V"-shape aligned symmetrical to = .
the ship’s centerline ﬂ

+ Combined transmit/receive arrays :
including all necessary

hydroacoustically active elements for
transmission beamforming

« Each array consists of 26 rows of
individual elements grouped into 2 ]
sections for transmission and 10 e T e T Wi
sections for reception

» Each section provides identical, Over-The-Side Mount
highly focussed beams in the for/aft M/V ECHOTRAC
direction (27-ft vessel)

* Individual beams in the across plane
follow an adaptive scheme

Figure 11-6. FANSWEEP 20 combined electronic beamforming and interferometric multibeam
(Odom Hydrographic Systems)

g. Other corrections. The haf round-trip travel time, i.e. each beam’s dant range, is traced from
the earth-fixed launch angle through the refracting water column, yielding the corrected along track, cross
track, and depth relative to the sonar head. The aong track and cross track distance for each beam are
rotated with vessdl attitude (roll, pitch, and heading) into geographical coordinates using offsets of the
GPS navigation center and the sonar head

h. Multibeam sidescan imagery. Multibeam imagery is generally not as good as towed side scan
imagery. The high aspect of a hull mounted transducer resultsin high grazing angles. High grazing
anglesresult in small shadows. The amplitude imagery (one of the sonar’s data “triplets’) is of limited
hydrographic value. Each pixel represents the amplitude intensity of just one beam. The larger the beam
footprint, the coarser the amplitude imagery. Each pixel is colored, or shaded, according to the beam’s
intensity. Off-nadir beam amplitude imagery degrades quickly because of the poor intensity of the
returned acoustic energy and is subject to "false target generation” in side lobe interference situations.
Amplitude imagery is aso called “backscatter intensity” and could be exploited for bottom classification.
Angle independent imagery, or time series imagery, provides an image very similar to towed, low
resolution, side scan sonar. The resolution is much higher and the data rates are much higher. Multibeam
data acquisition that includes the angle independent imagery resultsin very large data files.
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11-4. USACE Multibeam Policies, Procedures, and Applications

Multibeam systems are primarily deployed on deep-draft navigation projects where full-bottom coverage
isrequired. Survey lines are run longitudina with the channel aignment. The coverage of each swath is
dependent on the depth and beam width. A typica 40-x 400-ft project can be covered with 3to 5 lines,
depending on beam angle. Vessel speeds are typically slow in order to ensure multiple hits on potential
hazards or shoals, or when collecting side scan imagery. At an update rate of 30 prdfiles/sec, some 2,000
to 3,000 depths/elevations per second are generated; resulting in a large database for the subsequent
processing and other engineering applications. The tradeoffs to wide-swath, high-density data are
increased editing and post processing time and the requirement for more sophisticated computer
hardware.

a. Dredging measurement and payment surveys. Multibeam swath survey systemsthat provide
complete bottom coverage are recommended for use in dredging measurement and payment surveys, i.e.,
plans and specifications surveys, pre-dredge surveys, post-dredge surveys, and final acceptance/clearance
surveys. Multibeam systems are an effective quality control process on dredging projects requiring 100%
bottom coverage to assess and certify project clearance. The full digita terrain model (DTM) generated
from a multibeam survey provides a more accurate and equitable (to the government and contractor)
payment quantity than that obtained from traditional single-beam cross-sections. Use of multibeam
systems on dredging measurement, payment, and clearance work requires far more extensive quality
control and assurance calibration and attention to bottom type with respect to frequency as this may
impact significantly upon volume computations. Multibeam systems are not recommended for payment
or clearance use on shallow-draft projects.

b. Project condition surveys and coastal engineering surveys. Multibeam survey systems may
optionally be used for project condition surveys of channels, revetments, and other underwater structures
where complete bottom coverage is desired to delineate the feature or structure. Multibeam sensors can
be configured to detail pipelines, bulkheads, floodwals, lock walls, revetments, breakwater riprap, and
other similar underwater structures. Systems can be configured (or the transducer rotated) to provide up
to 190-deg coverage, which would provide "water's-edge to waters-edge” coverage to both port and
starboard. In some narrow projects, a single swath pass may provide full coverage.

c. Shoal or strike detection. Multibeam survey systems represent an effective mechanism for
detection of shoals, rocks, wrecks, debris, or other navigation hazards lying above grade in a navigation
channel. The side-looking aspects of both the multibeam signal and the digital backscatter sonar imagery
signal may be used for such investigation purposes. In order to enhance the probability of detection, and
depending on documented system performance characteristics, 200% bottom coverage may be specified
in order to ensure objects are ensonified from two aspects--and to confirm at least three multiple hits on
these objects. Performance demonstration tests on simulated objects should be periodically performed to
assure data detection quality and assess the need for overlapping coverage.

d. Emergency operations. Multibeam systems recording both topographic data and digital side
scan imagery are recommended for locating underwater objects and marking objects for clearing after
natural disasters.

e. Other channel sweeping methods Multiple-transducer, boom-mounted, channel sweep
systems are generally preferred for use over multibeam survey systems in shallow-draft (<15 to 20 fest),
sand/silt-bottomed navigation channels. Multi-transducer systems will aso provide 100% bottom
coverage on navigation channels, as will mechanical, or manual, channel sweeping techniques, and towed
Side scan sonar devices. Mechanical bar sweeps remain an effective dredging quality control technique
when rock is encountered.
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f. Volume computations. Measurement and payment surveys performed using either multibeam
or multiple transducer boom systems should compute pay quantities using the densely populated digital
terrain models (DTM) generated by swath survey data. Data sets should be thinned only when multiple
or duplicate points within a specified bin size exist; the representative depth selected within afixed bin
should not be biased or overly smoothed. The bin (or DEM post) size should generally not exceed either
the estimated positional accuracy or the acoustic beam footprint size. The agorithms used for data
thinning routines must be thoroughly tested to verify that thinned and/or binned volume quantities do not
differ from raw data set quantities. In effect, data thinning should be kept to an absolute minimum.
Actual dredged quantities should be computed from the binned DEM relative to the applicable payment
template using standard CADD software routines. (For sparse data sets, such as traditiona single-beam
cross-section surveys, dredged volumes may be computed using traditional average end area routines or
from triangulated irregular network (TIN) models).

0. Dredging contract specifications Measurement and payment provisions in dredging contract
specifications should clearly stipulate the type of survey system, acoustic frequency, navigation guidance
system and software, data acquisition parameters (horizontal and vertical control, density, etc.), data
processing and binning techniques, and mathematical volume computational method/software that will be
employed by the government. In order to ensure consistency when performing measurement and
payment surveys, commercially available software should be employed for data collection, data
processing, data quality control, and volume computations.

h. Training requirements. Multibeam system operators require considerable expertise in both
surveying and on CADD workstations. Prior to using multibeam systems on USACE surveys, system
operators should have completed specialized training. Presently, the Corps PROSPECT course on
Hydrographic Surveying Techniques is not considered sufficient for multibeam training. Comprehensive
training courses are available from: (1) the University of New Brunswick, (2) Coastal Oceanographics,
Inc., (3) Triton Elics International, (4) Odom Hydrographic Systems, Inc., (5) University of New
Hampshire-NOAA Joint Hydrographic Center, or (6) The Hydrographic Society of America seminars.
Multibeam manufacturers may also offer specialized training sessions. In addition, the operator should
have completed a manufacturer or Corps PROSPECT course associated with the differential GPS system,
inertial compensating system, and CADD processing/editing system employed. For contracted
multibeam survey services, the Architect-Engineer (A-E) contract solicitations should require that
proposals identify the experience and training of system operatorsin Block 7 of the SF 255.

i. Plant utilization and justification. Multibeam surveys may be obtained using hired-labor
forces or through A-E service contracts. Commands considering procurement of multibeam systems
should internaly determine that such a system represents an effective and efficient utilization of floating
plant, given the $200 K to $500 K investment for a complete system. Some factors that should be
evaluated include: (1) proposed multibeam vessdl, (2) system configuration (hardware and software), (3)
estimated annual utilization (time and location), (4) FTE allocations, (4) system operator qualifications,
(5) field data processing, editing, and plotting, and turnaround capabilities, (6) estimated daily plant and
survey crew rental rate, and (7) comparative analyses between hired-labor and contract costs.

j. Calibration and quality control. Field calibration of multibeam acoustic refractions and vessel
motion is significantly more critical and complicated than that required for standard single beam systems.
Recommended calibration requirements, procedures, and all owable tolerances are described in later
sections of this chapter. Accuracy performance tests are essentia in order to demondtrate data quality.
These quality control calibrations and quality assurance performance tests must be processed and adjusted
on board the survey vessel prior to and during the survey--after-the-fact checks in the district office are of
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little value. Thisimpliesthat near rea-time field-finish data collection, processing, and editing must be
established in the field in order to ensure the most cost-effective utilization of this technology.

k. Multibeam installation on Corpsfloating plant Multibeam systems are mounted on a variety
of vessals, ranging from 22-ft up to 65-ft vessels. Multibeam systems are normally more cost-effectively
utilized on small, mobile (trailerable) survey vessels up to 26 feet in length, with the transducer assembly
externally mounted over the side (bow, port, or starboard). This alows the system to be rapidly deployed
on remote projects. Permanent placement on large, non-trailerable, 30- to 65-ft survey vesselsis
generally recommended in areas where such a vessd is permanently deployed on a major navigation
project. Following are examples of multibeam installations aboard a 65-ft and 23-ft vessel, taken from
representative Corps digtricts.

(1) 65-Foot Survey Vessel Adams I, Norfolk District. 1n 1998, the Norfolk District installed a
RESON "HydroBat 200 Multi-beam Sonar Integrated Hydrographic Survey System” (SeaBat 8101 with
Option 037) on their 65-ft survey boat. Option 037 is the titanium sonar head in lieu of the standard
aluminum sonar head. Figure 11-7 shows the location of the transducer. The SeaBat 6042 data
acquisition system is interfaced with an Ashtech Z-12 DGPS positioning system, a gyro heading sensor
(Anschitz —Standard 20), motion sensor (TSS-DMS-05), and the SeaBat 8101 sonar processor. Project
defined real-time navigation capability is provided by HY PACK software. Calibration, playback, editing,
and binning are handled with HY PACK/HY SWEEP software. Additionaly, velocity profile information
is collected with an AML (SV-Plus) velocity profiler and manually input in HY PACK file format.

RESON SeaBat 8101 with
fabricated for-and-aft conical
fairings ‘

Figure 11-7. RESON SeaBat 8101 installation on Survey Vessel Adams Il (Norfolk District)
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(2) 23-Foot Survey Boat, Buffalo District. 1n 1998, the Buffalo District installed a multibeam
sonar system for use on its navigation projects on Lake Ontario and Lake Erie. Following is a brief
description from Buffalo District reports as to why a multibeam system was purchased, the equipment
installed, and the rationale behind the installation particulars.

(&) The Buffalo District decided that a multibeam was needed for several reasons. The first of
which was to provide for better surveys of the Didtrict's channels. The multibeam would provide 100%
coverage of the channd resulting in a more accurate description of the bottom of the project. For
dredging purposes, a more complete volume computation could be obtained using a full-model method of
computation--i.e., TIN--rather than the approximate "average end area’ method. The multibeam system
will provide information between the normal cross-sections--a TIN volume computation method takes
into account the whole area; thus providing a better *picture’ of what the channel looks like. The second
reason the District needed a multibeam system was to survey the various breakwaters within the Buffalo
Digtrict to check for needed repairs. The multibeam would be able to show areas where the stone was
faling away and needed to be replaced.

(b) The components of the multibeam system installed were 1) Reson SeaBat 8101 with 210 deg
array coverage and with sonar display, 2) TSS POSMV Mode 320 motion sensor, and 3) Triton+-Elics
Isis computer and data logging software. Also on the Triton-Elics computer is HY PACK software used
for navigation purposes. The TSS POS/IMV was chosen because is provides the motion data [heave,
pitch, roll], heading, and position al in one processor, with asmall inertia block, making it easier to
install on asmall boat. An Innerspace Model 449 duakfrequency (vertical beam) depth sounder was
aready being used and would be part of the new system for quality control purposes. In addition, an
Innerspace velocity profiler that was already being used within the Buffalo District was also part of the
installation. A major concern is how to get the data from the boat to the office. Since the office
personnel aready had computers with PCMCIA dots, it was decided that the data would be put on a
PCMCIA card and sent to the office. Since the computers in the District Office have a Windows NT
operating system, software from SystemSoft (called ‘ Card Wizard'), a“hot swap” of PCMCIA cardsis
possible without shutting down the computer.

(c) The Buffalo District installed the system on a 23-foot SeaArk launch. This meant space was
limited within the cabin and weight distribution was a major concern. Aswith most smaller survey
vessdls, the launch operator sits on the starboard side and the equipment operator sits on the port side of
the boat, at the back of the cabin. Without changing that balance, the processors for &l new and existing
equipment would be rack-mounted on the starboard side, behind the launch operator. Thiswill allow the
equipment operator to have them within easy reach. The only equipment in front of the operator are two
monitors, one for the computer doing the data recording and a second monitor for the operator to see what
the launch operator sees. Thisis achieved with avideo splitter. Because the computer doing the data
recording has a virtual screen, this alows the navigation display to be sent to aflat panel screen for the
launch operator, negating the need for a second computer for navigation. Next choice was where to
install the sonar head. Since the multibeam has coverage of 210 degrees, if the sonar head were mounted
through the hull, it would have to be mounted deep enough for the outer beams to get past the outer edges
of the hull. Thiswas not practical since the boat is transported by trailer. The other option, which was
eventually chosen, was to mount it over the side. It was mounted on the port side to aid in proper weight
distribution. It is attached to a pipe that can be rotated to bring the sonar out of the water for putting the
boat on atrailer. The next decision was how deep to have the sonar in the water. Because of the typical
hazards that are in the Buffalo District, i.e., submerged pilings, and alowing for the ability to survey in
rougher sea conditions, it was mounted deep enough to ensure that the sonar head was shallow enough to
remain out of danger of obstacles and deep enough to remain in the water during rough seas (heave, pitch
and roll). The effect of thisis that the sonar head is in the water deep enough to get only approximately
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95 degrees from nadir on the starboard side, not the full 105 degrees. This only presents a problem for
doing the above-mentioned breakwater surveys. To get the best coverage, the boat will ways survey
with the port side of the boat towards the breakwater.

