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Inference of Clear Air Turbulence by Means
of an Airborne Infrared System

SOL M. NORMAN* AND NORMAN H. MACOY|
Barnes Engineering Company, Stamford, Conn.

Various researchers have shown that some forms of clear air turbulence are characterized
by temperature gradients, of the order of 3° to 5°C. A prototype airborne infrared system
has been developed to remotely detect this type of temperature discontinuity at ranges in
excess of 10 miles. The detection system is a novel infrared spectrometer consisting of a
rocking Fabry-Perot etalon that scans its narrow wavelength pass band from approximately
13.5 to 14.5 IJL at the edge of the COs absorption band. Since the infrared transmission is a
strong function of wavelength in this spectral region, the instrument sees sequentially shorter
atmospheric path lengths during the course of the scan. This permits a temperature dis-
continuity ahead of the aircraft to be detected by a change in the normal instrument output
produced during a scan. The instrument is described in detail, and a comparison is made
between it and other types of infrared techniques for this application. Typical output wave
shapes for various idealized temperature discontinuities are presented, as well as results from
initial field trials.

I. Introduction

THE increasing operational hazards associated with clear air
turbulence (CAT) and their possible implications in several

air disasters has served to dramatize the urgency of developing
a technique that can warn a pilot of the imminence of these
hazards. Methods of achieving a CAT warning system have
concentrated on airborne systems, because CAT is a micro-
scale phenomenon that cannot be detected by our relatively
sparse net of weather stations.

Some of the techniques that are currently being considered
include the use of 1) laser systems that operate on the degree
of backseatter of energy from the laser beam, 2) sensors to
detect the electrostatic field, 3) advanced types of radar, and
4) methods of detecting temperature gradients that are as-
sociated with the phenomenon.

Although our knowledge of the mechanism and suitable
indicators of CAT is very limited, there exists a variety of data
that shows a relationship between sharp horizontal tempera-
ture gradients and the occurrence of CAT. Merritt and
Wexler1 have reviewed some of this data and have shown
examples (see Fig. 1) of horizontal temperature profiles asso-
ciated with CAT. Typically, these gradients exhibit a 3°

to 5°C temperature change over distances of 3 to 20 miles.
In view of this type of temperature relationship, Merritt and
Wexler suggested the possibility of a radiometer technique for
remotely detecting the presence of CAT.

Although Kadlec2 has obtained additional data that verify
the relationship of temperature gradients with the occurrence
of CAT, McLean,3 in a review of project Jetstream data, has
raised doubts regarding the uniqueness of the relationship.
An attempt to resolve these questions is beyond the scope of
this paper. However, Kadlec is currently engaged in addi-
tional flight testing that should be of considerable value in
clarifying this question.
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Fig. 1 Typical temperature discontinuity recorded during
CAT.
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Fig. 2 Transmission of atmosphere at 30,000-ft alt.

The instrument described below has been designed on the
premise that there is a useful correlation between horizontal
temperature gradients and clear air turbulence. It is based
on a novel spectrometer concept that provides advantages
over other infrared systems that might be considered for
CAT detection. A prototype flight model has been con-
structed to permit the feasibility of the concept to be verified
in flight tests. The use of this type of instrument for the
detection of CAT was originated by Astheimer,4 and was de-
veloped on a Barnes Engineering Company sponsored program.

II. Basic Principle of Operation

A. Physical Picture

This section will attempt to provide a brief physical picture
of how a spectrometer can be used to measure the temperature
gradient of the atmosphere. The spectral transmission of
the atmosphere in the infrared is characterized by strong ab-
sorption bands. At the center of these bands the atmosphere
is essentially opaque, whereas in the region between these
bands, the atmosphere is essentially transparent. The
transition from an opaque region to its adjoining transparent
region is a gradual one. This transition region, or wing of the
absorption band, is the key to the measurement of tempera-
ture gradients by means of a spectrometer. Consider what
happens as the spectral resolution element of a spectrometer
is spectrally shifted along the wing of the absorption band;
when the spectral resolution element is at the center wave-
length of the absorption band, the instrument only will receive
radiation from a short path length in front of it. As the
spectral resolution element is shifted to either shorter or
longer wavelengths, radiation will be received from increas-
ingly greater path lengths until finally, when the spectral
resolution element is completely out of the transition region
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Fig. 3 Distribution of spectral contribution with incre-
mental range.

the instrument will be capable of seeing completely through
the atmosphere.

