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The real-time detection of aircraft wake vortices has become an important part of studies aimed at increased
runway productivity. A processing approach is presented, which has been used to detect wake vortices from an
axial point of view with a Doppler lidar system. The performance of the processing approach is investigated using
simulation techniques. In addition, the effectiveness of the approach is demonstrated using data from a series of
wake vortex measurement experiments carried out at Toulouse airport in March 2000. Robust axial detection of
wake vortices with a Doppler lidar system has been achieved at ranges between 400 m and 2 km. Sample results
for Airbus A340- and Airbus A320-generated wake vortices are presented.

Nomenclature
Cr = confidence level of mean radial velocity estimate
e ; = rectilinearly distributed estimate
éx = sinusoidaly distributed estimate
fo = lidar output frequency corresponding
R to 0-m/s Doppler shift
f = mean frequency estimate
K max = index of peak component of periodogram
P(n) = periodogram coefficient
Pgs(n) = periodogram coefficient after noise floor removal
SNR, = wideband signal to noise ratio
T, = sampling frequency
0 = mean radial velocity estimate
w = spectral width due to the temporal profile
of the lidar pulse
X = coordinates of constructed rectilinear grid
X = coordinates of sinusoidaly distributed estimates
Vi = range gate samples
Af = frequency resolution of periodogram
A = wavelength of lidar pulse
o = spectral width estimate

I. Introduction

AKE vorticesarerotatingcolumns of turbulentair, shed from

the wingtips of all aircraftand left behind in their wake.! The
wake vortices shed by one aircraft can pose a serious threat to any
following aircraft encountering them.> The main hazard associated
with wake vortex encounter occurs if the following aircraft flies
along the axis of rotation of a wake vortex from a leading aircraft.
If this occurs, the vortex can effect a potentially hazardous rolling
moment on the following aircraft® During takeoff and touchdown,
an aircraftis in a low-airspeed,low-altitude state and may be unable
to recover from such an encounter.
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Currently, encounters with hazardous wake vortices are avoided
by imposing a longitudinal separation of aircraft during the landing
and takeoff phases of flight. Aircraft are categorized according to
their rated maximum takeoff weights, and the minimum longitu-
dinal separation distances are prescribed according to the weight
classification of the leading and following aircraft in the pair. With
air traffic growth far exceeding the growth of new facilities, an in-
creasing number of airports are becoming capacity saturated.* In
response, researchers have been encouraged to develop technology
that will allow existing airports to increase capacity without com-
promising passenger safety.

The real-time detection of aircraft wake vortices has become an
important part of studies aimed at increased runway productivity?
A number of ground-based lidar systems have demonstrated remote
lateral detection of aircraft wake vortices 57 All of these systems
have consisted of lidar measurements in a vertical scan plane, ori-
ented perpendicular to the flight path. This lateral configuration
allows wake vortices to be detected via the Doppler shifts caused
by their characteristic rotational components.

Whereas ground-baseddetectionof wake vorticesis bestachieved
from a lateral point of view, an airborne wake vortex detection sys-
tem must be capable of detecting wake vortices from an axial point
of view because the main hazard is associated with axial encounter.
An airborne wake vortex detection system must be forward looking
to provide the pilot with some advance warning of vortex encounter.
If a Doppler lidar were to be used in such a forward looking detec-
tion system, the lidar orientation would be closely aligned with the
axis of the rotation of the wake vortex, so that the characteristic
rotational component would not be directly detectable because it
is perpendicular to the propagation of the radiation. Hence, axial
detection of wake vortices with a Doppler lidar system requires a
different approach to that used in lateral detection systems. Pre-
viously published® simulation results have indicated that aircraft
wake vortices may be detectable from a close to axial point of
view. Those early results prompted further research by a European
consortium,” which culminated in a series of wake vortex measure-
mentfromacloseto axial pointof view with a ground-basedDoppler
lidar.

During February and March of 2000, a Doppler lidar system with
a two-dimensional scanner was situated under the glide slope of
landingaircraft. The scannerwas oriented back along the glide slope
to capture mainly the axial components of the wake vortices. Robust
detection of vortices from many types of commercial aircraft was
achieved. To the knowledge of the authors, this paper is the first
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in which remote detection of aircraft wake vortices from a close to
axial point of view has been demonstrated.