(3) 45-Foot Survey Launch Vollert, Galveston District. Figure 11-8 depicts the installation of an
Odom multibeam system aboard the Vollert. The Vollert is a45-foot length vessel with twin diesels, a
12-foot beam, and 3-foot draft. Thisvessal is normally used to conduct extensive hydrographic surveys
in the Houston, Galveston, Texas City, and Freeport areas. The multibeam transducer shown is side-
mounted on temporary rigs near the mid section of the vessal.

Figure 11-8. Surveyboat Vollert Odom Multibeam installation and typical real-time display
(Galveston District)

|. Data collection hardware/software  Navigation, data collection, and data processing software
employed with multibeam systems should have real-time guidance, display, and quality assurance
assessment capabilities. The software should also be capable of applying al calibrations and corrections
in the field such that data can be collected, edited, and processed in near real-time in order to support
dredging contract administration. Software should also be capable of performing near real-time statistical
quality assurance assessments between comparative accuracy performance test models. Strike detection
systems may require more high-end PC-based or CADD workstations in order to adequately display and
replay 3D imagery in rea-time. CADD data thinning or binning routines should be rigorously tested to
ensure data integrity is not adversely modified. This may be accomplished by comparing quantities
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between raw and thinned data sets. Figure 11-9 shows the instrumentation and equipment requirements
for atypica multibeam system.

TIDES
y
ODOM
ECHOSCAN Helmsman Hypack

y
TSS-05 ’ — e
MOTION SENSOR CPU s ]
Multibeam

y
SCAN2000
GYRO
y
DGPS ’ onom
STARLINK 212G
ECHOTRAC]
y
Tide Gage ’ TSS-335 ’
Staff MOTION SENSOR

[Helmsman(| ONSITE
CPU
Single beam
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TRIMBLE 4000

Figure 11-9. Multibeam system configuration (Surveyboat Vollert, Galveston District)

A number of multibeam data acquisition software packages are used by Corps districts. The more
common packages include HY PACK/HY SWEEP MAX (Coasta Oceanographics), Bathy Pro Real Time
(Triton Elics), and 6042 Version 7 (Reson, Inc.). Data acquistion packages must support all navigation
periphera devices, such as those shown in Figure 11-9. They must aso provide the QC and QA
calibration and testing requirements indicated in Table 11-2 at the end of this chapter. Other software
packages (e.g., Caris) are tailored to post-processing of multibeam data. Both data acquisition and
processing packages must be capable of editing and processing data to meet engineering and construction
purposes, as opposed to nautical charting functions. If the software packages do not meet these criteria,
then multibeam data may have to be processed using standard engineering CADD packages such as
AutoCAD or MicroStation.

m. Vessel positioning requirements. In general, code-phase, meter-level US Coast Guard
differential GPS radio beacons will provide sufficient accuracy for most project surveying applications. It
also ensures Corps projects are referenced relative to the National Spatial Reference System (NSRS).
Where required, trandations from NAD 83 to NAD 27 should be performed rea-time by the
hydrographic data acquisition software. In offshore coastal areas where traditional tidal modeling is
deficient, carrier-phase kinematic DGPS (i.e., RTK) may be needed to enhance vertical accuracy of
measured depths. When the multibeam is deployed horizontally to map underwater structures, RTK
carrier-phase DGPS may be needed to maintain decimeter-level horizontal accuracy.
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11-5. Quality Control and Quality Assurance Procedures for Multibeam Systems

a. General. The following sections in this chapter provide recommended technical guidance for
performing system aignments, quality control calibrations, and quality assurance tests of multibeam
sonar systems used on Corps dredging and navigation projects.

b. Background. Field alignment and calibration requirements for multibeam systems are smilar
to those required for single beam systems described in Chapter 9. However, some cdibration and quality
control procedures for multibeam systems are more critical and demanding than those required for single
beam echo sounders. Periodic, precise calibration and verification testing is absolutely essential in order
to assure multibeam derived elevations meet the prescribed accuracy tolerances for the project--especialy
near the outer beams of the array where refractive ray bending and vessel alignment and motion variations
can significantly degrade the data quality. With improved resolution and increased beam coverage, there
is agreater need for accurate sensors to ensure that the recorded sounding is reduced to its correct position
on the seafloor. Thisisaccomplished by interfacing the multibeam system with position and attitude
sensors, such as: (1) a high accuracy differential GPS system (including heading and attitude RTK
systems), (2) inertial motion reference units (MRU) to monitor changes in position, velocity, acceleration,
heave, pitch, and roll, and/or (3) a gyrocompass. In addition, the time synchronization for all these
componentsiis critical. For this reason, the system accuracy is comprised not only of the multibeam sonar
accuracy but also the various components that make up the total system.

(2) The various components that make up a multibeam system must be periodicaly aigned,
calibrated, tested, and monitored in order to ensure overal data quality. Quality control calibration tests
are performed to measure alignment and timing biases in the transducer head, inertial measurement unit,
gyrocompass, GPS antenna, etc. These cdibrations attempt to minimize errors due to time latencies, rall,
heave, pitch, and heading for the integrated suite of equipment.

(2) Quality assurance performance testsare periodicaly performed to compare independently
surveyed multibeam swaths and/or single beam runs made over the same area. A performance test will
provide a statistical estimate of the data accuracy (or "repeatability” if the comparative surveys are not
truly independent). The test results should be checked against the prescribed statistical accuracy criteria
inTable 3-1.

c. QC and QA requirements. Procedures for performing these calibration and quality assurance
testsare outlined in the following sections of this chapter and are more fully detailed in the manuals
provided with the individual sensors making up a multibeam survey system. These include acoustic
refraction measurements (i.e., velocity casts and bar checks), system latency calibrations (time variances
between positioning, depth, and motion sensors), vessel motion and heading sensor calibration (roll,
pitch, yaw, and heave sensors), and various other vessel alignment and coordinate/datum corrections. A
summary of recommended measurement and calibration requirements is contained in Table 11-2 at the
end of this chapter. Some of these calibration requirements are criticak-failure to perform adequate
calibration may render asurvey invaid. Since many of the alignment and offset parameters are
interrelated, failures at one level of test may require recalibration and/or retesting prior levels. Some
calibrations are performed during initial equipment installation on the vessel; however, others must be
performed on a more frequent basis--especially when dredging measurement and payment surveys are
involved. It should be strongly emphasized that the software and procedures for calibrating, processing,
editing, and thinning multibeam data are still being refined and will undergo modifications as new
systems are acquired and performanceis validated. Likewise, the overall accuracy and object detection
performance capabilities of multibeam systems are still being assessed.
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11-6. Initial Installation Alignment and Static Offset Measurements

Alignment and offset parameters must be measured for the various sensors making up the multibeam
system, e.g., MRU and gyroscope alignment/offsets, transducer mounting angles/offsets, DGPS antenna
offsets, static and dynamic drafts, vessel settlement/squat, and estimated latencies. These measurements
are made upon initial installation or upon replacement, removal, and reinstallation of a sensor. Alignment
and offset corrections are typically entered in the software system setup modules--e.g., HY PACK Device
Setup.

a. Satic offsets of the sensors. These are the distances between the various sensorsand a
designated reference point on the vessal. This entails physical measurement on the vessal platform:--
locating the relative X-Y -Z coordinates of the multibeam transducer, GPS antenna(s), gyrocompass,
MRU sensor, POS/MV system, etc. These measurements should be performed with the vessel stabilized
on atrailer or on blocks where more exact, Sable measurements can be made. A tota station and/or tape
are used to obtain the measurements. The sensors should be measured from a reference point in the
vessal. This point istypically the center of gravity or the intersection of the pitch and roll axis. The
center of gravity will change with varying load conditions of the vessel and thus must be chosen to
represent the typical conditions while surveying. On large stable vessdls, the center of gravity will
dightly change vertically aong an axis that contains the center of buoyancy. On smaller vessdls, the
center of gravity and the center of buoyancy may not be exactly aligned due to eccentric loading. This
condition is to be avoided as it also contributes to the instability of the vessel itself. Thisinformation can
be obtained from the blueprints of the vessal. This reference point (now the coordinate system origin)
should be a place which is easily accessible and from where measurements to the sensors will be made.
The coordinate system should be aligned with the x-axis along the vessal kedl, the y-axis abeam the ked,
and the vertical (z-axis) positive up. The offsets of the sensors are measured from the reference point to
the center of the sensor. The center of the sensor can be found in the manufacturer's schematic for the
sensor, or can be accurately measured with a survey tape. It is common for the acoustic and physica
centers to be in different places (e.g., Simrad EM 3000). The magnitude and direction of the
measurement should be verified and recorded.

b. MRU Sensor. If possible, the inertial MRU sensor should be placed on the centerline of the
vessdl as close as possible to the center of gravity or the intersection of the roll and pitch axes of the
vessel. (Some MRU devices allow heave high passfiltering at aremote location). If possible, use the
same mount angles as used for the transducer. The x-axis of the MRU should match the x-axis of the
transducer. Azimuthal misalignment of the MRU will result in the depth measurements being in error
proportiona to the water depth. Misalignment of the MRU sensor in yaw causes aroll error when
pitching, and a pitch error whilerolling. (If the transducer and MRU are collocated (e.g., Odom
Echoscan), many alignment corrections become far less critical).

c. Multibeam transducer. The multibeam transducer should ideally be installed as near as
possible to the centerline of the vessal and level about the roll axis. However, in practice, the transducer
is usualy offset from the keel by varying amounts, and may be forward or aft of the center of gravity
(e.g., side mounts, bow mounts, twin hull mounts, etc.). The transducer should also be precisdly aligned
with the azimuth of the vessel. The depth of the transducer head below the waterline of the vessel must
also be determined. Asin single beam systems, standard bar checks are performed to measure static draft
variations, which may include a constant index error that would not be detected if only a physical
measurement were made. Likewise, squat/settlement tests are performed to calibrate dynamic vessel
variations. Longer-term fuel loading variations must aso be monitored.
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(1) Most multibeam transducers used on smaller (e.g., less than 30 foot) USACE vessels are

mounted over-the-side on a shaft and boom device. Most Corps 65-foot vessals have permanent hull-
mounted transducers. Other larger vessels have retractable transducers  Some smaller survey vesselsare
outfitted with retractable bow-mounted transducers. With the over-the-side type of mount, it is
imperative that the azimuthal alignment between the transducer and keel be as accurate as possible. This
can be accomplished with the vessel on atrailer or blocks on land and using standard surveying and
leveling techniques. Since this boom-mounted technique alows for raising the transducer at the end of
each day of operations and lowering it at the start of the next day’ s survey, this type of mount should be
periodicaly checked for correct alignment. The frequency with which it is checked will depend on what
type of surveying is performed and under what conditions. Hull mounted transducers are generally fixed
in place and will not need to be checked as frequently.

(2) The angle of the transducer mount must be determined and recorded, unless the MRU is
collocated. Since most vessels underway will be lower in the stern, the transducer will generally need to
be rotated aft to compensate for thisangle. The patch test will also check for the transducer angle. The
resulting beam should then project normal to the sea floor while conducting surveying operations.

d. Gyroscope. The eectronic gyroscope should be aigned with the x-axis of the vessdl using an
electronic total station and geodetic control points. This can be done with the vessel on atrailer or
secured tightly against a pier where there is minimal wave action. The gyro should be warmed up and, if
necessary, the proper corrections for latitude applied. Locate two points on the centerline of the vessdl
and position atarget on each of them. Observe the two targets with the total station and synchronize the
readings with the gyro readings. Severa readings will be needed for redundancy. Compute the vessdl’s
azimuth and compare with the gyro readings. Compute the mean and standard deviation of the readings.
If the offset is more than 1deg at the 95% confidence level, realign the gyro with the centerline and repeat
the observations. If lessthan 1deg, apply the correction to the gyro output. This procedure can also be
performed using three GPS receivers instead of the total station. The processing may take longer than
with the total station.

e. MRU sensor time delay. Time delay in the attitude sensor will result in roll errors, which
gresatly affect reduced elevations at the outer beams. In addition, horizontal accelerationsin cornering can
also affect the MRU measurements, which will aso result in errors in the depth measurements. Basically,
the principle to detect roll errorsis to observe, from the bathymetric data, short period changesin the
across track dope of the sea floor when surveying flat and smooth areas. Coastal Oceanographics
HYPACK MAX and TEl's Iss/Bathy Pro programs can be used to check the time delay. HYPACK
MAX will process the timing in post-time while the TEI Isis/Bathy Pro displays a real-time confidence
check. The Canadian Hydrographic Service and University of New Brunswick have developed UNIX
based software to assess time delay in multibeam data.

f. Positioning time delay (Latency). Time delay in the positioning is the time lag between the
time positioning data are received and the time the computed position reaches the logging module. This
results in a negative aong-track displacement of the depth measurements. While surveying at slow
Speeds, this displacement will be small. In general, the processing time for the position will vary with the
number of observations used in the final GPS solution. If the time imbedded in the GPS message will be
used, then you must ensure the correct synchronization between this time and the transducer or signa
processing clock. A Patch Test (described below) is performed to determine a constant latency
correction. If RTK DGPS positioning is employed, then the system should be checked for latency (or
lack of alatency correction).
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11-7. Vessel Squat/Settlement and Draft Variations

a. Sguat/Settlement measurement. The combined squat and settlement of the vessel should be
measured at several speeds and alook-up table produced for correcting the transducer draft. (Refer to
procedures outlined in Chapter 9). This measurement is essential since a MRU will not measure the long-
term change in elevation. A MRU heave sensor will record the sudden change in elevation but the
measured heave will drift back to zero. The settlement can be measured with atransit on shore and a 2-
meter level rod or stadia board on the vessdl positioned over the MRU sensor (i.e., the point where the
heave data are low pass filtered). The vessel should make several passes at various speeds in front of the
shore station and the rod elevation recorded. The elevation difference at each speed is noted and used as
the draft correction while surveying. Be sure the correct sign is applied when entering the correction in
the software.

b. Squat/Settlement measurement using RTK DGPS. An aternate method for determining
sguat/settlement makes use of carrier-phase differential GPS elevation difference measurement.

(1) Position the DGPS antenna near the center of the vessel and measure the vertical and
horizontal distance from the antenna to the vessel’ s reference point with steel tape.