Figure 2 illustrates the variation of transmission with wave-
length for the short wavelength edge of the C02 absorption
band. If each spectral transmission curve of Fig. 2 is re-
drawn to show how the total energy received at that wave-
length is relatively distributed as a function of range, the
curves of Fig. 3 result.

The ordinate is labelled % N\ (R) dR and represents, for
various wavelengths, the fractional contribution of energy
from a 2.5-km-thick source at a particular range relative to
the sum of energy received from the entire path length. These
curves can be used as weighting functions that show the rela-
tive response of the instrument to each elemental source of
emission in front of it for various wavelength settings.

The spectral contribution centroids (R.s) indicated on the
curves are the ranges at which 50% of the total energy is ob-
tained. Thus, at 13 IJL, 50% energy is obtained within the
atmospheric path from 0 to 60 km from the instrument,
whereas at 13.8 /z, 50% of the energy is obtained within a
block of atmosphere from 0 to 1 km. The ranges within
which 80% of the energy is received for the various wave-
lengths are tabulated also under the column labeled R g- (It
should be noted that the range scale changes with altitude,
i.e., greater distances are measured as altitude increases.)

If the spectrometer is pointed horizontally in an atmos-
phere having a constant horizontal temperature, it will be
found that, throughout the spectral scan of the absorption
band, the output of the instrument wall correspond to that
which would be produced by a blackbody at that tempera-
ture. This is because the path lengths are great enough so
that total absorption still occurs. The only thing that
changes during the scan is the relative weighting of the radia-
tion received from various distances ahead of the instrument.
In the assumed constant horizontal temperature atmosphere,
this would produce only a blackbody signal variation as a
function of the scan. However, if a temperature gradient
does exist horizontally, there will be a pronounced change in
the signal from the instrument as a function of the spectral
scan. This is illustrated in Fig. 4. Here two idealized
temperature discontinuities are shown. One discontinuity
begins at a distance of 5 km and ends at 100 km; the other
begins at 20 km and ends at 100 km. The instrument output
for the case of no temperature gradient is also shown; it
corresponds to the output that would be obtained if the
instrument were measuring a blackbody at atmospheric tem-
perature.

It should be noted that, if a straightforward filter radiom-
eter were pointed into the atmosphere, it would measure
the integrated energy for only a single weighting function;
this would require a time history of the instrument output
to be monitored in order to detect a gradient in the direction of
motion of the aircraft.

B. Basic Mathematical Relationships

The preceding discussion has attempted to provide a physi-
cal feeling of how a spectral scan can be used to detect the
presence of temperature gradients. A more mathematical
method of characterizing the relationship between the instru-
ment output and a horizontal temperature gradient was dis-
cussed in Astheimer's paper. This will be presented here
briefly.

Assume any type of horizontal temperature gradient; this
can be approximated by dividing the atmospheric path under
consideration into n increments, with each increment charac-
terized by a single temperature.

The radiation signal S\ received at a given wavelength from
the nth increment with respect to a reference temperature
will be proportional to the product of its temperature differ-
ence with respect to the reference (ATn), the emissivity of the
increment e&x, and the transmission of the path to the
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segment txn. It is assumed that AT" is small enough so that
the radiation signal will be proportional to the first power of 45

The total signal will be the summation of the contributions
from each increment, which gives a series with as many temis
as there are increments. A separate series can be written
for each wavelength to form a matrix as shown below :

C,, (X)

Therefore,

C, (X,)

C, (X,) +

AT,

If we measure the signal in as many wavelengths as we
have selected increments, we will have a set of simultaneous
equations where the AT"s are the unknowns. The coefficients
(?» (X) are functions of the absorption characteristics of the
atmosphere at each particular wavelength which are well
known. The AT"s can then be found by conventional matrix
inversion methods. More analytical data processing tech-
niques of the matrices have been developed by the [7. 8.
Weather Kureau for temperature soundings from a satellite
borne instrument/ ^ It is of course essential that the ab-
sorption be different in each wavelength or the equations will
become degenerate.

