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Comparison of Wake-Vortex Parameters Measured
by Pulsed and Continuous-Wave Lidars
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QinetiQ Malvern, Worcestershire, England WR14 3PS, United Kingdom

Field trials carried out at Tarbes airfield in the summer of 2002 offered the unique opportunity to compare
the results of simultaneous wake-vortex measurements by the 2-pum pulsed Doppler lidar from DLR, German
Aerospace Research Center, and the 10-pm continuous wave (cw) Doppler lidars from ONERA and QinetiQ.
The discrepancies in vortex core position obtained from the data of the pulsed lidar and the cw lidars are 9 m
for the vertical and 13 m for the horizontal co-ordinates. The accuracies of the vortex circulation measurements
with the DLR and ONERA lidars are almost the same and equal 13 m?/s. This accuracy and the long-range
capability of the pulsed lidar allows precise measurements over long periods from the moment of wake generation
to a progressed state of vortex decay. Moreover, the influence of different atmospheric turbulence conditions and
aircraft configurations on the wake-vortex circulation can be analyzed. This has been demonstrated out of ground
effect under conditions of weak to moderate levels of turbulence.

Introduction

HE wake vortices generated by aircraft can be dangerous to

other aircraft following closely behind. The duration and tra-
jectories of the vortices are strongly dependent on the atmospheric
conditions (wind and turbulence) in which they form. The Interna-
tional Civil Aviation Organization has defined minimum separation
distances, which are the main factors for capacity limitations at
larger airports. A better understanding of the evolution and behav-
ior of wake vortices in their atmospheric environment could lead to
a relaxation of the separation distances and to an enhancement of
airport throughput.

Coherent Doppler lidar (CDL) is a powerful technique both for
the measurement of wind and atmospheric turbulence'~'" and for
the detection and study of aircraft wake vortices.!'=' There are
two types of CDL: continuous wave (cw) and pulsed. Both types
have been successfully used for measurements of the wake-vortex
characteristics.'®?! To minimize the uncertainty in the distance be-
tween the cw lidar and the vortex core, the measurements can be
simultaneously carried out with two cw lidars, and the vortex tra-
jectories can be derived using the triangulation method. This strat-
egy was successfully tested in spring 2001 in a field trial at the
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Fairchild—Dornier airfield, Oberpfaffenhofen, Germany, under the
European Commission (EC) Project C-Wake.!” An integration
method? can be applied for estimation of the vortex circulation from
the measured dependence of the tangential velocity on the distance
from the vortex center. A similar approach of circulation estimation
from data measured with a pulsed lidar was presented in Ref. 21.
However, in contrast to the cw lidar, the distance between the pulsed
lidar and the vortex core can be determined with acceptable accu-
racy (relative error ~1%) from data measured with one pulsed lidar
only.

In summer 2002, three lidar teams participated in the field ex-
periment at Tarbes airfield, France, in the frame of the EC Project
C-Wake. Two cw 10-pm lidars from ONERA, France, and QinetiQ,
United Kingdom and one pulsed 2-um lidar from DLR, German
Aerospace Research Center, Germany, were deployed. In this pa-
per, we present the results of the lidar measurements of the wake
vortices generated by a large transport aircraft (LTA). The trajecto-
ries and circulation of the vortices measured with the pulsed lidar
and the two cw lidars (on the basis of the triangulation results ob-
tained from data measured with the ONERA and QinetiQ lidars) are
compared. The behavior of the vortex circulation vs time at various
atmospheric turbulence conditions will be shown.

CDL

The principle of CDL is based on the emission of laser radiation
into the atmosphere and the coherent detection of the light backscat-
tered by aerosol particles. The information about the velocity (pro-
jection of the velocity vector on the probing laser beam axis or radial
velocity) of the particles moving with the airflow is extracted from
the measured Doppler frequency shift of the backscattered wave.
The main elements of a coherent Doppler lidar are laser, telescope,
local oscillator, and detector. For variation of the angle of the probing
laser beam direction, a scanning device is used.

2-Micrometer Pulsed Lidar

The 2-pm pulsed Doppler lidar deployed by DLR at Tarbes air-
field for wake-vortex measurements is based on the transceiver unit
MAG-1 from CLR Photonics.?? It comprises the cw master laser for
injection seeding of the slave laser and for acting as local oscillator
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for coherent detection and the slave laser for transmission of the
pulses of 2-mJ energy and 400-ns length into the atmosphere with
a pulse repetition rate of 500 Hz. Both lasers are diode-pumped
Tm:LuAG lasers with optimum matching to the atmospheric win-
dow at 2022-nm wavelength. The offset frequency of 100 3 MHz
between both lasers is generated by an acousto-optic modulator. The
diameter of the transmit-receive telescope is 108 mm. The analog
signal from the signal detector is amplified by a 1-GHz amplifier
with adjustable gain of 30-70 dB. This amplified signal and the
reference signal from the pulse-monitor detector are fed to the data
acquisition and recording unit. These data are digitized with a sam-
pling rate of 500 MHz. The measurement plane is linearly scanned
by an oscillating mirror of 200 mm diameter with a scan speed of
2 deg/s and a flyback time of 0.5 s. A detailed description of the
2-pm lidar is given in Ref. 17.