(2) Use data from a nearby tide gauge to provide a datum from which to measure the elevation.
The gauge should be in the survey area and if the areais large, two gauges should be used.

(3) Run the same survey line at different speeds. Also, run the line under different loading
conditions.

(4) Record the GPS positions, heave, pitch, roll, vessel speed and water levels at common times.
The sampling rate should be at the highest for GPS and MRU sensors (10 Hz and 100 Hz, respectively)
while the water levels can be recorded at approximately 5-10 minute intervals.

(5) Record the antenna height while stationary.
(6) All data should be synchronized and interpolated if necessary.

(7) Use the GPS antenna offsets and attitude data to compute the roll and heave, and correct the
antenna elevations. Subtract water level data and heave data from GPS antenna el evation.

(8) With these corrections for motion and water levels, compute the average speed in the water
and the average antenna elevation with respect to the ellipsoid. Produce alook up table for the transducer
draft correction.

c. RTK DGPS sguat/settlement determination. If precise carrier phase GPSis being used asan
absolute elevation reference for the multibeam transducer, then there is no requirement to enter in a
squat/settlement correction. Likewise, tide/stage data and dynamic draft corrections may also be
eliminated. However, if RTK DGPS is used only to determine the tide/stage level, then squat and draft
measurements must be input to the processor.

d. Short term draft measurements. Changes in vessdl draft due to fud or loading changes should
be monitored throughout the day, and depth corrections applied if trim variations are significant. These
procedures are identical to those described for single beam surveys (Chapter 9). Heave corrections output
from RTK and/or MRU systems must be monitored to ensure long-term sea swells or vessdl turns do not
bias the data.
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11-8. Patch Test (Residual Bias Calibration)

Patch tests are periodicaly performed to quantify any residual biasesin the initial alignment
measurements described previously. Thistest (actually a series of reciprocal lines run at varying speeds,
depths, and bottom terrain--see Figure 11-10) must be performed carefully to ensure that subsequent
survey data collected is accurate and reliable. The Patch test determines (and provides correctors for) the
following residual biases:

pitch offset

roll offset

positioning time delay (latency)
azimuthal (yaw) offset

The determined offsets and delays will be used to correct the initial misalignments and calibrate the
system. Each of these biastests is described below.

a. Data acquisition. Survey quality code or (preferably) carrier phase DGPS positioning must be
used when conducting the Patch tests--especidly in shallow draft projects. The weather should be cam
to ensure good bottom detection and minimal vessel motions. Since most of the lines to be run will be
reciprocal lines, it isimportant to have capable vessdl steering and handling. The lines should be runin
water depths comparable to the typical project depths encountered. The order the lines are run is not
important athough it is recommended that at least two (2) sets of reciprocal lines be run for redundancy.
In practice, multiple runs should be made to average (and assess the long-term repeatability) of the
computed bias parameters. Although the outer beams of multibeam sonar are subject to a smaller grazing
angle, these beams should provide good data provided the appropriate corrections are applied from the
patch test. Vessel speed should be regulated such that 50% forward overlap is obtained. The maximum
speed may be calculated by the following equation:

v=S-d-tan (b/2)
(Eq 11-1)
where:
v = maximum velocity (m/s)
S = sounder sampling rate per second (1/t)
d = depth
b = fore-and-aft beam width angle

b. Positioning time delay test and pitch biastest. Two pairs of reciproca lines are run at
different speeds to check for biases in both positioning time delay (latency) and pitch bias. Latency is
determined from runs made over the same line in the same direction, but at differing speeds. (Both these
biases may exist smultaneoudy and must be discerned and separated during the test data processing).
These lines should be run in an area with a smooth, steep dope--10° to 20°, if possible. The dope should
idedlly be at least 200 m long in order to obtain good samples. A channel side ope may have to suffice
if no other relief isavailable. At least two pairs of reciprocal lines should be run both up and down sope,
at velocities differing by at least 5 knots to best assess the time delay. The greater the differencein
velocity, the more accurate the test. Pitch is determined from the runs made over the same lines at the
same speed in opposite directions.
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c. Roall biastest. In an area of flat topography, run at least one pair of reciprocd lines
approximately 200 m in length to test for roll biases. Roll biaswill best show up in deep water.
Depending on the type of multibeam system, these lines should be run at a speed to ensure significant
forward overlap of the beam's footprint. The beam width can be found in the manufacturer’s
specifications.

d. Azimuthal (Yaw) offset test. At least two adjacent parallel pairs of reciproca lines shal be run
normal to a prominent bathymetric feature such as a shoa or channel side ope, in shalow water. Do not
use a feature with sharp edges such as wrecks since there is more ambiguity in the interpretation. The
adjacent lines have an overlap of about 15% and the feature should be wide enough to ensure adequate
sampling. Thiswidth is generally greater than three swath widths. These lines should be run at a speed to
ensure significant overlap of the beam forward footprint--use the same equation as that for roll bias.

e ﬂ
F ROLL: Smooth deep bottom

reciprocal lines
equal speeds

LATENCY: Slope or bank feature
same direction lines
unequal speeds

- Tomn e T
h PITCH: Slope or bank feature
> reciprocal lines
/ equal speeds
- Tomn e T
h YAW: Flat bottom with object or bank
> parallel offset lines
m / equal speeds

Figure 11-10. Summary of patch test runs

e. Patch Test Data Processing and Adjustment. Commercia patch test routines automatically
calculate system latencies, roll, pitch, and yaw biases in multibeam data. The adjustment procedure
outlined below uses the entire data set collected from the patch test lines without thinning (i.e., gridding
or binning). Visualization of the bathymetric dataisimportant. In addition, the position and attitude data
should be checked for errors, especidly noting the time-tag errors. Cleaning of the bathymetry is not
necessary since individual soundings will not be adjusted but rather clusters of data points will be
analyzed. The procedures to process the patch test data should follow the sequence recommended below.
Note that this differs from the sequence recommended by Coastal Oceanographics: roll-latency-pitch-
yaw. Since asingle run Patch Test may contain interna inaccuracies due to positioning, inadequate
depth, poor feature recognition, etc, it is recommended that the test be performed over different conditions
and times in order to arrive at an average, longer term, correction. Future software packages are expected
to fully automate the sequential process described below, using imagery enhancing and model fitting
technology. Such a process would be far more accurate than the current sequential process.

11-20



EM 1110-2-1003
Change 1
1 Apr 04

(1) Positioning time delay (latency) bias. This deay is computed by measuring the along-track
displacement of soundings from the pair of coincident lines run at different speeds over the steep slope or
other prominent topographic feature. Lines run in the same direction should be used to avoid the effect of
pitch offset errors. The equation to compute time delay is:

TD=da/ (W-Vv)
(Eq 11-2)
where:
TD = timedéday in seconds
d, = dong-track displacement (ft)
Vh, = higher vessel speed (ft/sec)
vi = lower vessal speed (ft/sec)

The survey lines are processed, plotted, and compared while assuring that no corrections are made for
positioning time delay, pitch error, roll error, and gyro. The time delay is then averaged by getting
several measurements of the displacement in the along-track direction. This processis performed
iteratively until the prof iles and contours match or achieve a minimum difference.

(2) Pitch offset bias. The pitch offset bias is determined from the two pairs of reciprocal lines run
over adope at two different speeds. The important characteristic of pitch offset is that the along-track
displacement caused by pitch offset is proportional to water depth. Thus, the deeper the water the larger
the offset. The pitch offset (in degrees) can be computed using the following equation:

a=tan*[(di/2)/ (depth)]

where:
a = pitch offset (bias angle)
da = dong-track displacement
depth = water depth

The lines are processed while only applying the positioning time delay correction and the static offsets of
the sensors. The pitch offset is then averaged by taking several measurements of the displacement in the
along-track direction. This processis performed iteratively until the profiles and contours match or reach
aminimum difference. It should be noted that unless kinematic GPS (i.e., RTK DGPS) positioning is
employed, determining d, to areasonable level of accuracy is difficult in shallow water.

(3) Azimuthal (Yaw) offset bias. Paralld lines run normal to a bathymetric feature will be used
for the measurement of the azimutha offset. One pair of adjacent lines run in opposite directionsis
processed at atime to remove any potential roll offset. The azimuthal offset (in degrees) can be obtained
from the following equation:

y=sn"[(da/2) /%]
(Eq 11-3)
where:
azimuthal offset (deg)
aong-track displacement (ft)

y
da
X relative across track distance for beam i (ft)

The survey lines are processed with only the positioning time delay, pitch offset corrections, and static
sensor offsets. The azimuthal offset is averaged by severa measurements of the displacement d, over the
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feature and knowing the acrosstrack distance X at the location of the measurements. This processis
performed iteratively until the profiles and contours match or achieve a minimum difference.

(4) Roll offset bias. Roll bias is computed using the pairs of reciprocal lines run over aflat, deep
area. Generadly, this offset is the most critical in deeper water and should be carefully measured. For
small angles of lessthan three (3) deg, the roll offset can be estimated by the following equation:

r=tan [ (d,/ds)/2]

where:

r
d,
d

a

roll offset (deg)

depth difference (ft)
across-track distance (ft)

(Eq 11-4)

The survey lines are processed while applying the positioning time delay, pitch offset, gyro offset
corrections, and static sensor offsets. The roll offset is averaged by severa measurements of the across
track displacement d, aong the test swaths. This processis performed iteratively until the profiles and
contours match or achieve a minimum difference.

Table 11-1. Summary of Patch Test Procedures and Computations

Latency Delay Pitch Offset Azimuth/Yaw Offset Roll Offset
LINES Two (2) on same Two (2) pairs Two (2) pairs over Two reciprocal
REQUIRED heading over slope on reciprocal bathymetric feature lines over flat
or shoal; different headings at at equal speed area; equal
speeds 2 speeds speed
PRIOR None--other than Positioning Position time delay Position time
CORRECTIONS static offsets time delay and pitch delay, pitch,
APPLIED &gyro
COMPUTATION Average of Average of Average of displace Average of
METHOD displacements in displacements  in across track displacements
along track direction in along track direction in across track
direction direction
VISUAL Match profiles and Match profiles ~ Match profiles and Match profiles
METHOD contours and contours contours and contours

(5) Automated Patch Test. Figure 11-11 depicts screen displays of automated Patch Test bias
computations. The results are input directly into the real-time processing system.
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Figure 11-11. Automated Patch Test parameter computations --roll, latency, pitch, and yaw.
(Coastal Oceanographics, Inc.)

11-9. Velocity Measurements

Asin single beam systems, the velocity of sound in the water column must be accurately known so the
correct depth can be measured. However, in multibeam systems, velocity measurements are more critical
due to the effects of refraction (“ray bending”) in the outer beams. Since sound velocity in the water
column can vary spatially and temporally, improper or inadequate determination of sound velocity
corrections can render multibeam data unusable. Velocity calibrations should be performed periodicaly
during the day, and no less than twice per day, and at more frequent intervals or locations if physical
changes in the water column (e.g., temperature, salinity) are affecting data quality. Some multibeam
systems (e.g., GeoAcoustics, Inc. GeoSwath System) incorporate continuous near-surface velocity meters
in the transducer head—see Figure 11-2). The quality of velocity data may be subsequently assessed
through use of the "Performance Test" which compares overlapping survey data models. Beam angles
should be reduced below the maximum limits specified in Table 11-2 if velocity data and/or performance
tests indicate uncertainty in outer beam depth measurements. Velocity profile data is entered into the
system such as under the HY PACK MAX Sound Veocity Program section.

11-10. Vessel Draft and Index Measurements (Bar Checks)
Asin single beam systems, a bar check represents the "reference standard” by which multibeam echo

soundings are calibrated. Upon initial installation, and periodically thereafter, atraditional bar check
should be performed to calibrate the multibeam draft and index corrections and verify velocity corrections
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(from velocity meter casts) are accurate. The frequency of this calibration is a function of the results, the
stability of the system, and the nature of the survey. If periodic bar checks verify the draft/index
corrections are holding constant, then less frequent checks are needed--perhaps every few months.
Multibeam bar checks are performed similarly to single beam ber checks. The check bar may likewise be
coated with foamed material to more nearly simulate actual bottom conditions (reflectivity).

a. Nadir beam bar checks. Bar checks are performed under the center beams to quantify any
draft or index errors in the system. As stated above, these need only be done on an infrequent basis,
depending on the long-term stability of the results. This cdibration isidentical to that performed for
single beam transducers (Chapter 9). Figure 11-12 depicts atypical bar check over a portion of the
multibeam array. See also reference 11-14 c.

b. Outer beam bar/plate checks. TheNew Y ork District has developed a quality assurance
procedure whereby asmdl bar or sngle-line plate can be lowered from either side of the boat to perform
a"blunder” or "confidence" check on the recorded multibeam data. Such a check can be quickly
performed before or during each survey. Any portion of the multibeam array that is picked up can be
used. Although not intended to definitively calibrate draft/index vaues like a bar check, this check will
revea grossbiases. If biases exist between the plate/bar depth and the multibeam depth, then the standard
QC and QA tests should be performed to determine the cause of the bias. It is recommended that this
type of "blunder" check should be performed before each survey.

0'- WATER SURFACE

BEAM OF VESSEL: 12'
LENGTH OF BAR: 14'

Figure 11-12. Standard bar check of a multibeam system (Galveston District)

11-24



EM 1110-2-1003
Change 1
1 Apr 04

11-11. Beam Width Restrictions on Multibeam Systems

The coverage of multibeam systemsis afunction of swath width and water depth. Most systems provide
coverage of two to approximately seven times the water depth. The number of individua beams (and
footprint size) within the swath array varies with the manufacturer. As outlined in previous paragraphs,
the outer beams on each side of the swath are subject to more corrections and may not be useful for most
dredging and navigation applications. The maximum angular extent of coverage must be verified, and
accordingly restricted, by conducting some form of independent performance test. Thus, the
recommended maximum beam limits in Table 11-2 are contingent upon some type of quality performance
check to verify the adequacy of theentire array. Depending on various factors, primarily velocity and
bottom reflectivity variations, it may be necessary to restrict beam widths to less than the recommended
limits shown in Table 11-2. (There are known cases where multibeam arrays had to be restricted to

* 22.5 deg due to poor data quality outside these limits).