C. Interpretation of instrument Output

The first flight tests will be conducted using recording equip-
ment, thereby permitting detailed postflight analyses of the
data to be made. This will establish how well the instrument
can measure a temperature gradient. For eventual opera-
tional use, it is anticipated that the instrument output can be
presented on the screen of an oscilloscope or used to trigger an
automatic warning device.

D. Range Capability and Sensitivity Requirements

In the matter of instrument sensitivity, Astheimer showed
that at an altitude of 30,000 f t , a 4°C step discontinuity,
occurring at a range of 30 km, would produce a signal-to-noise
of 9 if the instrument had a NKT (noise-equivalcnt-tcmpera-
ture) of 0.1 °C. After planned modifications are completed,
the present instrument is expected to achieve this XKT by
about a factor of 2.

E. Selection of Spectral Region

The preceding discussion has used the COz absorption band
in its examples. However, this is not the only absorption
band that could be considered. In their paper, Merritt and
Wexler considered various atmospheric absorption bands for
this temperature measurement. They concluded that the
6.3 /a water absorption band would be most desirable.

The final selection of the optimum absorption band is de-
pendent upon a variety of factors. Some of these depend on
the state of the art of infrared detectors as well as on the
practicability of cryogenic cooling systems that might make
some detector types more desirable. In addition, the possible
need for rapid spatial scan may impose a time response require-
ment that could alter the detector, and hence the absorption
band choice. Eased on the existing state of the infrared art,
our choice of an optimum spectral region is the 12- to 15-ju

Fig. 4 Kadiometrie instrument output for idealized
horizontal temperature profiles.

edge of the COy absorption band. This is based on the fol-
lowing considerations:

1) The COo band is less contaminated by other constituents
than are other absorption bands, and it has the most uniform
distribution in the atmosphere. In particular, the large
variation in moisture content of the atmosphere would be a
deterrent to the use of the 6.3-/a water band.

2) The edge of the C0% absorption band is wider than
the other bands (a more gradual spectral transition from the
highly opaque region to the adjacent highly transparent re-
gion), thereby making it possible to obtain better range dis-
crimination for the same width of the spectral resolution
element.

3) The edge of the COz band is more nearly a smooth
function than are the edges of the 4.3- and 6.3-/1 absorption
bands. McClatchney, however, has pointed out that the
stability of the matrix inversion is better if the 4.3-/1 band is
employed, since <W/d!T is greater/

F. Similar Concepts

As a final point regarding the basic principle of operation
of a spectrometer for the detection of temperature gradients,
it should be noted that the approach described here is a varia-
tion of a technique that was first suggested by Kaplan? for
deducing the vertical temperature profile of planetary atmos-
pheres from satellites. This experiment was carried out on
the Mariner fly-by of Venus using a two-channel radiometer/

The r. S. Weather Bureau has used three balloon-borne
S2)ectrometers for measuring the vertical temperature profile
of the earth's atmosphere/ These have proved successful,
and the Weather Hureau is in the process of acquiring similar
spectrometers for use on satellites.

III. Description of Instrument

The instrument that has been developed for remote detec-
tion of CAT is essentially a rapid scanning infrared spec-
trometer. For reasons that are enumerated in a subsequent
section, conventional prism or grating spectrometer designs
were not selected. Instead, a novel rocking Fabry-Perot in-
terferometer configuration was used. The optical and elec-
tronic schematic of the instrument is shown in Fig. 5 and a
photograph of it is shown in Fig. 6. It should be noted that
the basic instrument configuration is very similar to a con-
ventional radiometer, except that instead of a fixed optical
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Fig. 5 Fabry-Perot spectrometer optical-electronic sche-
matic.

Because of the multiple reflections between the two parti-
ally reflecting mirrors, the optical fringes (resonances)
produced are very sharp (high Q), the sharpness increasing
with the reflectivity. This sharpness is one factor in deter-
mining the spectral resolution of the etalon. The other fac-
tor is the order n that is used. As the order increases, the
resolving power X/AX increases; however, this reduces the
free spectral range, which is equal to \/n. The free spectral
range must be wide enough to permit the desired spectral
scan, and conflicting orders must be eliminated by an order
filter.

B. Selection of Optical Design Parameters

The design of the optical section of the instrument is a
compromise based on a number of factors. Some of these
will be considered briefly.

band pass filter, a rocking Fabry-Perot interferometer and
its associated order sorting filter are used. As the interfer-
ometer is rocked back and forth relative to the incident energy,
its optical band pass shifts as a function of angle, thereby
producing the desired spectral scan. The following sec-
tion describes the principle of operation of the Fabry-Perot
interferometer in greater detail.