For post-trial processing of the data measured in Tarbes, always
256 samples of the backscatter signal from each single shot at any
chosen range were used for the analysis of the radial velocities in
the sensing volume. In this case, the effective longitudinal size of
the sensing volume equals 88 m (Refs. 8 and 21), and it does not
depend on the range (distance between the lidar and the sensing
volume center).

10-Micrometer CW Lidars

During the Tarbes experiment, the lidar teams of ONERA and
QinetiQ were operating similar systems based on a CO, laser source
emitting several watts of eye-safe radiation. Details of the lidar sys-
tems may be obtained from Refs. 13 and 17. The lidars are monos-
tatic, using common transmit and receive optics with a 30-cm tele-
scope aperture. The probing laser beam can be focused to give a
range resolution AR (effective longitudinal size of the sensing vol-
ume), which depends on the focal length R as AR ~ R? (Ref. 23).
At R=100m, AR ~ 10 m, and at R =300 m, the sizes of the sens-
ing volume in the cases of cw and pulsed lidars are approximately
the same, that is, AR ~ 88 m. The real-time signal processing is
based on either surface acoustic wave or digital spectral analysis. A
single spectrum is obtained within 50 us. However, integration of
several spectral estimates must be performed to achieve an adequate
signal-to-noise ratio (SNR). Averaged velocity spectra are acquired
at rates of 33 (QinetiQ lidar) and 100 (ONERA lidar) per second
with a resolution of approximately 0.1 m/s. The probing laser beams
were scanned with a speed of 10 deg/s (QinetiQ lidar) and 12 deg/s
(ONERA lidar).

Experiment at Tarbes Airfield

As part of the EC Project C-Wake, an extended field campaign
was carried out in June 2002 with pertinent observations made dur-
ing four days, 12 June 2002-14 June 2002 and 17 June 2002, at
the airfield of Tarbes, France. There, a large number of different
sensors®* and three coherent Doppler lidars (the 2-um pulsed li-
dar from DLR, Germany, and two 10-um cw lidars from QinetiQ,
United Kingdom and from ONERA, France) were deployed for si-
multaneous investigation of the wake vortices and for observation
of the atmospheric environment.

Figure 1 shows the geometry of the wake-vortex measurements
with three Doppler lidars. The 10-pm cw lidars from QinetiQ (L2)
and from ONERA (L3) were positioned at a distance of 702 and
824 m, respectively, from the 2-pum pulsed lidar for precise mea-
surement of velocity profiles in the late phase of the vortex life
cycle. The distance between the cw lidars (L2 and L3) is 122 m.
During the measurements, lidars L2 and L3 were scanning in the
vertical plane (Z, Y). The scan sector angle was, on average,
60 deg for both lidars (elevation angles 40—-100 deg for lidar L2
and 80-140 or 70-130 deg for lidar L3). The pulsed lidar L1 was
scanning in a slightly different vertical plane, where the angle be-
tween this plane and (Z, Y) plane was approximately 7.7 deg. In
the case of lidar L1, the scan angles were 0-20 deg (12 June 2002),
3-25 deg (13 June 2002), 2-24 deg (14 June 2002), and 0-21 deg
(17 June 2002).
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Fig. 1 Geometry of lidar measurements at Tarbes airfield; L1, 2-pum
pulsed lidar and L2 and L3, 10-sm cw lidars.

During the four days of the experiment, a LTA-type test aircraft
was available performing 65 overflights. The aircraft flew along the
line parallel to the X axis (dashed—dotted line in Fig. 1) at different
heights Z (180-430 m) and distances Y between the vertical flight
plane and (Z X) plane. (Maximal ¥ ~ 500 m.)

The crosswind (the projection of the wind vector on the Y axis)
has an essential influence on the wake-vortex trajectories. In strong
crosswind conditions, for example, the vortices remain only a short
period within the measurement area. (See overlapping scan sectors
of lidars L2 and L3 in Fig.1.) On the first day of the measurements,
the crosswind was positive. (The crosswind direction is from the
side of lidar L1 to lidars L2/L.3.) It was negative during the other
three days. Because we had strong crosswind (up to 6 m/s) on the
first day (12 June 2002), only few overflights were performed on
this day. On the other days, the crosswind was 4-4.5 m/s (13 June
2002) and 2-2.5 m/s (14 June 2002 and 17 June 2002). With the
exception of the first day, the measurements were carried out in
the evening hours (18:00-22:00 local time). The weather conditions
were favorable during the measurements: The sky was cloudless, and
a lot of aerosol particles were present in the atmosphere providing
relatively high SNRs.