In Sec. II, we present an introduction to coherent Doppler lidar
andin Sec. [IIdescribethe approachthat was used to developthe pro-
cessing algorithms used in the detection experiments. Sections IV
and V present the processing algorithms used and the algorithm
performance in simulation experiments. In Sec. VI, the ground-
based lidar measurement experiments are described and samples
results are presented for number of cases. Conclusions are drawn in
Sec. VIIL

-200 0

Fig. 1 Schematic of the sinusoidal scanning pattern at 2000-m range,
where axes are in meters. For clarity, the number of sinusoidal cycles
per scan as been reduced (Table 1).
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Fig. 2 Performance of mean velocity estimators vs wideband SNR.

II. Atmospheric Measurement with Coherent
Doppler Lidar

Lidar is an acronym derived from light detection and ranging and
is a concept similar to radar. Atmospheric Doppler lidar systems
use optical instrumentationto transmit coherent, narrowband, laser
pulses into the atmosphere along a narrow path known as a line of
sight (LOS). As each optical pulse travels out along the LOS, it en-
counters a distributed ensemble of aerosol particles. These particles
reflect a portion of the incidentlight back along the LOS. At optical
wavelengths, the bulk of the backscattered light is contributed by
particles with diameters less than 3 pum; these particles are small
enough to be advected by the wind and thus serve as effective wind
tracers.!® The light backscattered by an aerosol is Doppler shifted
by afrequency f = —2v /A, where v is the radial componentof wind
velocity, that is, the velocity component parallel to the direction of
propagationof the pulse, and A is the wavelength of the transmitted
pulse.

Because the scatterers form a distributed target, a continuous
backscattered signal is present at the system receiver as the pulse
propagatesaway from the lidar. This backscatteredsignalis optically
mixed with light from a reference laser at the surface of a photode-
tector. This optical mixing, known as heterodyning, translates the
Doppler shift down into the radio frequency range, allowing con-
version to an electrical signal by the photodetector. Sampling and
range-gating of the photodetector signal allow for range-resolved
analysis of the backscattered signal.

The use of a two-dimensional scanner, to move the LOS be-
tween pulses, facilitates three-dimensional atmospheric measure-
ment. With such an approach, it is desirable to scan the entire field
of view (FOV) in less than a few seconds; otherwise the atmo-
sphere will have changed significantly during the scan time. This
necessitates the use of a Doppler lidar with a high-pulse-repetitian
frequency coupled to a high-speed scanner.

ITII. Algorithm Development Approach
In a Doppler lidar, only the component of the air velocity in the
direction of propagation of the lidar beam causes a Doppler shift
in the returned signal. Hence, it is not possible to directly detect
the rotational velocity component of a wake vortex while viewing
it axially. Consequently, axial detection of wake vortices with a
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Doppler system relies on the presence of identifiable axial Doppler
signatures. Such signatures may be axial velocity components or
axial turbulence within or near to the vortex core.

The generation of an axial velocity in the core as part of wake
vortexrolluphas beenexplainedtheoreticallyby Brown.!! However,
this initial axial velocity holds only at relatively short distances
behind the wing, where the spiral systemis well rolled up, but before
the vortex has spread and been reduced in intensity by turbulent
diffusion. Much farther back from the wing, the development of
axial velocity characteristics in the vortex core, as a result of axial
pressure gradients, has been predicted theoretically by Batchelor.!?

To investigatethe feasibilityof axial detection,large-eddysimula-
tions (LES) techniques were used to simulate the evolution of wake
vortices in different turbulence conditions. The three-dimensional
flowfields from the LES were applied to a time-domain simulation
of a Dopplerlidar system.® Other inputs to the Doppler lidar simula-
tion system are the lidar performance parameters, the atmospheric
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Fig. 4 Grayerror barsindicate the mean andstandard deviation of the
velocity spectral width estimator vs true velocity width in a 225-mrange
gate, black error bars summarize the spectral width estimate accuracy
after applying the spectral width image processing algorithm. Note that
for clarity, the image processing results have been shifted by 0.05 m/s
along x axis.
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Fig. 7 Plan view and elevation of the ground-based wake vortex mea-
surements showing the instrument landing system glide slope and of the
lidar system’s FOV.
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parameters, the scanning pattern and the measurement geometry.
Darracq et al.® gives a full description of the simulation process.