A. Fabry-Perot Interferometer as a Spectrometer

The Fabry-Perot interferometer consists essentially of two
partially reflecting plane mirrors, mounted parallel to each
other, called an etalon. The spectral transmission (Fig. 7)
of the etalon is determined by two parameters; the optical
path nd between the mirrors and the reflectivity r of the
surfaces. Constructive interference in transmission occurs at
wavelengths fulfilling the following relationship :

where 6 = ray angle to the optical centerline, n = order of
interference, X = resonant wavelength, JJL = index of refrac-
tion of the medium between the two plates, and d = physical
separation of the mirrors.

By varying the spacing d} the index ^, or the angle 9, the
transmitted wavelength peak is continually shifted, thus
providing the desired spectral scan. The present instrument
is spectrally scanned by changing the angle 9. Barnes
Engineering Company has also fabricated etalons where the
spacing d is varied by piezoelectric transducers.

Fig. 6 Infrared scanning Fabry-Perot spectrometer.

1. Spectral resolution

In determining the spectral resolution, there are two major
conflicting requirements. One is the requirement to keep the
spectral resolution element- as narrow as possible to provide the
best range discrimination. The conflicting requirement is to
make the spectral resolution element as broad as possible in
order to maximize the energy that is received per spectral
resolution element. In addition to these factors, other
constraints must be considered. One of these is the required
free spectral range, since this establishes the highest order at
which the etalon can be set. The higher the order, the nar-
rower the resolution.

Another constraint that is associated with the establish-
ment of the order of the etalon is a requirement for a suitable
order sorting filter to block wavelengths outside the desired
free spectral range. Still another constraint in establishing
the resolution is the reflectance of the coatings that are
applied to the inner surfaces of the etalon. Achieving high
reflectance poses another problem because it reduces the
transmission of the etalon in some cases,

The instrument described here has a spectral resolution of
0.35 /i at 14.6 JJL. This is wider than is desired, but was chosen
as an expediency because available order sorting filters made
it necessary to set the etalon for the sixth order instead of for
the desired eighth-order spacing. A new order filter is
being obtained which will permit the desired order, seven or
eight, to be achieved. By using improved coatings on the
etalon also, the future spectral resolution expected for the
instrument will be approximately 0.2 p,.

2. Spectral range

Although the order of the etalon determines the maximum
free spectral range, the operating spectral range can be further
limited by the amplitude of the angular oscillation employed
in tilting the etalon. Therefore, although the present instru-
ment operates in the sixth order and is capable of a free
spectral range in excess of 2.4 /z, the spectral region used is
selected as 13.1 to 14.6 //, by selecting a suitable amplitude
for the angular oscillation. In this case the etalon is oscil-
lated between angular positions of 11° and 28°.

The 13.1 to 14.6 spectral range was selected to facilitate sea
level testing at short ranges. For the flight instrument, the
spectral scan will be set for approximately 13.7 to 14.7 ju.

3. Field of view

Just as was the case in selecting the spectral resolution,
conflicting requirements are involved here also. From a
sensitivity standpoint it would be desirable to use as large a
field as possible. However, this is undesirable in the vertical
direction because the instrument would then receive contri-
butions from the vertical temperature gradient. This indi-
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cates the desirability of using a rectangular field with the
large dimension oriented horizontally. Even then; the hori-
zontal dimension is limited by the largest angle that can be
passed through the etalon without degrading the desired
spectral resolution. The instrument just described uses a
1.5° X 6.0° field, which appears to be a reasonable compro-
mise for CAT detection.

4. Other optical characteristics

The aperture of the instrument is determined "by the size
of the etalon plates. The 51-mm-diam plates used in the
instrument are very close to the maximum size that is practi-
cal to fabricate and adjust to the required tolerances.

Optical materials employed in the instrument are Irtran-4
and Germanium, since both have good transmission qualities
in to 13- to 15-^t region. The materials also have favorable
indices of refraction, in addition to being reasonably stable
when subjected to widely ranging environmental conditions.
The etalon plates are Irtran-4 with lead telluride coatings
having reflectances of 0.7.