Data Processing

After the experimental campaign, the raw data (the signals mea-
sured by the pulsed lidar and the spectra measured by the cw lidars)
were processed to estimate the wake-vortex characteristics such as
core position (coordinate) and circulation.

Processing of Data Measured by Pulsed Lidar

The processing of the data measured by the 2-um pulsed Doppler
lidar includes four main stages, the estimation of 1) the Doppler
spectra (spectra of the power of coherently detected backscatter
signals), 2) the radial velocity and velocity envelopes, 3) the vortex
core position, and 4) the vortex circulation. The detailed description
of the processing procedure is given in Ref. 21.

To estimate single Doppler spectra, the measured data of 25 shots
were used for spectral accumulation. Taking into account that the
scan speed is 2 deg/s and the pulse repetition frequency is 500 Hz,
the elevation angle resolution is 0.1 deg, and at range of R =600 m,
the vertical resolution is approximately 1 m. These accumulated
spectra were estimated every 3 m along the beam axis from
R =500 mup to R = 1100 m. The scattering particles in the sensing
volume (with a longitudinal size of 88 m) have some velocity dis-
tribution. From the measured Doppler spectrum, one can estimate
the mean radial velocity and, also, positive and negative velocity
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envelopes (or maximal and minimal radial velocity inside the sens-
ing volume) using an appropriate threshold for the spectrum.?! From
the obtained two-dimensional distributions of the radial velocity V,
and the velocity envelopes V. vs range R and elevation angle ¢, the
core positions (R¢; and ¢¢;) of the right (I = 1) and left (/ = 2) vortex
can be found. Moreover, the velocity envelopes can be corrected by
subtracting the background radial wind velocity. The vortex circula-
tion I' is estimated from the corrected velocity envelopes Vi (Rc1, ¢)
and Vi (Rc2, ¢) and the positions R¢; and ¢¢; by formulas (2) and
(3) given in Ref. 21.

Processing of Data Measured by CW Lidars

From the Doppler spectra measured by the cw lidars L2 and L3,
the velocity envelopes VL?[¢(#)] and V3 [¢(t)] as functions of time
t are derived. For each overflight, the lidars acquire data contain-
ing several intersections with the vortex cores. These intersections
provide the angular information used subsequently to derive vortex
location by the triangulation methodology.!® The two series of angu-
lar measurements from each lidar can then be combined to estimate
the core coordinates, as well as the ranges, that is, the distances
between the lidars and the vortex cores. The elevation angles of the
core intersection X7 () and ¢Z3 (¢') (where as before / = 1 for right
and [ =2 for left vortex) are extracted from the envelopes V> and
VL3, where, as arule, r #1'. Because the distance between the lidars
is known, the vortex core position can be found by application of
the triangulation method. The direct interpolation (for example, lin-
ear interpolation of angles measured in adjoining time moments) of
oL (1) or 3 (¢) to obtain the angles at the same time # =’ can not
often give triangulation result with acceptable accuracy because of
random variations of the estimated angles. For the triangulation pro-
cess, we used the model extended kalman filter (EKF),? in which
the motions of the two vortex cores are considered to be linked to
some degree. Detailed description of the processing procedure with
EKEF intended for the estimation of the vortex core coordinates Z¢;,
Y, and ranges Ré,z and Ré?, that is, distances between [th vortex
core and L2 and L3 lidar, respectively, is given in Ref. 19. For esti-
mation of the vortex circulation I', the integration method® is used,
where the input parameters are V" (¢), p&" and RL", where m =2
and 3 is the lidar label.

Before the calculation of the vortex circulation from the data
measured both by the pulsed lidar and the cw lidars, it is nec-
essary to choose in the velocity envelopes V™ (g) subarrays at
the regions around @Z", where the tangential velocity of one
separate vortex approaches a potential dependence on the dis-
tance r = RE"|sin(p — p&")|, that is, the tangential velocity equals
I'/Q2rr),m=1,2,3,and [ =1, 2. In the case of LTA-type aircraft,
a minimum distance from the vortex core of B/12 and a maximum
distance of B/4 (where B is wingspan) are optimal for the integra-
tion boundaries. Figure 2 shows the scheme of data processing and
results comparison.

