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Abstract: The observation and identification of wake vortex are considered important factors to re-
duce aviation accidents and increase airport capacity. In addition to aircraft parameters, the evolution
process of the wake vortex is strongly related to atmospheric conditions, including crosswind, head-
wind, atmospheric turbulence, and temperature stratification. Crosswind generally affects the wake
vortex trajectories by transporting them to the downwind direction. Additionally, the circulation
attenuation of wake vortex is also influenced by crosswind shear or turbulence related to crosswind.
This paper implemented the range height indicator (RHI) scanning mode of pulsed coherent Doppler
lidar (PCDL) to study the influence of crosswind on wake vortex evolution. The crosswind was ob-
tained from the non-wake vortex regions of the RHI sectors. The method, based on the measurements
of radial velocity and spectrum with the broadening feature, was performed to locate wake vortex
cores. The wake vortex trajectories with various crosswind strengths were comprehensively analyzed.

Keywords: wake vortex; pulsed coherent Doppler lidar; crosswind; evolution process

1. Introduction

Aircraft wake vortices are rapid contra-rotating air masses created by the lift force of
the wings. These vortices always come in pairs and may cause serious hazards to closely
following aircraft, especially during take-off and landing phases [1,2]. If the following
aircraft flies into the wake vortex areas, there will be adverse influences on the subsequent
flight such as increased structural dynamic loads, loss of the stable flight condition, and
induced rolling moment [3]. To avoid wake vortex encounters, the following aircraft
must keep enough safety separation according to the empirical motivated separation
standards [4,5]; these usually overestimate the hazardous areas and thus reduce the airport
capacity [6-8]. Therefore, the observation and identification of wake vortex are important
to improve airport operational efficiency and ensure aviation safety.

Wake vortex evolution characteristics are closely associated with atmospheric parame-
ters, including crosswind, headwind, atmospheric turbulence, and temperature stratifica-
tion. To explore wake vortex characteristics such as core position, circulation, dissipation
rate, and lifespan under the above-mentioned atmospheric conditions, previous studies
have mainly adopted three techniques: wind field measurements, numerical simulations,
and wind-tunnel tests [9-13]. Wind field observation, whose biggest advantage is obtaining
actual meteorological parameters, has been widely applied in wake vortex studies. As the
only instrument for wake vortex detection in clear air [2], coherent Doppler lidar (CDL) has
successfully estimated wake vortex parameters by using the velocity envelope (VE) method
under the condition of high signal-to-noise ratio (SNR) [14] and the radial velocity (RV)
method with low SNR [15]. A hybrid algorithm that combines a non-parametric method
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and an algorithm using estimators was presented and verified. The results have shown
that the hybrid algorithm was more accurate than traditional lidar processing methods and
faster than maximum likelihood estimation [16].

The full evolution process of wake vortex can be subdivided into different stages,
including the near field, the extended near field, the midfield, the far field, and the decay
region [17]. The wake vortex characteristics of various stages are largely influenced by
atmospheric factors. The wake vortex decay process may be greatly affected by the length
scales of atmospheric turbulence through the dissipation rate [18]. Lidar measurements of
8056 landings in several international airports were analyzed, and results suggested that
the number of encounters increased from 1.5% to 3.7% because of the influence of vortex
rebound at the initial altitudes below 50 m [19]. In addition to atmospheric turbulence,
crosswind shear also results in significant changes to the generation, development, and
decay process of the aircraft wake vortex. Contra-rotating vortices usually have equal
intensity and disappear together in the absence of crosswind shear. However, when
the crosswind shear occurs, unequal decay appears and the vortex trajectory will be
changed [20]. The results of the large eddy simulation (LES) model have confirmed that the
vortex decay rate also depends on the vertical gradient of crosswind shear [21]. Considering
that the wake vortex can be transported out of the corridor due to crosswind, a minimum
crosswind velocity threshold was estimated to reduce the separation between two adjacent
aircraft [22-24]. The numerical simulation illustrated that the rebound of the downwind
vortex is earlier and stronger with the faster circulation decay than the upwind vortex [25].
The LES also has been carried out to explore the behaviors of wake vortex at various
crosswind strengths in detail, and the simulation results corroborate that a crosswind
of 0.5 w0 may present potential hazards to the following landing aircraft because of the
windward stall produced by the crosswind [26]. The influence of crosswind on wake
vortex is weak based on observational results, although a light crosswind is enough to
cause the rebound effect [27]. Furthermore, the circulation attenuation of the upwind wake
vortex was observed by CDL to be more dependent on atmospheric turbulence than the
downwind wake vortex [2].