C. Electronic System

The requirements of the electronic system may be summar-
ized as the attainment of linear responsivity, absolute radio-
metric information, adequate noise free amplification, and
adequate temporal resolution. To satisfy the linear respon-
sivity requirement, a bolometer bridge circuit is employed
with bias levels set low enough to prevent thermal runaway
and stay within limits where Ohm's law is applicable. Ab-
solute radiometric levels are obtained by a reference chopper.
The position of the chopper with time is sensed by a photo
reference pickup head that generates a synchronous signal
that is used for synchronous demodulation.

Noise-free amplification is obtained by two low-noise ampli-
fiers designed for use with thermistor bolometers. A gain
potentiometer is also employed to prevent amplifier satura-
tion from occurring. The amplified a.c. signal is synchro-
nously demodulated, rectified, and filtered. The resulting
level is then proportional to the radiometric difference be-
tween the chopper and the target radiances.

Adequate temporal resolution is necessary in order to
permit each spectral resolution element of the etalon to be
adequately measured during the scan periods. Temporal
resolution was insured by setting the scanning frequency at
1.2 cps, the chopper frequency at 20 cps, and the thermistor
time constant at 6 msec.

The instrument just described has the following rms noise
equivalents at 300° K: 1) noise equivalent spectral ir-
radiance NKH\ = 1.0 X 10~6 w/cm2 — sterad-yu; 2) noise
equivalent spectral power density NEPD\ = 1.1 X 10 ~9

(w/cm2); arid 3) noise equivalent spectral temperature NET\
- 0.094°C.

These values are not as good as experience and calculations
indicate should be achieved by a system of these operating
parameters. A factor of 2 improvement in sensitivity is ex-
pected when the instrument is further refined and tested.

D. Evolution of the Instrument Configuration

The present instrument embodies two major changes from
the configuration that was described earlier in Astheimer's
paper. One change is the use of a rocking motion of the en-
tire Fabry-Perot etalon to achieve the desired spectral scan,
instead of the arrangement where the two plates of the etalon
were mounted on individual piezoceramic cylinders that were
driven by suitable voltage variations to change the spacing
between the plates. This change was dictated by the loss of
time attendant to obtaining redesigned cylinders, and also
the time necessary to solve certain engineering problems.
Piezoceramic cylinders can be used in this application if the

Fig. 7 Character-
istics of Fabry-Perot
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operating mode or environment should indicate this to be
desirable.

The second major change in the instrument configuration is
the use of a reference chopper. This was dicated by two
considerations: one was the desirability of obtaining an ab-
solute radiometric signal instead of only the a.c. component
in the early flight test evaluations of the instrument; the
second consideration came about as a result of using the
rocking etalon. In the unchopped system, reflections off the
etalon plates permitted energy from the case of the instrument
to be seen; this would have necessitated that the system have
either no, or at least constant, temperature gradients. In
the chopper system, the chopper is the reference, and tempera-
ture gradients within the instrument have no effect,

IV. Comparison between the Fabry-Perot Spec-
trometer and Other Types of Infrared Instruments

for the Detection of CAT

A. Radiometer vs Spectrometer

The difference between a radiometer measurement and a
spectrometer measurement was described briefly in a pre-
ceding section. The radiometer has its optical bandpass set
at a given wavelength; therefore, it measures the integrated
energy received from a fixed path length ahead of it. The
spectrometer's optical bandpass is scanned: therefore, it
measures the integrated energy received from sequentially
different path lengths ahead of it. With the radiometer
approach, a temperature gradient could be detected only by
maintaining some record of the output signal until it exhibited
a change that was large enough to be caused by a gradient of
adequate steepness.

However, with a spectrometer, there is no need to monitor
the history of the signal output; each scan progressively
compares the near field integrated temperature with the far
field integrated temperature, as shown, by the weighting
functions in Fig. 3. This not only provides a more immediate
measurement, but also may make it possible to estimate the
steepness of the temperature gradient as a further safeguard
against false alarms. Another advantage of a spectrometer
over a radiometer is that the spectrometer permits gradients
to be detected in directions other than in the line of flight of the
aircraft.

B. Dispersive Spectrometers vs
Interference Spectrometers

In deciding which type of spectrometer to employ, two
basic categories of instruments were considered: 1) disper-
sive spectrometers that employ gratings or prisms, and 2)
interference spectrometers.