The quality of the data measured with a cw Doppler lidar de-
pends on the difference between the distance from the lidar to the
vortex core and the focal length R. The larger such difference, the
worse is the quality of the measured data. During the measurements
with the QinetiQ lidar, the focal length R was mostly fixed at a
constant distance in the range of 120-170 m. The wake vortices
descend and move with the wind, and therefore, the distance from
the lidar to the vortex core is changed during the measurement.
As a result, for many cases the accuracy of the velocity envelope
measured with the QinetiQ lidar is poor for the circulation estima-
tion, but it is quite sufficient for the estimation of the core inter-
sections @f7 that can then be used for triangulation. To improve
the quality of the data, the focal length R was changed in accor-
dance with the result of simulating the wake vortex trajectory for
each overflight. This has been applied for the measurements with the
ONERA lidar. For example, during time the interval of 4 min, R can
be changed from 300 to 110 m. The input parameters for the sim-
ulation program are the aircraft height and the crosswind velocity.
This program also takes into account the vortex descent. The quality
of the data measured with the ONERA lidar is high almost for all
overflights.

DLR pulsed lidar (L1) QinetiQ cw lidar (L2) ONERA cw lidar (L3)

Raw data Raw data Raw data

Doppler spectra

Doppler spectra

<l Velocity envelopes | ﬂ Velocily;nvelopes | | Velocity envelopes |

} : :

Core positions Core positions Core positions
(ranges & elevation, (elevation angles) (elevation angles)

co-ordinates) l l

Triangulation results
(ranges and co-ordinates)

b I

_’I Vortex circulation ‘ I Vortex circulation [€

A 4
45{ Vortex circulation |

—» Comparison results
(co-ordinates and |
circulation)

Fig. 2 Sequence of data processing and comparison of results.

Comparison of Results of Wake-Vortex Measurements

After an aircraft overflight, the generated vortex pair moves with
the wind and simultaneously descends (if no strong upward atmo-
spheric airflow occurs). Because of the different measurement ge-
ometry (Fig. 1) of the pulsed and cw lidars, the duration of the vortex
measurements with lidar L1, respectively, lidars L2 and L3 are dif-
ferent. Figure 1 (side view) shows the scan sectors. It is obvious
that the pulsed lidar L1 can measure older vortices compared with
the cw lidars L2 and L3. The final results of measurement and data
processing are the coordinates of the vortex cores and the vortex cir-
culation vs time after overflight. The sampling of the wake-vortex
trajectories and circulation by the pulsed and cw lidars occur at dif-
ferent moments of time. To compare the measured characteristics, it
is necessary to use interpolation or temporal averaging over chosen
intervals.

Comparison of Vortex-Core Trajectories

Figure 3 shows two examples of wake-vortex trajectories mea-
sured with the pulsed lidar (dashed curves) and with the cw lidars,
that is, the triangulation result (solid curves). The measurements
were carried out on 13 June 2002 and 14 June 2002 at crosswind
velocities of 4.5 m/s (Fig. 4a) and 2.5 m/s (Fig. 4b), respectively.
The crosswind was extracted from the data measured with the pulsed
lidar (radial velocity estimates). The sequences of the circles (for
the right vortex) and squares (for the left vortex) on the curves
are the vortex core coordinates measured at the same time every
11 s both with the pulsed lidar and with the cw lidars. To obtain
the simultaneous estimates of the vortex core coordinates, a linear
interpolation between adjacent points was used. For the examples
shown in Fig. 3, the aircraft coordinates as it passed through the cw
lidar scan plane (Y Z plane at X =0) are Z, =334 m, Y, =424 m
(Fig. 4a) and Z, =347 m, Y, =297 m (Fig. 4b). The vortex trajec-
tories were measured with the pulsed lidar in the time intervals of
52-138 s (Fig. 4a) and 70-224 s (Fig. 4b) after overflight. In the
case of the triangulation results (measurements with the cw lidars)
the corresponding time intervals are 39-96 s (Fig. 4a) and 57-182 s
(Fig. 4b). In these two examples, the time of the wake-vortex ob-
servation by the pulsed lidar is approximately 1 min longer than the
observation time of the cw lidars. This is mainly due to the longer
measurement range of the pulsed lidar L1 and the different geometry
of the lidar measurements (Fig. 1).

After the interpolation to obtain simultaneous estimates of the
core coordinates, a comparison was made of the positions of the
vortex cores measured by the pulsed lidar and the cw lidars. In
Fig. 4, the vortex core heights Z derived from the cw lidar measure-
ments are plotted against the corresponding heights for pulsed lidar.
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Fig. 3 Vortex core coordinates: ———, data measured with pulsed lidar
and; —, triangulation for; O, right vortex; and m, left vortex mea-
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2002 and b) 14 June 2002.
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Fig. 4 Vortex core heights measured simultaneously with pulsed and
cw lidars.