11-12. Quality Assurance Performance Test (Overlapping Models)

A performance test is used to evaluate the quality and confidence of multibeam data being collected. This
test typically compares overlapping data sets from two different multibeam surveys--performed either by
the same vessal or by different vessals. Thistest may aso be performed by comparing multibeam data
with that collected by another single beam or multiple transducer echo sounder--obtained by either the
same vessdl or different vessels. Other comparison test methods are also used, such as matching
multibeam bathymetry of a flooded Corps lock chamber against topographic data measured in the same
lock chamber during a dewatered state. Object detection capabilities may also be verified by sweeping
over smulated objects of known size; placed either in open water or in controlled lock chambers.

a. Purpose. The purpose of a performance test isto obtain an estimate of the accuracy (or
repeatability) of a multibeam system throughout its entire swath. These accuracy estimates can then be
compared with the minimum standardsin Table 3-1. Thistest aso partially checks the parameters and
biases that were measured and computed during the previously described QC calibrations (velocity profile
calibrations, Patch Test bias parameters, etc). If performed over different tidal phases, it may also detect
poor tidal modeling in the survey area.

b. Frequency of performancetests. Testsshould be conducted before a critical dredging
measurement and payment survey project; however, they are not needed prior to individua surveysin that
project. For non-navigation surveys, performance tests may be conducted weekly, monthly, quarterly, or
less frequently, depending on the long-term stability of the results, known variations in different project
areas, etc. Performance tests should aso be conducted upon equipment installation or modification.
Performance test data reduction, processing, and statistical analysis should be performed in near real-
time--i.e. on board the survey boat.

€. Undetected biases Performance tests conducted by the same vessd, the same multibeam

system, and over ashort tidal time period, are not truly independent but are only an assessment indicator--
a congtant biasin the system could go undetected. A more truly independent performance test is obtained
when comparison surveys are run at different tidal phases, using different multibeam and single beam
systems, by different vessels, in different locations, and differing sea state conditions. However, this type
of ided test is not practical in actual Corps practice--typically, a performance test is done at the beginning
of the day before the pre/post dredge survey isrun. In this case, the test more properly indicates alevel of
"repeatability” in the data--see Chapter 4. Some of the biases that may not be detected when the same
vessel and multibeam systemis used in a performance test include:
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(1) Squat/settlement bias. A constant error in the squat/settlement correction for the vessel will
be undetected since the same vessel speed is run for al tests. Running different speeds might detect this
error; however, it is probably small for most vessels. Use of RTK DGPS eliminates this potential bias.

(2) Draft errorsdue to undetected loading variations.

(3) Tide/stage modeling errors. When the comparison test is performed at the same time (tidal
phase), errorsin the tidal model will not be detected. However, performing the test at the same time will
indicate the multibeam system is outputting quality data, independent of any tidal modeling errors.
Performing the comparison tests at both the same and different tidal phases is strongly recommended, in
that the independent quality of the multibeam system can be checked separately from any biasesin the
tidal model. Aswas discussed in Chapter 4, errorsin the tidal model can represent the major portion of
an error budget for an individua depth measurement, and can easily mask the errors in the multibeam
system. If performance test biases are small (< 0.05 ft) when run at the same tide phase, and large when
tested over different times/phases, then atidal modeling problem isindicated. No amount of multibeam
QC cdlibration or QA testing will rectify this modeling error--the only practical solutions are to correct
thetidal model or utilize RTK direct elevation solutions (which also require appropriate geoidal and tidal
modeling corrections).

(4) Bottom reflectivity. A constant depth error due to signal processing biases may be detected
by comparing different portions of the array, multibeam systems, frequencies, etc. Variations can also
occur in the outer beams due to differences in amplitude and phase detection processing. In addition, any
index variations due to reflectivity differences between the bar check and actua bottom will not be
detected.

Given the above, obtaining an absolute performance confidence test on a multibeam systemis not a
simpletask. However, since use of the same vessal (and survey system) is recommended for all USACE
measurement and payment surveys on a project, the performance test will yield a good estimate of the
data repeatability and confidence, and indirectly the accuracy of any pay yardage derived from a survey.
This presumes any undetected biases are constant (and hopefully small) for both pre and post dredge
surveys.

d. Reference and Check Surface development. The procedure described below compares a
"check line" multibeam dataset with a "reference surface" dataset complied from narrowly spaced
multibeam data using only near-center beam data. The "reference surface” derived from independent
vertical single beam data could aso have been used, provided a reasonably dense single beam mode is
obtained. Failure of the performance test survey to meet the recommended tolerancesin Table 3-1 and
Table 11-2 requires corrective action--i.e., remeasurement, recalibration, patch testing, etc.

(1) Reference surface (Figure 11-13). Thisis essentialy a small survey run over an extremely
flat area(lessthan 1 ft gradient) in water depths of not more than 100 ft. A flat bottom area minimizes
the effect of positional errors on the test. It represents the "baseling" area. Four or five pardld lines are
run with at least 150% bottom overlap--i.e., 25% sidelap. The line spacing must be close enough to
ensure that the inner beams overlap enough to give redundant data. The beams outside a 45-60 deg swath
width should be removed prior to editing. After these lines are run, four or five parald lines are run
perpendicular to the previously run lines with the same swath and overlap. The speed over the ground
should be the same on both sets of lines. A velocity cast should be made in this area and the corrections
applied. All the edited data in the Reference Surface are then binned at 1 ft x 1 ft cell sSizes. Thedatain
each cell are then thinned using the average depth of al the depthsin a cell.
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Figure 11-13. Color-coded Reference Surface binned into 1 ft x 1 ft cells. Five multibeam lines were run in
each direction and combined to make up the Reference Surface (Coastal Oceanographics, Inc.)

(2) Check lines. Multibeam "Check Lines" will be run such that the full beam array can be tested
against the Reference Surface. At least two perpendicular multibeam swath lines should be run inside the
reference surface. The vessel speed is the same as for the reference surface. 1dedlly, a more independent
test is obtained when the Check Lines are additionally surveyed at a different time and tidal phase from
that of the Reference Surface survey; however, thisis not always feasible in practice. (Another
dternative is to run single beam Check Lines--either from the same vessel or another vessal-- to compare
with the multibeam Reference Surface). The beam width of the Check Linesis not restricted so that the
data quality in the outer parts of the array can be assessed. A difference surface between the Reference
Surface and the Check Line surface can aso be created and statistics computed to assess overall
performance. From these differences, the corrections to the system can be checked against the criteria
recommended in Table 3-1 (and Table 11-2). Software vendors have devel oped programs that will
automatically perform these statistical assessments.

e. Data processing and analysis Performance test data processing and analysis should include
assessment of the following statistical parameters:

Outliers. Depth differences between the Check Line surface and Reference Surface are

computed at each beam point along the Check Line array. They can be visudly displayed in a
histogram as shown in Figure 11-14. Maximum outliers should not exceed the values
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Figure
Histogram

recommended in Table 11-2. Presence of excessive outliers in the outermost portions of the
array indicates calibration/velocity problems, and requires correction and/or restricted beam
widths.

Mean difference or bias The difference, or bias, between the Reference and Check
surfaces should not exceed the maximum allowable bias value in Table 11-2 (and mandated in
Table 3-1). Thisisthe most critical quality assurance check on the data in that a bias error will
adversely skew depths and related quantity computations. Excessive surface bias errors require
immediate assessment and correction. They could indicate problems with the multibeam data
(e.g., MRU alignment) or vertical tide/stage corrections (see paragraph ¢ above). The
confidence of the computed bias can be estimated by computing the standard error of the mean,
as demongtrated in chapter 4. Given thousands of comparative data points on multibeam
surveys, the standard error of the mean should be small; typically well less than 0.05 ft, and
well within the relatively liberal 0.1 ft and 0.2 ft alowable tolerancesin Table 11-2 (Table 3-1)
which factor in assumed uncertainties in the tidal model. The example test in Figure 11-15
shows hiases computed at various beam angle widths. This type of plot should be used to
determine the maximum beam width that should reliably be used.

Sandard deviation. The standard deviation of the differences between the Reference and
Check surfaces should not exceed the limit shown in Table 11-2--i.e. the prescribed
performance accuracy standard for depths given in Table 3-1. Some software programs
typically output one-sigma standard deviations. These must be converted to the 95%
confidence levek-i.e., multiply by 1.96. The existence of excessive outliers and biases will
increase the overall standard deviation. Restriction of the beam array angle may reduce this
error if most of the excessive outliers are in the outermost portion of the array. Results from
this test may be used as an indicator of overall accuracy performance. In order to assess
resultant accuracy as a function of swath width, it may be necessary to isdate sections of the
beam swath, asis shown in Figure 11-15.

% Beam Angle Test

Compaigon Detak |

Chooes &ingle Limd =] #5arpes [te5
Releenes - Chade Lre Diffesnos
Maw Outier s Stardan Divistin i E}
Mean Dilmence [Fed - Check] | 3% Conlide nes 028
Hedooram

ll'llII.
0

Open Raterercs Sufaca | Stal Test i St b Chorza i

11-14. Statistical results of a Performance Test with Check Line beam angle width of * 45 deg.
shows dispersions and outliers (- 0.48 ft maximum). No bias was present and the 95% confidence
was * 0.28 ft. (Coastal Oceanographics, Inc.)
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Figure 11-15. Plot of statistical bias and confidence results at various beam angles widths. Note that bias
and confidence degrades beyond * 45 deg, indicating data should not be used outside a full 90 deg swath
width. (Coastal Oceanographics, Inc.)

f. Sample performance test calibration--Philadelphia District (Surveyboat Shuman). The
performance test was done over avery flat anchorage area with depth variation of less than 2 ft over a 200
X 200-ft test area. A reference surface was created by running two sets of four paralld lines, line sets
perpendicular to each other with spacing equal to the approximate water depth (45 ft). After editing and
application of tide and sound velocity corrections, the reference survey was gridded into 2 x 2-ft cells.
The average of each cell (approximately 17 points per cell) is saved to an XY Z file. The results from
comparison of the reference surface with two check lines (one in each direction) are shown in the

following tables.

Maximum Outlier 0.40 ft 1.0ft OK
Mean Difference (Reference surface — Check line) | + 0.10ft <0.2ft OK
Depth Standard Deviation (1-¢) +0.07ft | -

at 95% Confidence (per Table 3-1) +0.15ft NTE +2.0ft OK
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Results of the comparison of the multibeam check lines to the reference surface can also be tabulated as
shown below. This report is generated by the Beam Angle Test section of HY SWEEP multibeam
processing program MB Max.

+ Beam Angle Limit Max Outlier Mean Diff Std Dev  95% Confidence
20 0.37 0.11 0.08 0.16
25 0.37 0.11 0.08 0.16
30 0.37 0.11 0.08 0.15
35 0.40 0.11 0.08 0.15
40 0.40 0.10 0.08 0.15
45 0.40 0.10 0.07 0.15
50 0.40 0.10 0.07 0.15
55 0.45 0.10 0.07 0.15
60 0.88 0.10 0.08 0.15
65 0.88 0.10 0.08 0.16
70 0.88 0.10 0.08 0.16
75 0.88 0.11 0.08 0.16

The results of the above sample Performance Test indicate the multibeam system is providing reliable
data out to a+ 75 deg beam width. However, the relatively large constant biases of + 0.1 ft between the
two surveys might be questioned and further evaluated as to the cause. If thistest had been performed for
apayment survey on arock cut project, then these large biases would have exceeded the 0.1 ft alowable
tolerance in Table 11-2.

g. Real-time quality assurancetests This smply involves operator assessment of data quality as
it is being collected, making visua observations of cross-track swaths (i.e., noting convex, concave, or
skewed returnsin flat, smooth bottoms), data quality flags/aarms from the DGPS or MRU systems, or
noting comparisons between adjacent overlapping swaths or between independent single beams. Real
time software must have features that allow some form(s) of real-time quality assurance assessment, and
performing immediate corrective actions.

11-13. Multibeam Data Processing--Editing, Filtering, Thinning, and Binning

Multibeam datais processed and edited on a variety of commercial platforms and software packages--
e.g., HYPACK MAX Sweep Editor. Data processing software has now progressed to the point that
multibeam data may be filtered, edited, thinned, and binned in real-time; thus eliminating much of the
post-processing editing work previously associated with large multibeam datasets. It isimportant that
data filtering, thinning, and binning processes do not adversely corrupt or erroneously warp the reduced
model, potentially biasing dredged volume computations. Automated filtering for data spikes must be
closely monitored. Data thinning routines must be intelligent in order to maintain the integrity of the
topography. Averaging datainto matrixed bins must aso ensure that the basic topography is not
compromised. If bin sizes are too large, data may be overly smoothed. Topographic data corruption can
also occur if shoa biasing is used to form bins (or cells) in adigital terrain model (DTM) or digital
elevation model (DEM)--any such biasing processes should be used with caution. Many of these
procedures, and related intelligent data thinning software routines, are being continually updated as new
algorithms and performance test techniques become validated.

a. Editing and filtering data. Multibeam data typically contains many noise spikes that must be
edited out of the database. Filtering and editing can be done in real-time, in post-processing, or in
combination. Manual editing could be performed by viewing each cross-section and editing out spikes from
individual beams. At 40 cross-sections/sec, thisis not practical. More commonly, the entire dataset is
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viewed in 3D form and data spikes are edited out manually in the 3D model. Thisis likewise alabor-
intensve process. Spike or data anomaly filtering can aso be performed during data acquisition or during
post-processing. Such "intelligent” filtering is usudly based on setting up maximum data quality or
magnitude changes. During this process, data can aso be automatically thinned and binned. Final 3D
modd review and editing is still recommended. Given the increasing densities of collected multibeam data,
coupled with requirements for small bin sizes, smart use of automated filtering and editing has become a
practical way to process these large datasets.

b. Thinning and binning multibeam datasets. In theory, there is no need to reduce the size of the
collected multibeam dataset. The entire "raw" database could be used for project or dredging condition
assessment, volume computations, etc. However, these large datasets are thinned for a number of reasons,
such as: (1) plotting in plan view without sounding overlap, (2) dredge volume computations, (3) channel
clearance dtrike plots, (4) controlling channel depth reports, (5) 3D visualization models, or (6) Smply to
reduce the data down to a managesble sze. Therearea number of methods for reducing (or thinning) the
Size of large, edited multibeam datasets. For basic terrain visudization requirements (i.e. non-navigation
uses), various thinning routines have been developed that can reduce datasets by 95% or more; typicaly
selecting representative depths based on gradient changes over large areas. In current USACE practice,
multibeam datasets are typically thinned into afixed matrix or grid cell. The size of the cdll is selected
based on terrain irregularity, dredge volume computation requirements, or to prevent overplotting adjacent
depths.