For this application, the interferometric approach was
deemed more desirable because 1) interferometric spectrom-
eters do not use entrance slits and are therefore capable of
accepting much more energy than dispersive spectrometers,
thus achieving higher sensitivity; 2) interferometric spec-
trometers are smaller and lighter in weight, thereby making
them more suitable for installation on aircraft; and 3) inter-
ferometric spectrometers are simpler and less complicated
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than dispersive spectrometers, and thus the potential cost for
production instruments would be less.

C. Fabry-Perol Spectrometer vs Michelsoii
1 rilerferomeler Spectromeler

Within the (category of interference spectrometers, there
are two basic types: the Fabry-Perot and the Michelson.
The Fabry-Perot spectrometer was selected for this applica-
tion in preference to the Michelson because it is less sensitive
to vibration, is capable of higher spectral resolution, and
requires no complex electronic data conversion technique to
obtain a real time output.

model assumes that the C0% band consists of equally spaced,
equal intensity absorption lines. Planckian radiometry is
then combined with a temperature structure defined by

T = 15°Cfor 0 ^ a $ 2km

to yield the reference curve labelled Elsasser's model in Fig. 9.
In addition to this reference curve, a blackbody curve for
T = 15°C is also presented. This temperature represents
the ambient temperature at the instrument, ft is (dearly
seen that the trend for both curves is to asymptotically
approach the 15°C blackbody curve slope as the wavelength
increases, just as would be anticipated. The shape and ab-
solute magnitude of the curve which represent data only ap-
proximate the Elsasser model curve. Good correspondence
between the preceding curves cannot be expected for several
reasons; some of the more important reasons are the tem-
perature structure assumed, the inadequacy of the Elsasser
model in representing CO^ absorption, and the spectral radio-
metric contributions from the relative humidity. Consider-
ing the assumptions made, good to excellent correlation has
been demonstrated.

VI. Flight Application of the Instrument

A. Aircraft

Opportunities to install the instrument on an aircraft and
to perform Eight tests are currently being investigated.
because the type of aircraft that may be used is not yet es-
tablished, it is not possible to describe the detailed integration
problems which must be resolved. However, there are cer-
tain basic integration problems that must be considered in
any aircraft installation and that can be presented briefly here.

V. Results of Initial Field Trials
Prior to seeking support for flight tests, a series of field

tests from ground sites were conducted to check the capa-
bility of the instrument to detect temperature gradients.
The tests were made by pointing the instrument in directions
where natural temperature gradients could be expected. The
results reported here are from two such tests. Other tests
are currently being evaluated. One measurement was vertical
and the other was horizontal with the instrument situated
near the shore line and pointed out over the ocean. Figures
8 and 9 show the reduced data for the vertical and horizontal
measurements, respectively. Eoth sets of data exhibited
anticipated trends. The horizontal data are of special sig-
nificance since they show a dip that corresponds to the tem-
perature gradient believed to exist in the atmosphere above
the shore line. The conditions under which the data were
recorded are enumerated in Table 1 .

For corollary purposes the data presented in this section are
supported by two COs absorption models for the appropriate
conditions. The model employed for the vertical tempera-
ture lapse rate is based upon the work of Drayson^ which
treats the atmosphere as a finite number of layers with com-
putations of COa transmissions at various spectral intervals
in the C0% band. Planckian radiometry is then combined
with the Dray son work to yield a reference curve shown in
Fig. 8. In addition to this reference curve, a blackbody
curve for T = 9°C is also presented. This temperature
represents the mean temperature for the lowest altitude
layer (0 to 1900 m) that was used in Drayson's work. It is
clearly seen that, as expected, both curves asymptotically
approach the 9°C blackbody curve as the wavelength in-
creases. Vagaries at the shorter wavelengths are caused by
the coarseness of the Dray son model.

The model employed for the horizontal temperature profile
is based upon the work of Elsasser and of Ho ward. ** This

If angle of attack variations of the aircraft are large during
normal level Eight, it may be necessary to provide a means to
keep the instrument pointed at a constant attitude. This
might be necessary in order to avoid sensing the vertical
temperature gradient. Two approaches have been considered
to accomplish this. One is to mount the instrument on a

Table 1 Conditions for initial field trials

Factors Conditions

Vertical temperature lapse rate

Target

Date
Elev.
Time
Temp.
Vision
Wind
Instrument alt.