Similarly, Fig. 5 shows a comparison of the horizontal coordinate
Y. In both Figs. 4 and 5, the points are concentrated around the line
corresponding to the ideal case of perfect coincidence of the results.
It can be seen that the scatter of the points in Fig. 4 becomes larger
with increasing height of the core position.

For comparison of the measured results, two statistical parameters
are introduced, 67 and Gy, which characterize the level of discrep-
ancy in the core coordinates obtained from the data of the pulsed
lidar and the cw lidars, as
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Fig. 5 Vortex core horizontal coordinates measured simultaneously
with pulsed and cw lidars.

where {Z5(t), Y (1)} and {Z523 (1), Y23 (1)} are the core co-
ordinates measured by the pulsed lidar L1 and the cw lidars L2 and
L3, whose measured data were used for the process of triangula-
tion, respectively, at the time moment #;, and K is the total number
of estimates used for averaging. In accordance with the data of
Figs. 4 and 5, K =284, and the calculations by Egs. (1) and (2),
we obtain the results 6 ~#9 m and 6y ~ 13 m. For K =284, the
relative standard deviation of the estimates 6; and Gy is not larger
than 10%.

We can assume that the random errors of the estimates
(ZE (1), YE ()} and {ZF23(1), YE>3(5;)} are independent, sta-
tistically stationary, and homogeneous. Then, the variance o2 =
(62) (0f=(6%) is the sum of the variances o]
(oylr1) and a§| L2_3(0§| 12.3), where the angle brackets rep-
resent ensemble averaging, o2|;; = ([ZY —(Z)]?) (02| =
(XX —(YEOH1*) and 071123 =([Z"3 —(Z"*)]) (0}l123=
([YE23 —(YE23)]%). If we additionally assume that the errors
of the vortex position estimation from the pulsed lidar data
and from the triangulation are equal, then we have oz|, =
GZ|L2,3 %6’2/\/2%6 m and O'y|L1 =O’y|L2,3 %a’y/\/2%9 m. Such
errors of the core position measurement (6 m for vertical and 9 m
for horizontal coordinates) with one pulsed lidar or two cw lidars
are likely to be overestimated for two reasons: 1) timing error and
2) measurement with lidar L1 and with lidars L2 and L3 in dif-
ferent vertical planes (Fig. 1). Because the time synchronization
between the lidars was not ideal, a timing error of approximately 1 s
was possible. This could result, for example, for a vertical descent
speed of 1 m/s and a horizontal crosswind component of 4 m/s in
a vortex shift of 1 m along the vertical axis and 4 m in horizontal
direction. Because of practical restrictions, it was not possible to
place the pulsed lidar in the plane of the cw lidars scans. Although
the angle between the planes is relatively small (7.7 deg), the plane
separation is approximately 27 m, for example, at a lateral distance
of 200 m from the lidar L3 (Fig. 1). The difference of vortex core
Y coordinates measured in different planes (separated along the X
axis) can be a few meters. For example, due to turbulence effects the
crosswind velocities in two separated planes may differ by 0.1 m/s.
(This is a reasonable value for the separation of 27 m.) Then, af-
ter a period of 30 s, the vortex core Y coordinates can differ by
(0.1 m/s x 30 s) =3 m. When equivalent contributions are assumed
from each of the four factors of uncertainty, that is, accuracy of both
lidar types, timing, and geometrical factor, to o2 and o2, the error
of vortex position measurements by the pulsed lidar and the cw li-
dars becomes approximately 4.5 m in the vertical and 6.5 m in the
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horizontal. These errors are close to the accuracy estimate (£4 m)
obtained in Ref. 19 for the vortex core position measured by cw lidars
and using the triangulation method. The assumption about the inde-
pendence of the random errors of the estimates {ZX!(z), YX! (%)}
and {ZL%3(t), Y23 (1)} is correct. However, from our measured
data, it is not possible to find exactly the contribution of the pulsed
and cw lidars to the discrepancies 6z ~ 9 m and 6y ~ 13 m. Proba-
bly, the estimates of the core position measurement accuracy (4.5 m
and 6.5 m) are too rough.
The vortex circulation estimate [ is determined as

[~ Z |ViLm((pi)