11-14. Depth Selection Options

Once raw data points are collected within their given positiond cell, the multiple depths within eachcel
may be thinned to a single representative depth for that cell. Binning or gridding routines (e.g., HY PACK
MAPPER) provide optionsto thin multiple depths within a cell. Although designed for reducing the size of
multibeam data, these binning routines may aso be used for single beam daiaas well. Various
representative depth outputs are possible with binned data:

Minimum depth within the cell (e.g., "shoa biasing”)
Maximum depth within the cell

Average (or mean) of all depths recorded within the cell
Median of all depths recorded within the cell

Shot depth closest to the cell center

Each of the above depth selection options has advantages and disadvantages. On dredge measurement
and payment surveys where multiple passes are made, asmall (e.g., 5 ft x 5 ft) cell could contain, say, 5
to 50 data points, from which a single representative (i.e. "thinned") depth must be selected. One of these
points could be a noise "spike" that passed the processing filter described above. The average of 50
depths within the cell may not be representative if the cell is too large and shoaler depths within the cell
are obscured by the average. Likewise, the shot depth nearest the cell center (centroid) may not be
representative. Therefore, selecting a bin size and representative thinned depth for a given project isa
complex task and should be based on experience with specific project applications. Recommended
maximum bin sizes and depth selection options are given in Table 11-2 for this purpose. In addition, for
most surveys, the X-Y coordinate origin of the grid matrix must be specified so that different processors
will obtain the same results from a given dataset.

a. Shot Depth. For most applications, the "shot depth” closest to the cell center is used to best
represent the terrain. Thisis because some of the other options can significantly bias the terrain
representation if the cell sizes are too large, resulting in a false depiction of the true bottom condition (and
dredged quantities). Statistically, a shot depth selection represents the best option for depicting datasets
in that no inherent biases are produced in thinning the data. (Use of an unthinned raw dataset is, in effect,
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nearly unbiased; however, the size of the raw dataset may be too large for efficient quantity
computations). The position of the shot depth istypically shifted to the X-Y coordinates of the center of
the cell.

b. Average (mean) depth. The "average depth” option can overly smooth the data if cell sizes are
too large; however, this may be desirable in some instances. If cdll sizes are kept relatively small, then
the average depth can be a good representation of the bottom condition; and will represent a consistent,
equitable payment method in dredging surveys. “Average’ depths within asmall, fixed bin size are
recommended for computing dredged quantities--see Table 11-2. If bin sizes are set too large, then
averaged depths may not be desirable on excavated dopes. (Visua interpolation of analog depth records
on single beam surveys, in effect, averages the depths nearest the fix event mark. 1f single beam averaged
depths are recorded, the system software must tag a position with the center of the depth series--requiring
some form of on-line position interpolation).

c. Median depth. The median depth of al depthsin a cell will generally be nearly equal to the
average depth when alarge number of depths fall within the cell. When only one or two depths are
contained within a cell, the median depth isidentical to the average depth. The median depth may be
superior to the average depth if noise spikes have not been adequately filtered out. For example, in a cell
containing three depths (6 ft, 7, ft, and 17 ft), the median depth would be 7 ft but the average depth (10 ft)
is biased due to the 17 ft spike.

d. Shoal-biased or minimum depth. The minimum depth recorded within a given area has often
been used for strike detection, dredge clearance, and controlling channel depth purposes. NOAA uses
these minimum recorded or “shoal-biased” depths on nautical charts as aform of safety factor. Shoal-
biased depths for Corps construction applications should be used with caution unless multiple "confirmed
hits" are recorded within abin, and/or between adjacent bins over agiven area. Use of minimum shoat
biased depths can adversely skew dredge quantity computations and erroneously portray clearance depth
data. Raw shoal biasing can aso skew minimum clearance computations on Channel Condition Surveys
or on tabular Channel Condition Reports. Shoals above project grade must be assessed based on multiple
hits over successive passes—the least depth recorded in abin is not necessarily the absolute elevation over
an object. Thisisdue to the relatively high variance in acoustic depth data--see discussion on data
accuracy and confidence levels of assessing multiple hitsin Chapter 4. Automated software has been
developed to perform this "multiple hit" analysis within each bin, and output bins containing depths with
"confirmed" hits above a specified grade.

e. Maximumdepth. There are few USACE applications for processing maximum depthsin a
project.

11-15. Plotting Representative Depths in Plan

When individua depths are plotted on atraditional plan drawing at some fixed scale (e.g., 1 in = 200 ft),
the method by which a particular depth is selected from a dense multibeam dataset is a difficult process.
This was not a problem with older lead line or single beam survey methods--data were recorded at 25 ft or
50 ft intervals and could be easily plotted onalin =100 ft or 1 in = 200 ft drawing scale (without any
need for thinning or binning). With multibeam data points being collected at 1 ft sq or smaller densities,

it isimpossible to portray the data at any reasonable or redistic two-dimensional hard copy drawing scale.
The entire raw or binned dataset of individual depths, or equivalent three-dimensiona terrain models, can
be easily viewed on computer displays. However, aslong as traditional hard copy drawings of plotted
depths are required, then standardized procedures must be developed for plotting representative depths
from the large multibeam database.
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a. Selecting representative depths  Selecting a representative depth to depict on a plan drawing
entails selecting a plot cell size that is large enough to prevent overlapping plots but small enough to
represent the condition and still be readable at the plot scale. For example, at ascale of 1in= 200 ft, a
minimum cell size would be roughly 40 x 40 ft square to 50 x 50 ft square in order to avoid overlapping
depth plots. Such alarge cell size could contain hundreds of multibeam data points; thus the single
representative depth that is selected for the plot may not be representative of the overal cell and may
represent less than 1% of the total data points that were collected. For this reason, plan drawings of
representative depths should not be used for dredge clearance or volume computations--far smaller bin
sizes are needed for such purposes. Plan drawings used in contract plans and specifications, dredging as-
built surveys, disseminated project condition surveys, etc., should clearly indicate the depth selection
option used, and whether or not this is a biased selection.

b. Contour or color-coded plots Asan aternativeto traditiona 2D plan view plots of individua
depths, contour or color-coded point 2D plots or 3D models may be used to better depict project
conditions. This allows use of the entire edited (or binned) dataset. Any of the above depth selection
options may be used, depending on the purpose of the survey. Thus, even a alin = 200 ft plan scale,
nearly all data points can be adequately represented by point color or contour plot.

11-16. Recommended Bin Sizes and Depth Selection for USACE Navigation Surveys

Thefollowing paragraphs contain guidance on maximum bin size and depth selection for all types of
navigation surveys as defined in Chapter 3, to include: dredging measurement & payment surveys, dredge
clearance/acceptance surveys, plans and specifications surveys, project condition surveys, and other
related navigation surveys. This guidance isbased on over five years of collective multibeam data
processing experience by the Districts within the North Atlantic Division, and some other USACE
Districts. These recommended standards may be included, either directly or by reference to this manual,
in dredging contract specifications. The intent of this guidance is to provide a consistent standard
throughout USA CE for processing multibeam data and computing dredge payment. These same criteria
may aso be applied, with some modification, to multiple transducer boom sweep systems and single-
beam systems. The recommended bin and depth selection standards in the following subparagraphs are
summarized in Table 11-2 at the end of this chapter, under the section “ Recommended Depth Selection
and Data Processing/Thinning Bin Matrix Limits’ at the end of the table.

[Note that “selected representative shot, average, or minimum depths” referred to in the following
sections are derived from the entire edited multibeam dataset. Thisimplies that extraneous noise
spikes have been filtered or manually edited out of the raw dataset before binning is performed.]

a. Recommended Maximum Bin Sze. For a"hard" bottom materia classification (as defined in
Chapter 3), a3 ft x 3 ft cell sizeis specified. For a"soft" bottom material classification, a5 ft x 5 ft cell
sSzeis specified. Evenly spaced 3 ft or 5 ft grid matrices shall be generated over the full dataset relative
to afixed origin point to ensure that different individuals (or software) processing the same edited dataset
will obtain identical results--e.g., dredged quantities.

b. Depth Salection Method for Dredging Volume Computations. The "average depth” of al
depths within each 3x 3ft or 5 x 5ft cell should be used as the representative depth for the cell. The
horizontal location of the representative average depth is the cell center or centroid. The representative
average depths are used to generaie rectangular digital terrain models (DTM) or trapezoidal triangulated
irregular network (TIN) models from which dredge volume computations are computed in CADD
routines using al the binsin the edited dataset matrix. If optional average end area volume (AEA)
computations are performed in soft material by generating simulated cross sections through the full DTM
or TIN model, cross sectiona spacing shall be kept small so that AEA approximation errors are
minimized. For example, a 5-ft cross-section spacing is far more accurate than a 100-ft spacing, and will
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better approximate the volume derived from afull TIN model computed using CADD differencing
routines.

c. Plotting Selected Depths on Dredging and Navigation Surveys For generalized plan drawing
portrayals of a project condition, plans & specifications, or dredging progress survey, a"shot" depth taken
from randomly selected bins provides the most unbiased representation of the pre- or post-dredged bottom
condition. Shot depths are randomly selected from the edited 3 x 3ft or 5 x 5ft bins. Asoutlined in
Section 11-15 above, only a small percentage of the depths in the dataset matrix can be shown on typica
plan drawing scales used in USACE (e.g.,, 1 in= 100 ft). Plan drawing CADD note block layerslevels
should clearly state that the generalized plotted depths are not representative of the full dataset, and that
the plotted depths shown should not be used for channel clearance or volume computations; and also
noting that the original binned dataset should be (or was) used for such purposes.

d. Contour or Color-coded Plots of Dredging and Navigation Surveys. Useal “shot” depthsin
the edited dataset matrix to generate contour or color-coded plots.

e. Navigation Surveys-Strike Detection or Minimum Channel Clearance. For strike detection or
dredge clearance/acceptance purposes, multiple "hits' on strikes or shoa s above a specified grade are
required. Typicaly, the specified grade is the “Required Grade’ although an overdepth grade or
supergrade could also be used. Multiple confirmation sweep passes are aways recommended for channel
clearance surveysin that strikes above grade detected from different sweep aspects helps to minimize the
possibility of noise spikes creating false strikes on asingle pass. The representative "shoaest depths' are
used to generate "strike plots' depicting project areas remaining above grade, and the possible need for
additional excavation.

(1) Confirmed hits. The multiple "hits' may be obtained on a single sweep pass or from multiple
sweep passes over a suspected shoal/strike area. A recommended USACE standard of three (3) hitsis
specified to represent a “ confirmed” hit. The “hits’ above grade are determined by assessing “minimum”
edited depths recorded in a cell, or from a series of adjacent cells. Three confirmed hits within either 3 x
3ft or 5x 5ft cdl szes are used; however, adjacent cells may need to be assessed if only sporadic hits
occur inasngle bin.

(2) Strike Plots--plotting minimum hits above grade in plan. If many shoalg/strikes exist in bins
over asmall area, then the processing software will have to select the most representative (e.g.,
highest/shoalest) confirmed strike to plot for this area--to avoid overplotting depths at the plot scale. If
contour or color-coded depth plots are generated, then al the minimum confirmed hits can be easily
represented in plan or 3D format.

f. Reports of channel conditions (EP 1130-2-520--ENG Forms 4020-R and 4021-R). Tabular
reports of controlling minimum depths in a channe reach are, in effect, large bins encompassing awide
breadth of the channel over its entire length. Reducing hundreds of thousands of recorded multibeam
depthsin this "bin" down to a single representative "minimum controlling” depth requires some type of
standardized process. For example, in a 400 ft x 5,000 ft channd reach, the minimum depth shown for
each channd quarter represents a 100 ft x 5,000 ft bin, or a500,000 sf area. A "shod biased" depth
selection option is typically selected to represent the minimum depth over such alarge reach. Unlessthe
dataset is evaluated based on a " confirmed hit" type of analysis, a single anomalous and unrepresentative
noise spike could end up being the falsely reported controlling depth for the entire channel reach.
Reported controlling minimum depths should be truncated to the nearest whole foot, as shown in EP
1130-2-520. Channel Condition Reports are intended to report a minimum (safe) clearance depth based
on the latest survey (Post dredge, Project Condition, etc.). If an additional clearance "safety factor” is
desired, then the representative depth could be rounded up to the nearest whole foot using the NOAA 0.7
ft truncation rule.
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(1) Standards for Reports of Channel Conditions. For ng minimum clearances over an

entire project reach (e.g., Channd Condition Reports), "minimum confirmed" depths above grade should
be used. Tabular reports of channel conditions should be generated similarly to Strike or Clearance
detection above. Depths are binned from the edited dataset using either 3 x 3 ft (hard material) or 5 x 5 ft
(soft material) cell sizes. The "shodest depth” of all depthsin the cell is used as the representative depth
for the cell; provided that there are a minimum of three (3) confirmed hits above project grade in the cell;
or in an area between adjacent cells when the cells themselves are sparsely populated. The controlling
minimum depth within a channel reach is then selected by analyzing al the cellsin the given reach and
selecting the individua cell with the minimum "confirmed" depth above grade. Automated software has
been devel oped to perform this analysis over a channel reach.

(2) Plotting or tabulating only selected "minimum confirmed" depths (or worse, "unconfirmed”
minimum recorded depths) on a Project Condition Survey that accompanies a tabular Channel Condition
Report is a biased representation of the true project condition. Survey plots depicting only minimum
(shoal-biased) depths should never be used for dredging plans and specifications since significant
constant biases may be present. Plan drawings (or CADD files) of Project Condition Surveys should
clearly note the depth selection option used.

g. Other General Surveysand Siudies. There is no specified maximum bin size or depth
selection method for other types of non-navigation surveys that are defined in Chapter 3. Bin sizes may
be varied depending on the type of bottom or purpose of the project (e.g., beach sand transport studies,
hydraulic studies). In smooth, flat areas, bin sizes may be expanded to any level that will adequately
depict the terrain. Bin sizesas small as 1 ft sq may be used for applications where maximum detail is
required--e.g., underwater structure surveys. Instead of binning, more efficient data thinning methods
may be used to generate a TIN model for 3D andysis. Any of the representative depth selection options
may be used, athough the "shot" depth is recommended for most applications to avoid biasing the data.