The simulation experiments were used to define the parameters of
a Doppler lidar system capable of detecting wake vortices from an
axialpointof view. Early resultsindicatedthata lidar pulselength of
about400ns and a transversespatialresolutionof 6 m orbetter would
be required to achieve axial detection. Ideally, the two-dimensional
scanner would generate a rectilinear scanning pattern with an equal
angular density of lidar shots throughout the field of view. How-
ever, such a scan pattern is difficult to realize mechanically. Further
simulation experiments indicated that the mechanically feasible si-
nusoidal scan pattern shown in Fig. 1, is capable of providing the
required scanning density.

Simulation experiments were also used to develop candidate pro-
cessing algorithms. A two-stage processing approach was devel-
oped. The first stage, the signal-processingstage, involves estimat-
ing the mean radial velocity and the spectral width at various ranges
along each LOS. The second stage, the image-processing stage, is
applied to the results of signal-processing stage and aims to elimi-
nate signal-processingnoise while preserving wake vortex Doppler
signatures.

IV. Signal Processing

The aim of signal processingis to estimate the mean radial veloc-
ity and the spectral width'> at various ranges along each LOS. For

this application, mean radial velocity estimation is carried out over
75-mrange gates, while spectral width estimation is carried out over
225-m range gates. This approach is appropriate because accurate
rangeresolution of radial velocity estimatesis desired to capture the
axial structure of the vortices. For spectral width estimation, how-
ever, a longer range gate is used so that larger scale axial turbulence
and axial flows associated with the vortices can be captured.

The signal to noiseratio (SNR), defined as the ratio of the average
heterodyne signal power to the average noise power, is a parameter
that affects signal-processingperformance. In this study, real sam-
pling of the photodetector signal at 128 MHz is used in both the
simulation experiments and the ground-based measurements. This
implies a noise bandwidth of 64 MHz. For clarity, the label SNR,,
is used to emphasise that the wideband SNR is being used.

Both mean radial velocity and spectral width estimation are car-
ried out in the spectral domain via the periodogram. The peri-
odogram of the samples from a given range gate is an estimate of the
spectrum of the Doppler signal from that range gate plus the noise
associated with the heterodyne detection process. This is defined as

2
1|%&= 2rikn
P = — _
(n) N k§=0ykeXP( N )

where P(n) is an estimate of the power at frequency given by the
product nAf and Af =1/NT; is the frequency resolution of the
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periodogram. Zero padding of the input sequence may be used to
increase N and decrease A f (Ref. 14).

The average spectral noise floor, due to the heterodyne detection
process, is subtracted from the periodogramto generate an estimate
of the Doppler signal spectrum. Because real sampling of the pho-
todetectorsignalis used,only the first half of the spectrumis unique.
Therefore, Py, is defined as the first half of the estimated Doppler
signal spectrum (noise floor removed). The following sections

describe the calculation of the mean Doppler velocity and the
Doppler velocity spectrum width from Pg.

A. Mean Radial Velocity Estimators

An estimate of the mean radial velocity v is calculated from
the mean Doppler frequency estimate f using the conversion 0 =
—(f — fo)A/2, where A is the wavelength of the Doppler lidar and
fo is the lidar output frequency corresponding to a 0-m/s Doppler
shift.

¢ ~— Background Wind The estimated mean frequency f of the periodogram of a real
5¢ T A landng sampled signal is calculated from Py, as
—©- A320 landing g
4L ]
- ﬁw A 1 Zi:: i xﬁ: (k - kmax) Psig [mOdN/Z (k)]
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£l |
(% where Ky, is a first approximationof the mean, generated by taking
S the index of the peak of the periodogram. Calculating the mean
ol frequency around k., eliminates bias toward the center of the
bandwidth.!* Simulation results have shown that for narrowband
r signals the accuracy of this estimator can be significantly improved
oL . _ ‘ ‘ ‘ ‘ ‘ ‘ by confining the summation to the spectral region corresponding
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range [meters]

Fig. 10 Radial velocities subtracted from range gate images before
display.

spurious noise peaks on the estimator accuracy.
If the bandwidth of the signal is small compared to the bandwidth
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of the mean frequency. This computationally efficient estimate is
given by

f = kmax /NTS

The accuracy of this method is limited by the frequency resolution
of the discrete periodogram. Therefore, zero padding is used to
increase N and decrease A f.

B. Mean Velocity Estimation Accuracy

The performance of an unbiased mean velocity esimator is fully
described by the probability density function (PDF) of its estimator
error. For unbiasedestimators, the PDF is characterizedby a uniform
distribution of spurious estimates throughout the velocity search
space and a local Gaussian distribution of good estimates centered
on the true mean velocity.!’