Therefore, the accuracy of circulation measurement depends on the
accuracy of estimation of the parameters: V" (¢), ¢&", and RE).
Even if the data for the velocity envelope V2™ () are poor, in many
cases the angle 8¢; = ¢; — 5", m =1, 2, 3, can be estimated with
high accuracy (£0.04 deg in the case of pulsed lidar and +0.15 deg
in the case of cw lidar), and the effect of the error of this angle esti-
mation on the circulation estimate I" can be neglected. The distance
R/ is estimated from data of the pulsed lidar, and RS} and RS
are the triangulation results obtained from the QinetiQ and ONERA
cw lidar data. Because of the measurement geometry, the errors of
RL] and Y*! estimation are almost the same. Let the contribution
of the pulsed lidar to the discrepancy 6y ~ 13 m be larger than the
contribution of the cw lidars and the error of R%/ (or Y*!) be equal
to 10 m. Then at R:] ~ 1 km, the relative measurement error of
the distance between the pulsed lidar and the vortex core is ~1%.
In accordance with the theory,' the errors of estimation of R}
and R%} is ~4 m. In our experiments R%} € (100 m, 350 m) with
a mean value of RE} ~ 200 m. Therefore, the relative error of RE
estimation is ~2%. Thus, the effect of the error of Ré? estimation
(m=1, 2, 3) on the circulation estimation accuracy is negligible.
Evenif the absolute error of estimation of the vortex core coordinates
(ZE (1), YE ()} or {ZE23 (1), Y23 (1)) is large, for example, be-
cause of some technical problems in the scanner or timing device, it
has almost no influence on the circulation estimation accuracy be-
cause the relative errors of measurement of the angle §¢; and RE"
are very small.

The main error source of the circulation estimation is the error
in the estimation of the velocity envelope V" (¢). Because of the
high SNR and the condition §R% < AR where §RE] is the error of
estimation of R5] and AR =88 m is the sensing volume size in the
case of pulsed lidar, the envelope VL!(¢) was measured with rela-
tively high accuracy. Also good accuracy for V23 (¢) was achieved
due to the corresponding change of the focal length R during the
measurements with the ONERA lidar. Thus, we can expect accurate
measurements of the vortex circulation with both the DLR pulsed
lidar and the ONERA cw lidar.

X Réj" |sin ((pi - <pé}”)’

Comparison of Vortex Circulation

The circulation is the most important parameter for wake-vortex
characterization because it describes the vortex strength and, there-
fore, is an index characterizing the degree of potential hazard to
following aircraft. The evolution, decay, and lifetime of wake vor-
tices for different aircraft configurations and atmospheric conditions
are topics of considerable current interest.?*~2® The use of CDLs
for the experimental investigation of vortex circulation under real
atmospheric conditions gives an unique possibility to review con-
flicting theories about vortex evolution and decay, namely, the dif-
ferent concepts frequently termed predictable decay and stochastic
collapse.?®?” The significance of the results and conclusions of such
investigations essentially depends on the lidar accuracy. Therefore,
the accuracy of the lidar measurements of vortex circulation will be
estimated by comparison of the measurement results of the pulsed
and cw lidars.

In the following discussion, the vortex circulation and its temporal
behavior are presented in relative units by normalization with the
theoretical root (initial) circulation I'y (square meters per second)
and the reference timescale 7, (seconds). The latter describes the

time in which the vortex pair descends at the distance of one initial
vortex core separation. The parameters I'y and #, are defined as?’

to =4ms’ (B /CLVA) 3)
['y=Mg/spBV “4)

where s is the spanwise load factor, B is the wing span (meters)
C is the lift coefficient, V is the aircraft speed (meters per second),
A is the wing area (square meters) M is the aircraft mass (kilogram),
g is the gravitational acceleration (meters per second squared), and
p is the air density (kilogram per cubic meter). In this way, it is
possible to make the results shown in Figs. 6-9 independent of a
particular aircraft type.

Figure 6 shows three examples of normalized vortex circulation
measured with the DLR pulsed lidar L1 (squares) and the ONERA
cw lidar L3 (circles). These measurements were carried out on 13
June 2002 (Fig. 6a), 14 June 2002 (Fig. 6b), and 17 June 2002.
Each point (both squares and circles) in Fig. 6 represents a mean
value between circulation estimates of the right and left vortices.
Because of the different measurement geometry, the pulsed lidar
can measure the vortex circulation during longer time periods com-
pared with the cw lidar (Figs. 6a and 6b). In the case shown in
Fig. 6c, the crosswind was rather weak and the wake vortices were
within the measurement area of both lidars for a long time period
almost until the complete vortex decay. The long duration of the cir-
culation measurements, their high accuracy, and the relatively weak
disturbances caused by ambient turbulence allow the clear identifi-
cation of two phases of the vortex evolution: the moderate decrease
(until 4-5 time units in the examples shown in Fig. 6) that turns
into a steeper slope characterizing the phase of rapid decay. These

500 -Frr e

0 20 40 60 80 100 120 140 160 180 200 220 240
a) Time , s

500-

32 400-
g
o 300-
.e

0 20 40 60 80 100 120 140 160 180 200 220 240
b) Time , s

500

ey
[=
<

()
[=3
<

. . 2
Circulation , m'/s
[ =]
S
<

—
1=y
<

0 [ 1 0 1 1 1 1 1 0 1 1
0 20 40 60 80 100 120 140 160 180 200 220 240
c) Time , s
Fig. 6 Examples of normalized wake-vortex circulation measured by
0O, DLR pulsed lidar and O, ONERA cw lidar: a) 13 June 2002, b) 14
June 2002, and c¢) 17 June 2002.
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Fig. 8 Comparison of simultaneous single circulation estimates ob-
tained from data of ONERA and DLR lidar measurements.

measurements clearly corroborate the circulation evolutions found
in numerical simulations?~*° and give an indication for the validity
of the concept of the two-phase decay.