Airspace over Harnes Engineering Co.,
Stamford; Conn.

April 21,

145U KST
18.5° C on ground
>7 miles
S. easterly, gusty
c^7() ft above msl

Horizontal temperature profile

Target

Date
Elev.
Time
Temp.
Vision
Wind
Instrument alt.
Water temp.

Airspace over Stamford, and Stamford,
Conn, harbor

April 21,

144)5 EST
]Ji° C
Approx. 3 miles light haze
S. easterly, gusty
70 ft above msl
10°C

Distance from shore 2.4 km
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rudimentary 1-axis stable platform. The other approach is
to use a mirror in the optical system that positions the field of
view in response to pitch signals from auto-pilot gyros. It
should be noted that, for the initial flight tests, this problem
might be surmounted by using data from only those spectral
scans that occur when the aircraft is in its normal attitude.
If attitude changes occur slowly during the flight i.e., angle of
attack changes caused by fuel consumption, the repositioning
of the field of view could be accomplished by a manual con-
trol.

It is desirable to have the chopper reference temperature as
close as possible to ambient air temperature in order to
achieve maximum system sensitivity. The reason for this
becomes clear if we consider Fig. 4. Curve A shows the
portion of the total signal which is produced by a temperature
difference between the chopper reference and the ambient air
of 5°C. We are interested only in measuring the increment
between curves Z? and . 1 . Measuring this increment becomes
more difficult as .1 becomes larger. Thus, to avoid this classic
problem of attempting to measure a small signal that is
superimposed on a large one, we must maintain our chopper
reference temperature as close to ambient as possible. Meth-
ods for achieving this will depend on the exact aircraft instal-
lation, but, in any case, careful thermal design will be re-
quired.
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in order to maximize the detection of CAT. An example of
such a sensor would be a radiometer with a narrow bandpass
filter at 9.6 ju to detect the presence of ozone. Sensing the
presence of zone may prove to be of value, since it is believed
that turbulent regions pull down ozone from the stratosphere.

Because the window of the instrument is not completely
free from absorption, it can provide some radiation signal as
its temperature rises above the static? ambient as a result
of aerodynamic heating. The significance of this contribu-
tion is presently undergoing evaluation and a method for
optical compensation is being pursued. Electronic com-
pensation is more involved.

B. Flight Testing

The Sight tests of the instrument should be conducted in
conjunction with other temperature probes, as well as with a
suitable means for measuring the magnitude of the turbulence.
In this way, there will be a convenient check on how accur-
rately the instrument senses temperature gradients and on
how well these gradients are correlated with clear air turbu-
lence.

Other aspects of the anticipated flight test program should
include evaluation of the instrument under a variety of
meterological conditions, and in various geographical loca-
tions. As part of the flight test program it is anticipated that
sufficient data will be obtained, so that the instrument pa-
rameters such as spectral range, spectral resolution, and scan
rate can be optimized.

(% Other Modes of Operation

It should be noted that the instrument can be utilized in
other modes of operation that might be of value in the de-
tection and avoidance of CAT. One of these is to incorporate
a scanning mirror or perhaps dual optical heads into the
system in order to permit regions of turbulence not directly
ahead of the aircraft to be observed. Another possible use
of the instrument follows from Kadlec's^ observation that
many of his false alarms occurred during penetration of the
tropopause. This false alarm rate would be reduced by-
pointing the field of view of the instrument vertically, thereby
permitting the proximity of the tropopause to be established,
thus providing advance warning of passage through the
tropopause.

Another matter that merits consideration is the possibility
of employing the instrument in conjunction with other sensors

VII. Summary

The following points have been presented:
1) The instrument concept is based on the premise that

there is a useful correlation between sharp horizontal temper-
ature gradients and the occurrence of CAT.

2) The principle of operation of the instrument is to detect
horizontal temperature gradients by spectrally scanning an
edge of the COg atmospheric absorption band.

3) An airborne instrument has been developed to perform
this measurement using a novel rocking Fabry-Pemt etalon as
the means for performing the spectral scan.

4) The Fabry-Perot spectrometer configuration is superior
to radiometers as well as to other types of spectrometers for
airborne detection of CAT.

a) Initial field trials of the instrument from ground sites in-
dicate that it is capable of detecting temperature gradients in
the atmosphere. The tests also indicate the possibility of
using the instrument in other meterological applications.