The performance of a mean velocity estimator depends on the
SNR at the photodetector and the turbulencein the range gate scat-
tering volume. Frehlich!® has identified two regimes that describe
Doppler lidar performance: the pulse dominated regime, in which
atmospheric turbulence along the range gate is negligible, and the
atmospheric regime, in which the atmospheric variation along the
range gate affects velocity estimation accuracy. Algorithm perfor-
mance has been investigated in both regimes.

Range gate
number 20

1800

1600 —

1400 —

1200 0

meters

1000

T
=

800 - ’

600 -

1 1 | | 1
-200 -100 0 100 200

T

-2 0 2
LOS Velocity (m/s)

Average top view of the mean
radial velocity

Range gate
number 18

Range gate  [O) & CREE) o
Y 4 1

Range gate E e

number 14

number 16

Range gate

number 12 o &
s D

Range gate f
number 10

Wind fields containing negligible turbulence were generated us-
ing Kolmogorov scaling (see Ref. 15) with outer scales of 1000 m
and an energy dissipation rate of 1073 m?/s*, and wind fields con-
taining significant turbulence were generated using with the same
outer scale and an energy dissipation rate of 1073 m?/s*>. A time-
domain lidar simulation method'® was used to generate lidar shots
at various wideband SNR levels from the Kolmogorov wind fields.

The two mean radial velocity estimators were applied to inde-
pendent 75-m range gates for all of the simulated signals. The pulse
weighted mean radial velocity'® averaged over the range gate was
subtracted from the estimated mean radial velocity to generate the
estimator error. A Gaussian function on a uniform background has
beenfitted to each estimator error PDF to estimate the standard devi-
ation of the good estimates around the true mean and the proportion
of estimates, which are spurious. The results are presentedin Fig. 2.

Figure 2b shows that the decrease in the proportion of spuri-
ous estimates with increasing SNR,, is similar for the two mean
velocity estimators investigated here. At an SNR,, of —10 dB, it
can be seen that almost 65% of the velocity estimates are spurious,
whereas at an SNR,, of +10 dB, less than 1% of the estimate are
spurious.

Figure 2a shows that atmospheric turbulence has a weak effect
on the accuracy of the estimators, that is, medium level turbu-
lence within the range gate increases the standard deviation of the
good estimates. In both turbulence regimes, the periodogram mean
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Fig. 12 Mean radial velocity images from scan 5 during Airbus 340 landing; + mark centers of range gate images and marks on the axes of range

gate images are separated by 20 m.
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estimator performs slightly better than the computationallyefficient
periodogram peak estimator, particularly at higher SNR,,.

C. Confidence of the Estimate

Signalstatisticsdictate that a certain proportionof the velocity es-
timates will be spurious. Understanding the mechanism that causes
spurious estimates offers an approach through which the level of
confidence associated with a given estimate can be calculated. For
spectral estimators, spurious estimates result when the signal power
dropsdueto “fading,” and anoise peak is mistakenlyidentified as the
signal component. Conversely, good estimates are generated when
the signal power spectrum is identifiably above the noise spectrum.

The average energy in the spectral region around the estimated
mean frequency, given by f & w, can be used to calculate the con-
fidence level associated with a given estimate. The parameter w is
the spectral width due to the transmitted pulse shape and is given
by w=1//8mc, where o is the 1/e half-width of the transmit-
ted pulse.!* When a spurious estimate is generated, this confidence
level will be low because the region f £ w will contain only noise.
However when a good estimate is generated, the region f £ w will
contain the signal, so that the confidence level for good estimates
would be expected to be higher than that for spurious estimates.

Figure 3 contains partial PDFs of the confidence level of the
peak of the periodogram mean estimator at various SNR,,. Note,
that the scaling on the x axis is arbitrary. The results indicate that
the confidence level is related to the estimation accuracy. Good
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estimates are classified as those that fall within 2 m/s of the true
mean velocity. The sum of the partial PDFs generates the true PDF
of the confidence level. The confidence level is below 12 for almost
all of the spurious estimates, whereas most good estimates have a
confidence level that is above 12 for SNR,, of —5 dB and above. In
general, the higher the confidence levels, the more likely it is that
the estimate is good. Thus, the confidence level can be used in the
image-processing stage to identify estimates that are highly likely
to be spurious.