To compare the mean normalized circulation measured with dif-
ferent lidars, we have averaged all normalized circulation estimates
falling into the time intervals [#, +kAt, t, + (k+ 1)Az] (where
t,=15s, At=10s,and k=0, 1,2, ..., 12) and plotted the results.
Figure 7a shows the normalized mean circulation I'/ Iy vs nor-
malized time after overflight (or vortex age). The scatter of single
circulation estimates obtained from the data of the pulsed lidar and
the ONERA cw lidar is similar (for example, Fig. 6) and less than
the scatter in the case of circulation measurement with QinetiQ cw
lidar. The QinetiQ lidar was positioned to optimize vortex positional
information for triangulation purposes at the expense of accuracy of
circulation observations. For vortex ages up to almost 3 time units,
there is very good agreement between the DLR pulsed lidar and
the ONERA cw lidar results. (Compare the solid and dot—dashed
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Fig. 9 Influence of atmospheric turbulence on behavior of normal-
ized wake-vortex circulation at 1) e =0.5 —2 x 104 m?/s3,2) e=2 —
5 x 10~* m?/s3 and 3) £ =5 — 20 x 10~4 m?/s>.

curves in Fig. 7a). However, with increasing time the deviation be-
tween these curves becomes larger. This arises because, after 3 time
units, many circulation estimates (with rapid decay) are available
for averaging of the pulsed lidar data, a significant fraction of which
could not be obtained from cw lidar data because of the measure-
ment geometry. Figure 7b shows that there is good agreement of the
results when only data measured in the same time intervals are used
for averaging of the circulation estimates.

Figure 7b shows in addition to the mean normalized circulation
(solid and dot—dashed curves) the single circulation estimates that
were used to obtain these curves. Because the initial circulation '
was different for various overflights (350-500 m>/s), we used nor-
malized circulation estimates for calculating the scatter in the mea-
surement results. The standard deviations of the single normalized
circulation estimates from the mean curves in Fig. 7b are 0.063 and
0.057 in the case of measurements with the DLR pulsed lidar and the
ONERA cw lidar, respectively. This means that the scatter is almost
the same for both lidars and the standard deviation of the normal-
ized circulation estimates is around 0.06. From the mean value of all
circulation estimates of 360 m?/s, we can roughly estimate a stan-
dard deviation (assuming that all overflights would be at the same
initial vortex circulation I'y) in the case of measurement with one
of the lidars by multiplying 0.06 by 360 m?/s. This standard devia-
tion is approximately 22 m?/s and apparently has to depend mainly
on the lidar measurement accuracy, the atmospheric turbulence, and
the variability of vortex evolution along the flight direction.’ For
the analysis of the circulation measurement accuracy, the effect of
timing error and geometrical factor can be neglected.

The error for circulation estimation can be found by comparison
of the simultaneous single estimates obtained from the data of the
DLR pulsed lidar and the ONERA cw lidar measurements. Figure 8
shows the result of this comparison. By analogy with Egs. (1) and
(2), let us introduce the parameter 61 characterizing the level of
discrepancy in the vortex circulation measurements as

K
ér = % S [rHw - ree] ®)

k=1

where I'*! (#;) and I3 (#,) are circulation estimates (circles in Fig. 8)
from lidar L1 and lidar L3 data, respectively, and K is anumber of es-
timates used for the averaging. In accordance with the data of Fig. 8,
K =95. The calculation by Eq. (5) gives the result: 61 &~ 18 m?/s.
From data of Fig. 7b, we have obtained almost equal standard de-
viation of normalized circulation (~0.06) estimated from the data
measured with the DLR pulsed lidar and the ONERA cw lidar.
When it is into account that the measurements with two lidars are
simultaneous (at the same atmospheric condition), one can conclude
that the errors of circulation estimation from data of the DLR and
ONERA lidars are the same. The random errors of the circulation
measurement with both lidars are independent. Then, the error of
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the circulation measurement with the DLR pulsed or the ONERA
cw lidar can be estimated as 61 /+/2 = (18 m?/s)//2 ~ 13 m?*/s.

Because the experiments were carried out under different atmo-
spheric conditions, the scatter of the circulation estimates depends
on both the lidar measurement accuracy and the wind turbulence.
The vortex circulation measurement error of 13 m?/s is 1.7 times
smaller than the scatter of 22 m?/s. Therefore, the measurement
accuracy is sufficient for the analysis of circulation measurements
under different levels of wind turbulence.