11-17. Contract Specifications for Multibeam Measurement and Payment

The following contract clauses are recommended when multibeam systems are used on dredge payment
or acceptance surveys. Thisverson was developed by the North Atlantic Division Multibeam User's
Group (Reference 11-18f).

Measurement and Payment. The total amount of material removed and to be paid for
under the contract, will be measured by the cubic yard in place. Measurement of the
number of cubic yards in place will be made by computing the volume between the
bottom surface shown by soundings of the last survey made before dredging and the
bottom surface shown by the soundings of surveys made as soon as practicable after the
work specified in each acceptance section has been completed. The volume for
measurement will include the material within the limits described in the Paragraph
entitled: "OVERDEPTH AND SIDE SLOPES', less any deductions that may be required
for misplaced material described in the Paragraph entitled: "DISPOSAL OF
EXCAVATED MATERIAL" of this section. The volume of material removed will be
generated by using either the Average End Area Method or by the TIN (Triangulated
Irregular Network) computation, as outlined in the Hydrographic Surveying Manual EM
1110-2-1003, dated 1 January 2002, and subsequent changes/revisions issued by
HQUSACE. All depths obtained from single beam surveys will be utilized for volume
computation purposes. If multiple vertical transducer sweep systems or multibeam
survey technology is used, a 5foot by 5-foot matrix using the average depth of all depths
recorded in a cell will be generated from the edited multibeam data to perform the TIN
volume computations, following the procedures outlined in EM 1110-2-1003. Any
corresponding plotted plan view sounding sheets depicting representative depths over a
dredging project will be generated using a cell size that is plot-scale dependent, utilizing a
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randomly selected sounding that is closest to cell center (shot depth) shifted to the center
of the cell from the edited multi-beam data, as described in EM 1110-2-1003. If the
material to be dredged in the contract is categorized to be hard bottom, the matrix used
for the volume computations will be reduced to a 3 foot by 3-foot matrix and an average
of the soundings in the cell will be used. Shoal or strike plots depicting material above
the required dredging grade will be generated using confirmed minimum depths in
accordance with the data processing procedures outlined in EM 1110-2-1003. All raw
survey data and edited/processed binned data used for volume computations shall be
available to the Contractor upon request.

Hydrographic Survey Equipment. Hydrographic surveys will be conducted to meet
USACE minimum accuracy standards defined in Table 3-1 of EM 1110-2-1003
(Hydrographic Surveying). Surveys will be performed by single vertical beam transducer,
or multiple vertical beam transducer sweep, or multibeam sweep methods. When vertical
single beam or multiple sweep beam transducers are employed, an acoustic frequency of
[200 kHz (x 20%)] *[or insert alternate frequency]® will be used. When utilizing multibeam
technology, the operating acoustic frequency will range from [180 kHz to 250 kHz] *[or
insert alternate fequency]*. All depth measurement devices will be calibrated following the
procedures outlined in EM 1110-2-1003.

11-18. Multibeam Technical References

The following publications provide additional technical information on the use and calibration of
multibeam systems.

a. Field Procedures for the Calibration of Shallow Water Multibeam Echo-Sounding Systems,
André Godin, Canadian Hydrographic Service, Ottawa, Ontario, February 1996.

b. HYPACK MAX User’s Manual and Annua HY PACK Conference Training Notes, Coastal
Oceanographics, Inc., Middlefield, CT., www.coastalo.com, (latest edition).

c. Multibeam Surveying Workshop Proceedings, U.S. Army Corps of Engineers and NOAA
Surveying, Mapping, and Remote Sensing Conference, St. Louis, MO, 19 Aug 1997.

d. Trimble HY DROpro Navigation Software Manual, Trimble Navigation Limited, Sunnyvale,
CA, http://www.trimble.com

e. American Congress on Surveying and Mapping (ACSM), ACSM-ASPS-MAPSMARLS 2000
Workshop Program, Hydrographic Surveying, Little Rock, AR, 21 March 2000 (Shallow Water
Multibeam Systems for NOAA Hydrographic Surveys).

f. US Army Corps of Engineers, North Atlantic Division Multibeam User's Group Conference
Reports, 2002 (New Y ork District) and 2003 (Philadel phia District).

g. GeoAcoustics, Inc. GeoSwath Product Information Bulletin, November 2002, Cypress TX.
11-19. Mandatory Requirements
All calibration, QC, and QA criteria summarized in Table 11-2 are recommended unless otherwise

indicated as being mandatory. These updated criteria supersede QC, QA, and procedura criteriain other
chapters of this manual.

11-36



EM 1110-2-1003
Change 1
1 Apr 04
11-20. Summary or Multibeam QC and QA Criteria

Table 11-2 below summarizes criteriafor conducting multibeam surveys. The measurement, alignment,
calibration, quality assurance, and data processing criteria are based on procedures currently followed by
avariety of government and commercia sources,; and especially from actual USACE experience on
dredging projects (Reference 11-18f). For some criteria, references are provided to their applicable
sections in this chapter. Snce some of the criteriain Table 11-2 duplicate sngle-beam criteria,
explanations for these items are referenced to sectionsin Chapter 9.

a. Frequency of testsand checks. QC and QA checks, calibrations, and other testsare
recommended at beginning of al critical dredging projects, and on al surveys where high quality
assuranceis required (e.g., a project clearance survey in dispute). Depending on documented stability of
a system, and user experience and confidence, the frequency of caibrations and performance tests may be
locally modified from the indicated intervals.

b. Calibration, QC, and QA documentation. Project or contract files must contain documentary
evidence that al calibration and performance tests were performed. This would include a written log (or
equivaent digital record) of sensor offset and alignment measurements, patch test calibration results,
sound vel ocity measurements, bar checks, squat calibrations, tide/stage observations, performance test
results, etc. Original records of such calibrations should be retained in a permanent, bound surveyor's
field book aboard the boat.

c. Other Surveysand Sudies. Specific criteria for multibeam surveys outside navigation projects
arenot listed in Table 11-2. It is recommended that the general QC and QA procedures for dredging
surveys be followed. For genera underwater topographic surveys, many of these requirements can be
significantly relaxed based on user experience with a particular system. This would include unlimited
beam width restrictions and far less frequent calibrations. However, for detailed underwater structural
investigations, more demanding criteria than that shown in Table 11-2 might be warranted.
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Table 11-2. Recommended Minimum Quality Control and Quality Assurance Criteria for Multibeam Surveys

PROJECT CLASSIFICATION

Navigation & Dredging Surveys
Bottom Material Classification

Criteria Hard Soft Section Reference and Notes
QUALITY ASSURANCE PERFORMANCE TEST Mandatory Calibration (Table 3-1)
Reference Section 11-12
Perform Calibration 1/project 1/project Test should be performed at the beginning of each
new project (e.g., a pre or post dredge survey), and
Perform comparison with different vessel periodically during a longer-term project, such as
multibeam and/ or single beam Periodically Periodically a Project Condition Survey. The time interval needed
between QA Performance Tests will depend on the
Location of test at project at project consistency of test results.
site site
Perform tests over same and different tidal phases Recommended Recommended Tests should be conducted over same and different
tidal phases to check for tidal model biases.
Reference 11-12¢ (3).
Maximum outliers between data set comparison points 11t 11t
Maximum bin size for comparison data sets 1ftsq 1ftsq Use averaged depth in bin for Reference Surface
Maximum allowable mean bias between data sets <0.1ft <0.2ft The maximum mean bias computed between two
data sets should not exceed the indicated tolerances
(repeated from Table 3-1). Reference 11-12e.
Resultant Elevation/Depth Accuracy Depth (d)
(d<15 ft) +0.5ft +0.51t Standard Deviation (at 95%)--computed from
(15>d<40 ft) +1.01t +1.01t Performance Test results (repeated from Table 3-1).
(d>40 ft) +1.0ft +2.0ft Reference 11-12e and Chapter 4.
POSITION QUALITY ASSURANCE CHECK 1/day 1/project Mandatory Calibration (Table 3-1)

Check different DGPS beacons, known point, etc.
Reference Chapter 7, Table 7-1
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Table 11-2. Recommended Minimum Quality Control and Quality Assurance Criteria for Multibeam Surveys (Continued)

PROJECT CLASSIFICATION

Navigation & Dredging Surveys
Bottom Material Classification

Criteria Hard Soft Section Reference and Notes
SOUND VELOCITYCALIBRATION Mandatory Calibration (Table 3-1)
Reference Section 11-9 and Chapter 9, Section 9-10
Perform velocity probe calibration > 2/day 2/day Velocity casts should be taken at the indicated

Location of calibration
Record velocity to nearest
Record velocities in water column every

Perform internal (distilled water) probe calibration

BAR or BALL CHECK ON CENTER (NADIR) BEAM

SQUAT TEST CALIBRATION PERFORMED

PLATE CHECK ON OUTER BEAMS

RECORD SHORT TERM VESSEL DRAFT VARIATIONS

In project site
1fps
51t

Weekly

Quarterly

Annually

Daily

2/day

In project site
1fps
51t

Monthly

Quarterly

Annually

Daily

2/day

intervals. They shall be taken directly in the work
area and at a density such that the water column is
adequately modeled. More frequent calibrations may
be needed in conditions where temperature or salinity
are variable, or where Performance Test data
indicates large variances are present.

Reference Section 9-10.

Mandatory Calibration

A QC Bar Check should be made as near to the nadir
beam as possible. This periodic check shall be used
to verify/calibrate any index or draft error in the
system. Reference procedures outlined in Sections
9-7,9-8, and 9-9.

Mandatory Calibration
Reference procedures in Sections 9-11 and 11-7.

Perform before each survey as QA "blunder" check
Reference Section 11-10b.

Reference procedure in Sections 11-7d and 9-12
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Table 11-2. Recommended Minimum Quality Control and Quality Assurance Criteria for Multibeam Surveys (Continued)

PROJECT CLASSIFICATION
Navigation & Dredging Surveys
Bottom Material Classification

Criteria Hard

Soft

Section Reference and Notes

OBJECT DETECTION CONFIDENCE CHECK Daily
(for specialized search surveys)

MAXIMUM BEAM ANGLE 90-deg

BEAM OVERLAP 50%

MAXIMUM SURVEY SPEED 2-5 kts

Daily

90-deg
Meas & Pay
Surveys

120-deg
Proj Cond
Surveys

10%

5-10 kts

Reference procedures in Chapter 12
Similar to side scan confidence check
Verify hits on multiple passes over object

Reference Section 11-11

Beam/swath width should generally not exceed the
indicated values, unless independent QA
performance test results indicate depth accuracies
can be achieved with wider arrays. The beam angle
may be further reduced for critical object detection-
due to footprint expansion and poorer return from
outer beams--or should QA performance test results
indicate poor correlation in the outermost portion of
the array.

Reference Sec. 6-7 (Density of Data & Line Spacing)
In navigation projects, a 50% side overlap (i.e., 200%
bottom coverage) is strongly recommended when
sweeping for rock shards or other hazardous objects
remaining above project grade.

Two or more overlapping passes on different aspects
of the beam are recommended in shoal areas --to
confirm hits above grade.

Recommended maximum velocities are prescribed to
ensure data integrity and minimize latency errors.
Further limitations may be required for multibeam or
side-scan systems to ensure 100% or greater forward
(along-track) coverage or object detection.
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Table 11-2. Recommended Minimum Quality Control and Quality Assurance Criteria for Multibeam Surveys (Continued)

PROJECT CLASSIFICATION

Navigation & Dredging Surveys

Bottom Material Classification
Criteria Hard Soft

Section Reference and Notes

INSTRUMENT ALIGNMENT/OFFSET MEASUREMENTS
Measure Antenna-Transducer-Inertial system
relative coordinates to nearest 0.05 ft 0.05 ft

PATCH TEST BIAS CALIBRATIONS

Perform test periodically periodically

Patch Test Bias Resolution

Roll 0.1 deg 0.1 deg
Pitch 1 deg 1 deg
Yaw 1 deg 1 deg
Latency 0.1 sec 0.1 sec
HEAVE CORRECTIONS (MRU)
Measure heave to accuracy of 0.2 ft 0.2 ft
MRU/RTK update rate at least 20 Hz 20 Hz

Reference procedures in Section 116
Alignment measurements are performed
on installation or change of equipment.

Reference procedures in Section 11-8

The time interval required between Patch tests is
dependent on Quality Assurance Performance Test
results -- usually when mandatory QA Performance
Tests indicate data is not meeting standards. No
specific interval is mandated.

Based on user experience, patch test bias
corrections may be averaged over a long

series of Patch Tests, rather than using the results
from a single test. See Section 11-8e.

or 5% of heave amplitude, whichever is less
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Table 11-2. Recommended Minimum Quality Control and Quality Assurance Criteria for Multibeam Surveys (Continued)

PROJECT CLASSIFICATION

Navigation & Dredging Surveys

Bottom Material Classification
Criteria Hard Soft

Section Reference and Notes

MISCELLANEOUS CRITERIA

MINIMUM PROJECT DEPTH (Dredging Surveys) >15ft >15ft
ACOUSTIC FREQUENCY (+ 20%) Nominal 200 kHz 200 kHz
Project Option [ <20 KHz to > 500 KHz ]

ARCHIVED DIGITAL AND/OR ANALOG DEPTH RECORDS
Contracted construction [

Write-once disc

Project condition surveys Digital Digital

[Refer also to applicable single-beam criteria in
Section 9-12]

Reference Section 11-4a.

Multibeam systems are recommended for dredge
measurement, payment, and acceptance purposes in
project depths greater than those shown.

Reference Section 9-3d (200 kHz standard frequency)

The nominal 200 kHz frequency is recommended for
most USACE navigation projects; however, different
frequency systems may optionally be used if needed
for better beam definition on objects (e.g., 450 KHz)
or to penetrate suspended sediments in a particular
project area (e.g., 24 KHz). The same frequency
should be consistently used for a specific project and
specified in dredging contracts. See Section 9-3d.