D. Velocity Spectral Width Estimation

The spectral width is a measure of the velocity variation over the
range gate volume and is related to the level of turbulence or the
shear within the volume.!” For a real sampled signal, the estimated
velocity spectral width estimate 6 of a range gate is calculated from
Pg, as

Ao | KN = FT) Py Imody s ()]
2NT, Yk Pae®)

k =k

6‘:

where f is the estimated mean radial frequency of the periodogram
used for spectral width estimation, N is the number of discrete fre-
quency pointsin the periodogram,and mod is the modulus operation.
The summation is tightly limited to the signal lobe because inclu-
sion of any noise spikes in this calculation will bias the estimate
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Fig. 13 Spectral width images from scan 5 during Airbus 340 landing; + mark centers of range gate images and marks on axes of range gate images
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high. Therefore, the extremities of the signal lobe, labeled k;—k,,
are identified before implementing the preceding equation.

The periodogram coefficients at any frequency are exponen-
tially distributed, regardless of the number of data points in the
transform.!” This randomness contributes to considerable inaccu-
racy in the spectral width estimates even at high SNR,,. To reduce
this effect, spectral averagingis carried out with Pg, from the cor-
responding range gate of the previous and the following shots. The
velocity spectral width estimate is then calculated from the three-
shot averaged Py, as defined earlier.

E. Velocity Spectral Width Estimator Performance

To investigate the velocity spectral width estimator perfor-
mance, a large number of lidar signals were simulated from wind
fields containing velocity shears using a time-domain simulation
method.!® The spectral width estimator was applied to the three
LOS average Py, generated from 225-mrange gates. The estimated
spectral widths are compared with the velocity width!” calculated
from the point velocities and the results are plotted in Fig. 4. In each
case, the mean estimated spectral width has been plotted along with
an error bar, which indicatesthe standard deviation of the estimates.
Figure 4 summarizes the spectral width estimator performance over
a range of spectral width values and at various SNR,, levels. The
spectral width estimator performs well at SNR,, of —2.5 dB and
above because it accurately reflects the underlying velocity width,
whereas at —5 dB, the spectral width estimator underestimates the
underlying velocity width. At all SNR,, levels, the estimator is bi-
ased high at widths less than 0.7 m/s. This effect is due to the inher-
ent spectral width of the transmitted pulse broadened by the spectral
shape of the rectangular window. This combination effectively sets
a minimum value on the estimated spectral width.

V. Image Processing

A. Rectilinearization and Image Construction

Mean radial velocity and spectral width estimates from all range
gates that are equidistant from the lidar are used to generate trans-
verse range gate images. If a rectilinear scanning scheme was em-
ployed, the construction of these images would be straightforward
because each mean velocity and spectral width estimate could be
mapped to pixels in a rectilinear mean velocity and spectral width
range gate image, respectively. A sinusoidal scanning pattern, how-
ever, results in a highly nonlinear spatial distribution of estimates
and does not facilitate image processing or image display. There-
fore, an approach has been developed that converts the sinusoidally
distributed velocity and spectral width estimates into sets of rec-
tilinearly distributed velocity and spectral width estimates, while
simultaneously allowing the implementation of noise reduction
algorithms.

For each set of range gates equidistantfrom the lidar, a rectilinear
grid spanning the field of view with coordinates x; ; is generated.
All estimates within a distance d of x; ; are used to generate an
estimate atx; ;. That is,

&, =F@)  Vk

such that |x, —x; ;| <d, where ¢ are the sinusoidally distributed
estimates (either mean velocity or spectral width), ¢; ; are the result-
ingrectilinearlydistributedestimates,and F' is theimage-processing
operation. The distanced defines the radius of the image-processing
operation, as shown in Fig. 5. To adapt the image processing to the
decrease in spatial resolution with range from the lidar, the distance
d can be adjusted with range.

The operation F can be any operation that chooses the best esti-
mate to represent positionx; ; from the set of available estimates é;.
The simulation results indicate that the error statistics from mean
velocity estimation and spectral width estimation result are quite
different. Therefore, differentimage-processingoperations are used
for each image set.

B. Radial Velocity Image Processing

The confidence level associated with each velocity estimate is
incorporated into the mean velocity image processing. For the

mean radial velocity estimates the operation F is defined as
follows:

F (0, ¢;) = mean(0y) Vk

subject to ¢, > ¢, where cr is a confidence level threshold which
rejects almost all spurious velocity estimates. If no estimates have
a confidence level above the chosen threshold, then the algorithm
takes the median of all of the available velocity estimates.