Effect of Turbulence on Vortex Circulation

In the atmospheric boundary layer, the main source of turbulence
is the frictional forces created by the Earth’s surface on the air trans-
ported by the wind.*'-3? The temperature stratification can either in-
crease or decrease the turbulence strength. The range of scales of
turbulent wind inhomogeneities is wide: from a few centimeters to
an order of 100 m (Ref. 33). The largest turbulent eddies transfer the
wake vortices almost without an effect on the vortex structure. The
vortex structure can be distorted and finally completely destroyed
by eddies with scales of the inertial interval of the turbulence, where
the turbulence level can be described by one parameter, the turbulent
energy dissipation rate €.

The turbulent energy dissipation rate was estimated from data
measured with the DLR pulsed Doppler lidar, using the method
described in Ref. 8. At first, the spatial structure functions
Dy(R;) ={[V,(R; + R) — V,(R)]?), where i =1, 2, are obtained
from the measured radial wind velocity V. (R). Then the turbulent
energy dissipation rate can be calculated by the formula

3

D —
v(Ry) - Dy (2R1) ©)
Ck(R; — RY})
where Ckg ~2 is the Kolmogorov constant, Ry =60 m, and
R, =120 m.

For each overflight, the height profile of the turbulent energy dissi-
pation rate (h) is retrieved (where & is height and 40 < & <400 m)
and then e(h) is averaged over the heights of wake-vortex obser-
vations out of ground effect. The obtained values are within the
range of 0.5 x 10~* — 20 x 10~* m?/s®. This range is split in three
parts: 0.5 x 107* — 2 x 10~ m?/s>,2 x 107* — 5 x 10~* m?/s*, and
5% 107* — 20 x 10~* m?%/s>, and the circulation estimates obtained
from the pulsed lidar data are sorted in three groups in accordance
with such splitting. For each level of turbulence strength, the mean
circulation vs time is calculated. Because the pulsed lidar can mea-
sure the wake vortices over longer time periods than the cw lidars,
here the analysis of turbulence effects on the vortex circulation is
restricted only to pulsed lidar data.

Figure 9 shows the normalized vortex circulation vs time for the
different atmospheric turbulence conditions that occurred during
the experiment. The rhombuses, circles, and squares represent the
single normalized estimates, and curves 1-3 are the mean curves
of the normalized circulation. It can be seen that the vortex decay
is faster at stronger turbulence levels. At the turbulent energy dis-
sipation rate of (5 —20) x 10~ m%/s*, (2 —5) x 10~* m?/s?, and
(0.5 —2) x 10~* m?/s’, the normalized vortex circulation reaches
the 0.5 level at approximately 2.5, 3.5, and 4.5 time units, respec-
tively. Because each curve represents the mean of approximately 10
single measurements, no pronounced slope break can be observed
in these mean curves. Nevertheless, the two-phase decay of the un-
derlying individual cases becomes evident from the curvature of the
mean circulation evolutions.

Conclusions

The results of the wake-vortex measurements with the 2-pum
pulsed Doppler lidar from DLR and the 10-um cw Doppler lidars
from ONERA and QinetiQ have been compared. The standard devi-
ation of the difference between the core position estimates obtained
from data measured with the pulsed and cw lidars is 9 m in the verti-
cal and 13 m in the horizontal direction. The errors of the circulation

measurements with the DLR and ONERA lidars are almost the same
and equal 13 m?/s. This accuracy and the long observation times
allow us to analyze the temporal evolution of vortex circulation,
in general and under different atmospheric turbulence conditions.
The wake-vortex measurements were carried out under moderate
[e = (5—20) x 10~* m?%/s], weak [¢ = (2 —5) x 10~* m?/s’], and
very weak [e = (0.5 — 2) x 10~* m?/s*] turbulence conditions. The
mean normalized vortex circulation decreases with time after over-
flight and reaches a 0.5 level approximately 1.8 times faster at mod-
erate turbulence than at very weak turbulence. In all turbulence
regimes, we clearly identify two phases of circulation decay: an ini-
tial phase of moderate decay that is followed by a phase of rapid
decay. Herewith, lidar measurements for the first time clearly corrob-
orate the characteristics of circulation evolutions previously found
in numerical simulations.?%-3

The main conclusion of this comparison work is that the results
of wake-vortex measurements with the pulsed and cw lidars are
in good agreement. Improvements of the lidar systems, the mea-
surement methods, and the data processing algorithms, as well as
operating under favorable atmospheric conditions (in particular, a
lot of aerosol particles) allowed the measurement of the wake-vortex
properties with high accuracy.
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