Reference Section 9-4d. Entire raw data file should
be retained similarly to single-beam requirements.
Retention of side scan data also recommended.
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Table 11-2. Recommended Minimum Quality Control and Quality Assurance Criteria for Multibeam Surveys (Continued)

PROJECT CLASSIFICATION

Navigation & Dredging Surveys

Bottom Material Classification
Hard Soft

Criteria

Section Reference and Notes

RECOMMENDED DEPTH SELECTION AND DATA PROCESSING/THINNING BIN MATRIX LIMITS

Dredging Measurement & Payment Surveys and Project Condition
Surveys (including those used for contract Plans & Specifications)

Bin/Cell size--Recommended maximum 3ftsq 5ftsq

Depth Selection--Method used to select representative Average of Average of
depth from multiple depths in a cell for use all depths all depths

in volume computations in 3x3 cell in 5x5 cell
Volume computation method Full DTM/TIN Full DTM/TIN

binned matrix binned matrix

AEA optional

Depth Plot (Plan)--Method used to select depths Randomly Randomly

from cell matrix for a generalized hard copy display
of individual depths/elevations

Contour or Color-Coded Plot-- Method used to select depths

from a cell matrix for generating contours or DTM
color-coded plots

selected 3x3 ft
cells containing
representative
shot depth

Use all 3x3
cells containing
representative
shot depth

selected 5x5 ft
cells containing
representative
shot depth

Use all 5x5
cells containing
representative
shot depth

[Reference Sections 11-13 through 11-16]

The X-Y coordinate origin of the matrix must be
specified. Reference Section 11-16a.

Average depth is truncated to nearest 0.1 ft and
located at the cell centroid X-Y coordinate.
Reference Sections 11-16b.

Volumes should be computed using the selected
representative depths from the entire

3 x 3 or 5x 5 ft sq dataset matrix. AEA cross section
spacing should be kept as small as possible.
Reference Sections 11-16b.

Density of plotted data dependent on output
drawing scale. Plotted depths are generalized
representations of the full multibeam dataset and
should not be used for quantity computations. Shot
depth may be shifted to center of 3x3 or 5x5 ft cell.
Reference Section 11-16c¢.

Full edited database used.
Reference Section 11-16d.
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Table 11-2. Recommended Minimum Quality Control and Quality Assurance Criteria for Multibeam Surveys (Concluded)

Criteria

PROJECT CLASSIFICATION
Navigation & Dredging Surveys
Bottom Material Classification

Hard

Soft

Section Reference and Notes

RECOMMENDED DEPTH SELECTION AND DATA PROCESSING/THINNING BIN MATRIX LIMITS

(Continued)

Dredge Clearance & Acceptance Surveys (Shoal/Strike detection)
and Minimum Channel Clearance Condition Reports

Depth Selection--Method used to select representative
“shoalest” depth from multiple depths in a cell

Number of confirmed "hits" above grade required per cell

Depth Plot (Plan)--Method used to select plotted
depths from cell matrix for a generalized hard copy display
of the shoalest individual depths above grade

Contour or Color-Coded Plot-- Method used to select
depths from cell matrix for generating contours or DTM
color plots

Tabular Report of Channel Conditions

(ENG Form 4020/4021)
Method used to select minimum controlling
depth for channel reach

Record minimum controlling depth to nearest

Shoalest

of 3 confirmed
depth hits above
project grade

in 3x3

3 hits

Selected 3x3 ft
cells containing
representative

cell

shoalest

confirmed depth

Use a

cells containing
representative
shoalest depth

Least recorded
depth in 3x3 ft
cells containing
representative

Il 3x3

shoalest

confirmed depth

11t

Shoalest of
3 confirmed

depth hits above

project grade
in 5x5 cell

3 hits

Selected 5x5 ft
cells containing
representative
shoalest
confirmed depth

Use all 5x5
cells containing
representative
shoalest depth

Least recorded
depth in 5x5 ft
cells containing
representative
shoalest
confirmed depth

11t

[Reference Sections 11-13 through 11-16]

Surveys using “minimum” or “shoal biased” depths
shall NOT be used for Plans & Specs or
volume computations.

Individual cells must be assessed to determine
multiple hits above grade.

Reference Section 11-16e.

Based on a single pass or multiple passes.
Hits on multiple passes provide better confidence.
Reference Section 11-16e(1).

Density of selected cells that can be plotted
dependent on outputdrawing scale.
Reference Section 11-16e(2).

Full edited database matrix used.
Reference Section 11-16e(2).

Select least controlling depth from all the cells
contained over a given channel reach.
Selected controlling depth should be shown on
plan of condition survey if submitted.
Reference Section 11-16f.

Reference EP 1130-2-520 (Chapter 2)
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Chapter 12
Navigation Project Clearance and Object Detection
--Mechanical Bar Sweeps and Side Scan Sonar

12-1. General Scope

A number of tools are available to confirm if a project is clear to a prescribed grade. Acoustic techniques
include vertical and multibeam systems covered in previous chapters. This chapter covers the use of
mechanical bar sweeping and side scan sonar techniques to detect small objects or shoals lying above
project grade.

12-2. Channel Clearance Bar Sweeps

Clearing channels or determining the elevations of underwater obstructions is done by bar sweeps.
Channel sweeps are often performed using sweep rafts or sweep barges. In other applications, channels
may be routinely monitored and/or swept clear by bar sweeps to ensure safe navigation to a certain depth.
A bar sweep has particular application in blasted or cut rock dredging construction where hull clearance
verification is especially critical. In many cases, a bar sweep represents a more reliable clearance
verification than that obtained by acoustic methods. A heavy bar is suspended vertically below the barge
and is maintained at the project or clear depth required.

a. Channel clearance sweep requirements. The Sault Ste. Marie (Soo) Area Office (Detroit
District) began deploying sweep rafts in the St. Mary's River (MI) around 1930. The purpose was to
certify clear grades in the approach channels around the Soo Locks. Channel depths swept vary from 27
to 30 feet. The original channel was designed based on a design draft of 25.5 feet. Channels in hard rock
areas are cut to 28.0 feet with very little overdredging below that level due to the hard material.
Commercial ore carriers will typically load close to the 28.0 foot level. The channels that produce the
most dangerous grounding hazards to commercial vessels are those constructed in native bedrock. The
next most dangerous channels are those cut through glacial deposits containing boulders. Commercial
vessel groundings in other channels constructed in soft material have not proven significant. Vessel
loadings are driving the need to clear the channels free of navigation hazards. Vessels typically load to
0.3-foot clearances above the swept clear grade reported by the Corps. Groundings (holings) on
commercial vessels have occurred on the west approach to the Soo Locks due to loading too close to the
cleared grade.

b. Detroit District sweep rafts. The Detroit District operated four sweep rafts on the Detroit
River, St. Claire River, and St. Mary's River. They were wooden rafts or barges 120- to 130-ft-long, with
a 15-foot beam and 4-foot draft. The sweep system dragged six, in-line, 21-ft-long by 2.5-inch diameter
solid steel bars; each bar weighing approximately 600 1b. This resulted in a clearing swath of some 120-ft
(see Figure 12-1). The bars were suspended by a 3/8-inch diameter cable wound on manually operated
reels designed to raise and lower the bars by 0.1-ft increments. The bars are suspended along the center
of the sweep raft with a 1-ft overlap between adjacent bars.

(1) Three observers were required to monitor the sweep bars--each person responsible for two
bars. Concurrent river stage observations are required to continually adjust the depth of the bar.
Sweeping is done at a slow speed (slightly greater than drift velocity) in order to keep the bar(s)
suspended vertically at the proper depth. Strikes are detected by manual feel of vibration in the cables
suspending the bar. When the bar "strikes" a hazard, the position is fixed and the height above grade
determined. Individuals monitoring the suspended cables are able to determine the relative hardness and
softness of a struck object by feel and sound in the wires. The raft is towed, pushed and maneuvered by a
45-foot harbor tug. The tug requires a two-person crew. The tug was traditionally powered by a 170 HP
engine using low power to avoid dragging the head anchor. Control of the sweeping is done using a
headwire anchor about 600 feet upstream, as shown in Figure 12-1. The tug drops the anchor, connects to
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the tow line, and the sweep pulled downstream to the sweep area while letting out cable. Sweeping is
performed with the tug attached to the fixed-length tow line, the sweep and tug held by the anchor to
prevent them from going downstream, and pulling the sweep back and forth on the cable. The length of
the cable payed out represents the radius of the sweep. Sweeping begins at one side of the channel. The
bars are wheeled down and set at depth, corrected for river stage. After each swept arc, an additional 100
ft of cable is payed out downstream and the next arc swept. This provides a 20-foot overlap between
successive sweep arcs. Upon completion of sweeping, the cable is picked up onto the drum of the hoist
and the anchor brought back aboard.

(2) Horizontal positioning was accomplished using sextant resection from fixed targets along the
river bank, and later electronic positioning. For sextant positioning, an "arc chart" of the channel was
prepared consisting of two families of constant sextant angle circles. Positions of the beginning and end
of the swept arc are determined by sextant resection. When a strike was detected, the resected position
from two observed sextant angles could be quickly plotted aboard the sweep ratft.

(3) Locations of any snagged obstructions (i.e., strikes above grade) are precisely positioned, and
the pinnacle or obstruction elevation is measured by sweeping at successively higher elevations until it is
cleared. It is estimated the accuracy of mechanical sweep raft measured elevations is + 0.2 feet. A "strike
plot" is prepared showing all contacts encountered. Sweep rafts often work in conjunction with a derrick
boat or crane barge to remove strikes. A derrick boat clears the strike either by dragging a bar over the
area or by blind pattern digging with a clam shell bucket.

(4) The total crew required for a sweep operation was nine persons:

- (1) Party Chief

- (1) Sweep Foreman

- (2) Tug boat operators

- (3) Bar sweep tenders -- "Chairpersons"
- (1) Gage reader (ashore)

- (1) relief

(5) In the mid to late1980s, the Detroit District began using 32-transducer (130-ft) multiple
transducer systems to sweep the Detroit River and St. Mary's River. Other districts also once deployed
similar bar sweep systems. They too have gone to more efficient multiple transducer and multibeam
acoustic methods. Although labor-intensive and slow relative to current acoustic methods, these bar
sweep systems provided reliable, certifiable channel clearance verification in rock cut areas.

c. Wire sweeps. Wire sweeping methods were commonly performed by the US Coast & Geodetic
Survey for sweeping wide areas, usually in deeper (non-maintained) approaches to navigation projects.
Wire sweeps were rarely performed by USACE since they were not considered as reliable as the bar
sweep methods described above. The US Lake Survey District last performed wire sweeps at Cleveland
Harbor, Lake Erie, in the early 1980s.
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Figure 12-1. 130-Ft Sweep Raft (Detroit District--Soo Area Office)
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12-3. Side Scan Sonar

Side scan sonar offers a high-resolution tool that provides a general depictive map on both sides of a
survey vessel's path--Figure 12-2. Side scan sonar will not provide absolute elevations of objects; it will,
however, provide relative elevations off the surrounding sea floor from which an approximate top
elevation may be estimated. Side scan is a practical method for obtaining detailed acoustical pictures of
the sea floor called sonographs, usually printed on a paper medium in analog form. Newer systems
provide digital side scan records which can be permanently recorded. Digital side scan systems, when
coupled with multibeam survey systems, have application in performing precise strike detection surveys
or final acceptance surveys in critical navigation channels.

APHIC RECORDER

4 GR
il

O

TOW CABLE

TYPICAL PARAMETERS (NOAA) A Dy RN
Horizontal beam width -- 0.5 to 2.5 deg SWATH WlDTH/;?/g/¢/

Vertical beam width -- 40 to 70 deg
Frequency -- 100 kHz
(better resolution at 400-500 kHz)

Acoustic reflectivity function of:

- object size (surface area) e //% N

- object shape \ \//// s

- orientation relative to towfish ) /

- composition (steel, rock, fiberglass) IR 056-13-04

Figure 12-2. Side scan sonar

a. Operating principles. A side scan sonar consists of a recording device, an underwater sensor,
and a cable to connect the two. In basic operation, the side scan sonar recorder charges capacitors in the
towfish through the tow cable. On command from the recorder this stored power is dumped to the
transducers, which emit the acoustic pulse that propagates out through the water. Then over a very short
period of time, the returning echoes from the sea floor are received by the transducers, amplified on a
time varied gain curve, and transmitted up the tow cable to the recorder. The recorder further processes
the signals, digitizes them, calculates the proper position for them in the final record, pixel by pixel, and
then prints these echoes on electro-sensitive or thermal paper one scan or line, at a time. The horizontal
beam width of side scan sonar is typically between 0.5 and 2.5 degrees. The vertical beam width is
between 40 and 70 degrees.
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Figure 12-3. Basic components of a side scan sonar (NOAA)

Recording can be analog on a moving paper medium (Figure 12-3), or it can be digital. Digital data
collection will permit the application of slant range corrections in order to produce approximate
planimetric images, which may be assembled into mosaics to depict large areas of sea floor. Such a
system is depicted in Figure 12-4. Digital side scan data files can also be merged with concurrently
recorded swath data from a multibeam system.
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Tow fish Deployment

EdgeTech Model 272-TD Series
Side Scan Sonar Tow fish

OIC GeoDas Seismic Data
Acquisition & Processing System

Trimble DGPS

Coastal Oceanographics’ “Hypack”
Side Scan Sonar Equipment Navigation Software

Figure 12-4. Digital side scan display system (Sea Systems Corporation)

b. Tow height and speed. The quality of the sonar data is often a function of the height of the
towfish above the bottom, or bottom targets during a survey or target imaging. In general, with standard
sonar configurations, surveys are performed with the towfish positioned a distance above the bottom
approximately equivalent to between 8 percent and 20 percent of the range setting of the sonar. If the
transducer array is towed high off the seafloor, shadowing will be lessened and target recognition may be
reduced. If towed too low, the reflectivity at outer edges will be reduced limiting the effective range of
the system. So when the towfish is towed at less than 8 percent above the bottom, the swath width that is
considered achieved is reduced. NOAA’s “Rule of Thumb”: Below 8%, the achieved range = 12.5 x
towfish height (m). The towing speed is adjusted such that 3 acoustical hits (pings) are received on an
object.