The performance of the mean radial velocity image processing
is summarized in Fig. 6. Figure 6 shows that the algorithm, which
includes the confidence level of the estimate, eliminates all of the
spuriousestimatesat SNR,, levelsdown to —5 dB. Comparison with
Fig. 2 illustrates the improvementin velocity image accuracy due to
the image-processingalgorithm. For example, atan SNR, of —5dB,
Fig. 2 shows that the proportion of spurious estimates generated
by the signal-processing stage is approximately 30%. After image
processing, only 0.7% of the velocity estimates are spurious, and
the standard deviation of the good estimates is halved.

scan time = 12s
R est. vortex age = 0s

| scan time = 24s
’ 9 _| est vortexage = 12s

scan time = 36s
est. vortex age = 24s

scan time = 48s o T
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scantime=60s  [& C
est. vortexage =48s  |. '
scan time = 725 = ~
osl. vortex age = 60s
(4
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Spectral width (m/s)
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a) b) c)

Fig. 14 Time evolution of images from range gate 6, centered 812 m
from lidar system, during an Airbus 340 landing; marks are 20 m apart
on both axes: a) mean radial velocity variation from average range gate
velocity, b) approximate start time of each scan and estimated vortex
age (estimated from the flyby time) and c¢) spectral width.
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For comparison, the performance of the operation F defined as
F(0;) = median (0;) is included in Fig. 6. The median was found
to be an effective operation when the confidence level information
is not used.

C. Spectral Width Image-Processing Operation

Ithasbeenfoundthatthe use of the spectralwidth confidencelevel
does not improve spectral width image processing. This is because
the use of 225-m range gates and periodogram averaging results
in very few spurious spectral width estimates at the SNR,, level
investigated for this application. Thus, the spectral width image-
processing operation F is defined as follows:

F(6;) = mean(oy)

The performance of the spectral width image processing is sum-
marized in Fig. 4. The results indicates that the image processing
significantly reduces the standard deviation of the spectral width
estimate but does not change the underlying mean.

VI. Application of the Processing Algorithms
to Real Data: Axial Detection of Wake Vortices
with a Ground-Based Lidar

A. Measurement Overview

A Doppler lidar system with a two-dimensional scanner was
installed under the flight path into runway 33L at Blagnac Air-

port, Toulouse, during February and March 2000. The lidar sys-
tem consists of a 2-um, coherent pulsed Doppler lidar and a two-
dimensional, sinusoidal scanner. The continuously moving scanner
allows for only one laser pulse per LOS. The operational parameters
of the system are summarized in Table 1.

The lidar system was situated under the glide slope into runway
33L, 530 m from the end of the runway. The instrumentlanding sys-
tem guides incoming aircraft to touchdown at a point 300 m along
the runway, and so the lidar was 830 m from the average touch-
down point. The aircraft landing direction was 330 deg for all of the
cases captured by the lidar system. For the cases presented here, the

Table1 Operational parameters® of the lidar system
used for ground-based measurement experiments

Lidar system parameters Value

Laser wavelength 2.02254 um
Pulse energy 2m]

Pulse repetition frequency 500 Hz
Pulse duration (1 /e full width) 400 ns
Photodetector sampling frequency 128 Mhz
Horizontal scan range 12 deg
Vertical scan range 3 deg
Number of sinusoidal cycles per image 37
LOS per image 2500

“Same parameters were used in all simulation results presented.
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central axis of the FOV was set to 4 deg from the horizontal. This
configuration allows for measurement of the trailing-wake vortices
from a close to axial point of view. The measurement geometry is
presented in Fig. 7.

B. Data Recording and Processing

Foreach LOS, the transmitted pulse and return signal are sampled
at 128 MHz and stored on a local disc drive. Data storage begins
when the landing aircraft is 2—3 km from the Doppler lidar system
and continues until 50 s after the aircraft has passed overhead.

The processing algorithms described in this paper have been ap-
plied to the data collectedduring the measurementcampaign. Before
application of the processing algorithms, the lidar signals were cor-
rected for gain difference caused by the automatic gain control of
the system and for frequency shifts caused by jitter in the frequency
of the outgoing lidar pulse. Sample results are presented for the
following cases: 1) the background wind with no aircraft present,
2) an Airbus A340 approaching to land, and 3) an Airbus A320 ap-
proaching to land. All of these cases were measured between 1230
and 1337 hrs on 9 March. The meteorological condition, measured
by the local tower at 1220 hrs on that day, was sunny, with a visi-
bility of between 8 and 10 km, and a wind of a less than 3 kn from
330 deg.