6) Close engineering support will be required in the integra-
tion of the instrument with the aircraft in order to obviate
possible sources of performance degradation.

7) It is expected that the flight test program will permit the
feasibility of the concept to be verified, and will also permit
the instrument parameters to be optimized.
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Evolution of the Honeywell First-Generation Adaptive Autopilot
and Its Applications to F-94, F-101, X-15, and X-20 Vehicles

B. BOSKOVICH* AND R. E. KATJFMANNf

Honeywell Inc., Minneapolis, Minn.

A review of the considerations that influenced the basic analytical configuration of the Honey-
well adaptive autopilot is presented. The control concept uses a wide bandwidth approach
with the control gain varied in accordance with information derived within the control system.
Desirable performance characteristics have been obtained from the inherent ability of a high-
gain feedback control system to accommodate extreme variations in aerodynamic parameters.
The gain-changing technique in its early form made use of a bi-stable element. Refinements
to the gain-changing technique resulted from practical considerations, such as the influence
of pilot inputs, effects of gust disturbances, and the unique performance requirements of vari-
ous vehicles. The functional requirements, system description, and achieved performance
are presented for the F-94, F-101, X-15, and X-20 applications.

Introduction

A LTHOUGH the concept of self-adaptive control systems
./"*- is not new, most of the serious development effort to
design such systems has been expended in the past 10 years.
The growing complexity of aircraft control systems, the de-
velopment of more advanced aircraft, and the advent of
winged aerospace vehicles such as the X-15 and X-20 pro-
vide the stimulus to spur the effort on. A significant portion
of this work was sponsored by the U. S. Air Force Flight
Dynamics Control Laboratory of the Research and Tech-
nology Division (formerly WADC). At least eight different
conceptual schemes have been studied at length by various
agencies and investigators. These include systems based
upon high-gain, model-following techniques, model reference
with error-minimizing schemes, and perturbation response
for signal input evaluation. Many of these systems have been
developed to the point of proving feasibility in flight tests.

Honeywell has pursued development of the high-gain,
model-following concept to a greater extent than any of the
other approaches. This basic concept has been developed
and tested in a number of vehicles. These include the
F-94C, F-101A, X-15, and extensive X-20 hardware simula-
tor studies. J This paper describes the functional features,
system mechanization, and performance achieved in each
case.

Presented at the AIAA/ION Guidance & Control Conference,
Minneapolis, Minn., August 16-18, 1965 (no preprint number;
published in bound volume of preprints of the meeting); sub-
mitted August 15, 1965; revision received January 14, 1966.

* Project Engineer, Aeronautical Division. Member AIAA.
t Principal Development Engineer, Aeronautical Division.
} Application has also been made to the control of highly

elastic boosters, including design and fabrication of a flight-
worthy adaptive controller for test in a Scout vehicle.1

Basic Concepts

The Honeywell adaptive autopilot inner loop funda-
mentally consists of a tight feedback system controlling a
selected aircraft variable. This controlled variable is usually
selected to facilitate the use of control-stick steering when the
autopilot is used as a damper and to facilitate the use of outer
loops such as attitude and altitude hold. For this discussion,
pitch rate will be considered as the controlled variable, as
shown in Fig. la.

Comparison of the system in Fig. la with conventional pitch
rate systems shows few basic differences. There is an im-
portant distinction, however, in the response specification.
The response of the inner-loop output 6 to the input Bm should
be at least three times faster than the desired system re-
sponse to pilot input commands. Fast response of the inner
loop is achieved by using series lead compensation along with
high forward-loop gains. Uniformity of the response to in-
put commands is achieved by using an input-shaping model.

Command Response

The desired response to pilot commands for the Honeywell
adaptive system is established by a model that shapes all
commands to the inner loop. The form of the model and its
characteristics are selected on the basis of pilot preference and
outer-loop response criteria.

After the model is selected the response requirement for the
inner loop may be established. It has been determined ex-
perimentally that if the bandwidth of the inner loop exceeds
the model bandwidth by a factor of three or more, the over-all
response of B/6C essentially will be that of the model. It is
evident that once this requirement is achieved, closure of an
outer loop such as attitude hold becomes quite convenient.
The outer-loop controlled variable need only be related to the
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