¢. Object imagery. The accuracy or ability of the system to detect a given size object is
dependent on a number of factors, including the material type, size, and shape of the object, refraction,
noise, biological interference, boat wakes, surface reflections, and towfish stability. On a homogeneous
bottom type, shadow zones or lighter areas (or darker areas for digital reverse image display) on the sonar
record are typically a function of the amount of ensonification an area receives. A shadow zone in front
(towards the towfish) of a strong reflector indicates a depression in the sea floor. A shadow zone behind
(away from the towfish) of a strong reflector indicates a rise in the sea floor.
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d. Object height computation. Approximate heights of an object can be estimated from these
shadows--see Figure 12-5. Acoustic reflectivity is a function of the size of the object (surface area
presented), the shape of the object, its orientation relative to the towfish, and its composition. Steel or
rock are good reflectors. Fiberglass, soft pine, plastics, and rubber are poor reflectors. Usually 200%
scanning coverage is required with a side scan range scale set at 100 meters. Confidence checks should
be conducted daily to ensure the specified size object is being detected.

Height of Target (Ht) = (Hf x Ls)/(Offset + Ls)

s
/ Strong

(1]

Reflection

Shadow Zones

Length of Shadow
Ls

Figure 12-5. Side scan height and contact height computations (NOAA)

e. Object position determination. In order to accurately determine the position of a side scan
sonar contact, we need to first determine the position of the vessel, and then translate that position to the
towfish. In NOAA, the transducer location is used as the origin for a local coordinate system that is
established aboard the vessel. Directions fore and aft are called laybacks, while distances measured from
port to starboard (beam to beam) are called offsets. By convention, layback is positive in a direction aft
of the transducer, while offsets are positive to starboard (the right). The position of the transducer is
computed from the GPS antenna by geometrically combining the antenna’s offset and layback coupled
with a course-made-good heading of the vessel. Once the position of the towfish is known, the
computation for the position of the contact is easy. The contact offset is scaled from the sonar record. In
Figure 12-6, the contact has an offset of about 38 meters on a 75-meter range scale--offset is positive to
starboard, negative to port. Given the offset from the fish and the vessel’s heading, the position of the
contact can be computed.
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Figure 12-6. Contact position computation (NOAA)

f- Side scan sonar records. In general, there are two types of sonar records. Slant range
corrected records show distances as if the bottom were flat as if taken by an aerial photograph. By
knowing the fish height above the bottom, the slant range from the fish to the bottom can be rectified. In
addition, the recorder paper speed will be adjusted based on the speed of the survey vessel. Therefore, on
the paper, 100 meters in the along-track direction will equal 100 meters in the across-track direction.
Uncorrected records show the fish height as the first return. True horizontal distances cannot be scaled
directly from the sonar record. The image in Figure 12-7 shows small sand waves throughout. These
waves rise off the bottom about a meter. A rock is shown with a black mark, signifying a strong return.
The white behind the rock is an acoustic shadow. The position of the rock can be determined by scaling
the offset (across track distance) off the record. In this case, the rock is about 15 meters to starboard of
the towfish track. The shadow height is then scaled in order to determine the height of the object off the
bottom. The horizontal black marks across the record are made at a predetermined time interval. This
enables the operator to correlate the record with position and depth data. Figure 12-8 depicts computer-
generated side scan imagery enhancements that will provide significant detail of bottom objects or
sediments.

g. Accuracy. Movement of the fish can cause a degradation of the side scan record. In
particular, on a short tow in shallow water, the surface waves affecting the ship can have a coupling effect
with the towfish. As it pitches fore and aft, the towfish experiences a similar dampened motion. The

rapid accelerations and decelerations of the towfish degrade the sonar record.

* Roll - The rhythmic movement of a ship or tow body along its longitudinal axis.
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Yaw - An instability characterized by the side to side movement of a ship or towed
body about its vertical axis

Heave - The rise and fall of a surface vessel or towfish in a rhythmic movement

Pitch - An instability in the towfish expressed by the alternate rise and fall of the nose
and tail about a horizontal axis.

Md

1 Acoustic
A gl Shadow

i
bi

EVENT MAR (6:30:06
Y Time - 16:34:06

Sand Waves

Figure 12-7. Side scan sonar record (NOAA)
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pe or Grain Size

Figure 12-8. Enhanced side scan imagery depicting detailed underwater features
(Sea Systems Corporation and OIC GeoDas)

12-4. Side Scan Sonar Survey Specifications (NOAA)

The following paragraphs under this section contain excerpts from side scan specifications developed by
NOAA for both internal survey forces and contracted forces. Although they were developed for nautical
charting applications, these specifications and standards are directly applicable to side scan survey
operations performed by Corps in-house or contract crews on USACE navigation and dredging projects.
Bracketed areas relate to project-specific information.

a. General Requirements. Side scan sonar shall be used to locate obstructions and a shallow
water multibeam sonar system shall be used to determine the least depth over the obstructions. Side scan
sonar data shall be collected over the channel areas indicated on the drawing at | ], which is
identical to that required for multibeam coverage. The Contractor shall acquire digital side scan sonar
data using a towed system. The side scan sonar system shall be operated with a maximum range scale of
100 meters and with a towfish height above the bottom of 8% to 20% of the range scale in use--see Figure
12-9. The side scan sonar data shall be horizontally referenced to [NAD 27] [NAD 83].
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———————— — fish layback———— water depth
height of fish above bottom

~ _

fish layback =a+ sqrt[ (0.9 x cable out)? - (h +f;)? ]

where a = layback of A-frame from echo sounder transducer
h = height of cable block on A-frame above waterline
f, = depth of side scan sonar fish = water depth - height of fish above bottom

Figure 12-9. Height and position determination of towfish (NOAA)

b. Accuracy. The side scan sonar system shall be operated in such a manner that it is capable of
detecting an object that measures [0.5] [1.0] meter cube from shadow length measurements.

¢. Towing Speed. Since the sonar is pulsing at a fixed rate based on its range scale, the speed that
the towfish is being towed will have an affect on the ability to resolve items. In general, the slower the
fish is towed the more definition is obtained. The side scan sonar shall be towed at a speed such that a
detected object in the channel would receive a minimum of three pings per pass. The required towing
speed may be computed as shown in Figure 12-10.
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Distance
Traveled
Between

Pulses

L

. Overlap

Maximum speed (meters/second) = Target size (meters) x prr/3 (second")
where: prr = pulse repetition rate = reciprocal of pulse period
knots = meters/second x 1.9
For example:
For a 100-meter range scale with 7.5 pulses/sec
Maximum vessel speed = 4.8 knots
For a 150-meter range scale with 5 pulses/sec
Maximum vessel speed = 3.2 knots

Figure 12-10. Determining towing speed for side scan sonar (NOAA)

d. Coverage. The scanning coverage shall be 200%. "Scanning coverage" is the concept used to
describe the extent to which the bottom has been covered by side scan sonar swaths, that is, the band of
sea bottom which is ensonified and recorded on the side scan sonar record along a single vessel track line.
Trackline spacing shall be reduced from the maximum if the quality of the side scan sonar records
deteriorate, i.e., record does not show features in the outer edges of the swath. For hydrographic
purposes, scanning coverage of an area is expressed as multiples of 100%, and is cumulative. One-
hundred percent coverage causes an area to be ensonified once, with a small overlapping area between
adjacent swaths that is ensonified twice. For example, if a region of the bottom is ensonified twice,
coverage of that region is said to be 200%. Approved 200% coverage techniques are as follows:

(1) Technique 1. Conduct a single survey wherein the vessel track lines are separated by one-half
the distance required for 100% coverage.

(2) Technique 2. Conduct two separate 100% coverages wherein the vessel track lines during the
second coverage split the distance between the track lines of the first coverage. Final track line spacing
using this technique is essentially the same as Technique 1. The advantage of this method is that areas are
viewed at different parts of the range scale for each run. (The ability to distinguish targets directly under
the fish and at short ranges is difficult. This method ensures an area is covered other than directly under
the fish.) The disadvantage is that an obstruction with a narrow east/west aspect could be undetected.

(3) Technique 3. Conduct two separate 100% coverages in orthogonal directions. This method
allows contacts to be ensonified from two different aspects. Also, depending on weather conditions, a
vessel course can be selected to obtain the best return from the sonar. The disadvantage is that some areas
have only been ensonified with the fish directly overhead.
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Figure 12-11. Side scan coverage (NOAA)

Figure 12-11 shows a plan view of a side scan sonar search area. The object in the middle is a

1 Jan 02

cartographic symbol signifying the submerged wreck that is being searched for. The dark lines with
arrows represent the vessel trackline. On the 100% coverage sketch, the search was conducted by running
east-west lines. The side scan sonar ensonifies an area to the north and south of the vessel trackline. The

line spacing may be computed as follows:

Image-correcting:

Recommended Line Spacing = (2 x RS) - 40 meters

Non-correcting:

Recommended Line Spacing = (2 x RS) - 40 meters - (0.05 x RS)

where RS = range scale (i.e., 100 or 150 m)
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e. Quality Control.

(1) Confidence Checks. Confidence checks of the side scan sonar system shall be conducted at
least once daily. These checks should be accomplished at the outer limits of the range scales being used
based on a target near or on the bottom. Each sonar channel (i.e. port and starboard channels) shall be
checked to verify proper system tuning and operation. Confidence checks can be made on any discrete
object, offshore structure, or bottom feature that is convenient or incidental to the survey area. Targets
can include wrecks, offshore structures, navigation buoy moorings, distinct trawl scours or sand ripples.
Confidence checks can be made during the course of survey operations by noting the check feature on the
sonargram. Ifa convenient or incidental target is not available, a known target may be placed on or near
the bottom and used for confidence checks. Confidence checks shall be an integral part of the daily side
scan sonar operation and shall be annotated in the side scan sonar data records.

(2) Significant Contacts. Contacts with computed target heights (based on side scan sonar
shadow lengths) of at least [0.5] [1.0] meter should be considered "significant." Other contacts without
shadows may also be considered "significant" if the sonargram signature (e.g., size, shape, or pattern
qualities) is notable.

(3) Correlate with Multibeam Data. The Contractor shall examine the multibeam data and
correlate anomalous features or soundings with the side scan sonar data. The contractor shall examine
and correlate targets between successive side scan sonar coverages (i.e., compare the first 100% with the
second 100% sonar coverage). Anomalous features or targets which appear consistently and correlate in
each type of data record provide increased confidence that acquisition systems are working correctly and
help to confirm the existence of these features or targets. The Contractor shall cross reference and remark
on each target correlation in the Remarks column of the Side Scan Sonar Contact List.

(4) Identification of Potential Field Examinations. The Contractor shall use the sonar contact list,
in conjunction with an analysis of multibeam least depths, to identify hydrographic features which may
require further examination. The contractor shall make recommendations for additional field
examinations that are deemed necessary to establish survey completion.

f. Side Scan Sonar Contact List and Coverage Plot. The contractor shall produce a separate
sonar coverage plot for each 100% side scan coverage. This provides a graphic means for documenting
that the effective scanning swath from each search track sufficiently overlaps the effective scanning
swath from adjacent tracks.

(1) Contact List. The Sonar Contact List is compiled manually using a form or as the output of
an automated listing device. An acceptable method is described below. The column entries required on
the Sonar Contact List are the specific elements of information which the Hydrographer needs to prepare
the preliminary Sonar Contact Plot. The various column entries are described below, along with a brief
discussion of how each is to be derived.

Column 1. Search Track Number - identifies the particular search track from which the
contact was observed.

Column 2. Contact Number - uniquely identifies the contact. An example of a contact
number is a number based on the date/time the contact was observed, followed by a
letter indicating the port or starboard (P or S) channel; i.e., if a port-side contact is
observed on day 181 at 150125, the contact number will be 181/150125P. Using signed
(+ or -) contact range in column 4 eliminates the need for the P or S indicator.
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Column 3. Towfish Layback - the approximate distance in meters from the positioning
system antenna to the towfish. Unless computed by an automated system, the towfish
may be assumed to be directly astern of the towing vessel and on the search track.

Column 4. Contact Range - the horizontal distance from the towfish track to the contact,
expressed in meters. All ranges scaled from the sonargram are slant ranges for standard
sonars, true ranges for image-correcting sonars. True ranges are obtained from slant-
range information by geometric corrections using the Pythagorean Theorem.

Column 5. Contact Position - the preliminary position as determined by reconstruction
of the vessel position, towfish layback, towfish position, port or starboard channel, and
contact range at the time the contact was observed. The Contact Position shall be stated
as a latitude/longitude.

Column 6. Estimate of contact height computed from range and shadow length.

Column 7. Remarks - used to denote first impressions of the contact's identity (wreck,
rock, etc.), or to make any comments deemed appropriate. If after examining the
records and correlating targets from overlapping coverage the Hydrographer determines
that a contact does not warrant further investigation, it shall be noted as such. A brief
statement of the reasons must be made. This determination should not be made until all
numbered contacts are plotted on a preliminary Sonar Contact Plot. Any abbreviations
should be defined on the list.

Column 8. Comparison with shallow water multibeam data - used to note the
corresponding shallow water multibeam data (day/time, line number, etc.), the results of
comparing the side scan sonar data with the multibeam data (e.g., contact did not appear
in the multibeam data, SWMB least depth = x.x - SSS least depth = y.y), and the type of
multibeam coverage (i.e., center beams or reconnaissance beams).

Column 9. Contact is depicted on a drawing [file] - yes/no.

Once added to the list, a contact should never be removed. If after further processing a contact is
deemed not significant by the hydrographer, it shall be labeled as such in column 7. The contact list, and
any subsequent field examination lists and records developed from the contact list, shall be included with
the data submission in both hard copy and digital forms.

(2) Contact Plot. The Contact Plot will show the position of all significant contacts entered on the
Sonar Contact List. Only "significant" contacts, along with the views from adjacent lines, need to be
plotted on the Sonar Contact Plot. In some areas, "significant" contacts may be clustered (e.g., debris,
boulder fields). Such an area may lend itself to being depicted as a single feature with least depth(s).
Only the most significant contact(s) in the group needs least depth(s) and position(s) determined.

g. Sonargrams. If sonargrams are recorded, annotation of the sonargram while on-line is
mandatory during all side scan sonar operations. All annotations shall be made in the margins of the
sonargram so that no portion of the trace is unduly obscured. Time references shall be made in
Coordinated Universal Time (UTC). Additional annotations will be added during contractor processing.
Note: If sonar data is supplied in digital format only, the digital data needs to be 