The SNR,, performanceof the system on the afternoonof 9 March
hasbeenestimated from the measured data and is presentedin Fig. 8.
The estimated performance indicates that the SNR,, is approxi-

mately +4 dB at a range of 400 m and that the SNR,, falls off
almost linearly to —4 dB at a range of 2000 m.

Reference to Fig. 6 indicates that velocity images contain less
than 0.25% spurious estimates after images processingat the lowest
end of this SNR, range and that almost no spurious estimates result
at SNR,, greater than —2 dB. Figure 4 indicates that spectral width
estimation in the system’s SNR,, range accurately reflects the level
of turbulence in the range gate. However, Fig. 4 indicates that at
the farthestoperationalrange, a decreasein the SNR,, by more than
1dB, to —5 dB orless, would significantly reduce the spectral width
estimation accuracy at thatrange.

C. Case 1: Background Wind

Figure 9 shows the top view of a complete scan by the system
that was carried out at 1230 hrs on 9 March. In addition a number
of range gate images are also shown. No aircraft had landed for a
number of minutes before this scan was taken. Thus, the scan is of
the background wind field only.

The averageradial velocity at each range gate has been subtracted
from the data before generating these images, to reduce the range of
velocity in the image set and, thus, improve contrastin the resulting
images. This approachhasbeen found to be beneficial when trying to
identifylocalizedaxial velocity flows associated with wake vortices.
The velocities subtracted are shown in Fig. 10. In general, the av-
erage background wind corresponds with the wind speed measured
by the Toulouse tower at 1220 hrs of 3 kn (1.5 m/s) from 330 deg.
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Figure 9 shows some variation in the radial velocity throughout
the range gate images, probably due to convective air movement.
Figure 11 shows the top view and a number of range gate images
of the spectral width results from the same scan. From Fig. 11, it is
clear that the spectral width is below 1 m/s in almost all of the FOV
for this case.

Figures9 and 11 are presentedas examples of the resultsachieved
when no wake vortices are presentin the FOV. Comparison should
be made with the results presented in the following sections.

D. Case 2: Airbus A340

Figure 12 shows the average top view of the mean radial velocity
and a series of range gate images for the fifth scan of the FOV for
this case. As in the preceding case, the average radial velocity of
each range gate image has been subtracted to reduce the velocity
range in the image set (see Fig. 10).

Figure 13 presents the spectral width results for the same scan
in a similar format. A pair of wake vortex induced spectral width
signatures are clearly visible, in both the average top view image
and in the individual range gate images between 400 and 1400 m.
Beyond 1400 m, one of the vortices seems to have dropped out of
the FOV, and beyond 1800 m, both vortices seem to have dropped
out of the FOV.

By the use of the vortex positions identified in Fig. 13, axial
velocities associated with the vortices can be identified in the range
gate images of Fig. 12. However, other turbulence structures are
presentin theradial velocity images, and so axial velocity signatures
are not as identifiable as the spectral width signatures.

The aircraft flew over the lidar system approximately 2 s after
this scan was completed. When an aircraft speed of 75 m/s is as-
sumed, the vortices age in Figs. 12 and 13 can be calculated to be
approximately 4-s old in range gate 1, 5-s old in range gate 2, 6-s in
range gate 3, etc., because consecutive range gates are 75 m apart.

The tick marks along the axes of the range gate image, which
are separated by 20 m, can be used to estimate the vortex signa-
ture separation. Between range gates 4 and 14 the separation of
spectral width signatures seems to be stable at approximately 80 m.
The approximate vortex ages corresponding to these ranges, can
be calculated at 7-15 s. The signature separation is larger than the
wing span of an Airbus 340. However, note that the spectral width
signatures have not been shown to coincide with the cores of the
vortices, and so conclusions about core separation should not be
drawn without further investigation.

Figure 14 shows the time evolution of the radial velocity and
spectral width range gate images fromrange gate 6, which is centred
at 812 m from the lidar system during the third scan, which begins
12 s after the start of scanning; the vortices are just being formed.
At this stage, a small cross section of axial flow toward the lidar is
evident. This is probably drag due the aircraft passage. However,
as the sequence evolves, weak axial flows in both directions are
evident.

The spectral width signatures are clearly evident throughout the
sequence. By the fifth scan (scan time of 24 s), when the vortices
are approximately 12-s old, the spectral width signatures have sep-
arated, to approximately 100 m. This separation is maintained until
the vortices are approximately 36-s old. At this stage, the left vor-
tex (on the right from the lidar point of view) has dropped out of
the FOV. Thereafter, the right vortex remains in the FOV, and the
spectral width signature strengthens until scan 14, at which stage
the vortex is 66-s old. By this stage, a strong axial flow is evident
in the velocity images. We speculate that the strengthening of the
spectral width signature and the inducement of strong axial flows
are due to the onset of vortex decay.

E. Case 3: Airbus A320

Figure 15 shows the average top view of the mean radial velocity
and a series of range gate images for the fifth scan of the FOV
during the landing of an Airbus 320. As in the preceding case, the
averageradial velocity of eachrange gate image has been subtracted
toreduce the range of velocity in the image set. In this case, the wind

velocity hasincreasedto 7 kn or 3.5m/s (Fig. 9). This is a significant
increase from the tower measurement of 3 kn taken 40 min earlier.

Figure 16 presentsthe spectral width results for the same scanina
similar format. Spectral width signatures are clearly visible in both
the average top view image and the range gate images, although,
unlike the A340 case, separate spectral width signatures are not
visible for two vortices.

As in the preceding case, the vortex positions can be identified
via the spectral width images, and then axial velocities associated
with the vortices can be identified in some of the range gate images
of Fig. 15. However, other turbulence structures are again presentin
the radial velocity images. The spectral width signatures are clearly
more useful for detecting wake vortices.

The aircraft flew over the lidar system shelter approximately 9 s
before this scan began. Assuming an aircraft speed of 75 m/s, the
vortices’ agein Figs. 15 and 16 canbe calculatedto be approximately
16-s old in range gate 2, 18-s old in range gate 4, etc.
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Fig. 17 Time evolution of images from range gate 10, centered 1112 m
from lidar system, during Airbus 320 landing; marks are 20 m apart
on both axes: a) mean radial velocity variation from the average range
gate velocity, b) approximate start time of each scan and the estimated
vortex age (estimate from the flyby time) and c¢) spectral width.
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Figure 17 shows the time evolution of the radial velocities and
spectral width range gateimages fromrange gate 10, which centered
at 1112 m from the lidar system. The mean velocity image sequence
does not show any clear conclusive vortex signatures. However,
the spectral width signatures are clearly evident throughout the se-
quence. At a scan time of 30 s, by which time the vortices are also
approximately 30-s old, a pair of the spectral width signatures be-
comes evident. Two separate signaturesremain evident for a further
12 s, and thereafter the left vortex (right-hand vortex from the lidar
point of view) seems to either decay or suddenly sink out of the
FOV. The other vortex remains in the FOV, and the spectral width
signature begin to weaken from ages 60 s.

VII. Conclusions

The processingapproach, which was developed using simulation
techniques, performed well when applied to data from ground-based
measurements. Sample results presented demonstrate that robust
detection of trailing wake vortices from an axial point of view has
been achieved for A320 and A340 aircraft. In particular, the spectral
width signatures seem to be a robust axial indicator of wake vortex
presence.Cases involvingother types of aircraftlanding at Toulouse
airporthave also been processed. Similar detectionresults have been
achieved for a Boeing 737, an MD-80, an Airbus A300-600 Super
Transporter, and a Fokker 100 aircraft.

These results should be interesting to any researchers who are
involved in the development of ground-based wake vortex track-
ing systems. In particular, these results indicate that a single axially
oriented ground-based Doppler lidar system, using the processing
approach described here, could be used to monitor the critical re-
gion of an aircraft’s approach, which extends from near the aircraft
touchdown zone to a distance of approximately 2 miles from the
runway.

If a lidar system with similar performance to that outlined in
Table 1 could be mounted in a commercial aircraft, the results pre-
sented here indicate that robust wake vortex detection with an air-
borne system is feasible. This approach, which was proposed in
the Multifunction Future Laser Atmospheric Measuring Equipment
project,would enable pilots with an autonomous wake vortex detec-
tion and avoidance capability. Such a system could be an important
componentin a framework that would allow for a reduction in air-
craftseparationunder appropriateconditionswithoutcompromising
safety levels.
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