This paper is organized as follows. Section 2 introduces the wake vortex observa-
tion experiments and the methods of crosswind retrieval and wake vortex identification.
Section 3 analyzes and discusses the influence of crosswind on wake vortex trajectories.
The conclusions of this paper are summarized in Section 4.

2. Experiments and Methodology
2.1. Experiments
2.1.1. Wake Vortex Observation Experiments

Wake vortex observation experiments (WVOEs) were carried out from 6 August 2018
to 22 October 2018 in Sichuan Province, China, to identify aircraft wake vortex during take-
off and landing phases to explore the influence of atmospheric elements on wake vortex
evolution processes. In order to establish different observation locations and fulfill research
objectives, the WVOE was divided into three main sub-experiments: the aircraft wake
vortex observation for the take-off phase at Mianyang Nanjiao Airport (MNA), the landing
phase at the Chengdu Shuangliu International Airport (CSIA), and the take-off phase at
CSIA. These are shown in Figure 1. Table 1 lists the detailed experimental information
about WVOEs.

2.1.2. Pulse Coherent Doppler Lidar System (PCDL)

The WVOE adopted the PCDL system Wind3D 6000, manufactured by Leice Transient
Technology Co. Ltd., to detect the small scales and quick evolution processes of aircraft
wake vortex. The literatures [2,28,29] comprehensively describe the principle and opti-
cal components of the Leice-Lidar PCDL series. Wind3D 6000 consists mainly of three
system units: (1) the fiber laser unit, (2) the balanced detecting unit, and (3) the signal
processing unit; these are shown in Figure 2. Wind3D 6000 scanning wind lidar makes
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use of all-fiber laser and heterodyne detection technology. The seed laser’s wavelength is
1.55 um, with a linewidth of 1.6 kHz. The laser technology of the master oscillator power
amplifier (MOPA) obtained an eye-safety pulsed laser with high beam quality (M? = 1.2).
Depending on the acoustic optic modulator (AOM) and MOPA, the pulsed laser energy
is approximately 150 pJ and the pulse repetition frequency (PRF) is 10 kHz. The pulse
width related to the gating pulse width of the AOM can be adjustable from 100 ns to 400 ns,
corresponding to the spatial resolution of 15 m to 60 m. During the WVOE, we operated
the Wind3D 6000 with a pulse width of 100 ns and the sampling time of 1 GHz, which
meant that the longitudinal size of the effective probing volume was approximately 27 m.
The Doppler shift of the backscattered signal was estimated to obtain the radial velocity
with a measurement accuracy of 0.1 m/s along the laser beam pointing direction. The
technical specifications of Wind3D 6000 scanning wind lidar are given in Table 2.

(b) (c)

Figure 1. Wake vortex observation experiments (a) for the take-off phase at Mianyang Nanjiao Airport (MNA), (b) for the
landing phase at Chengdu Shuangliu International Airport (CSIA), and (c) for the take-off phase at CSIA.
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Table 1. The experimental information for wake vortex observation experiments (WVOEs).

No. Airport Experimental Date Take-Off/Landing
1 MNA 6-21 August 2018 Take-off
2 CSIA 25 August-20 September 2018 Landing
3 CSIA 21 September—22 October 2018 Take-off
Aerosol
Particles

So=2V,05 1 2

Optical
switch

Figure 2. Schematic diagram of the pulse coherent Doppler lidar (PCDL) system.
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Table 2. Technical specifications of Wind3D 6000 scanning wind lidar.

Parameter Specification
Wavelength 1.55 um
Pulse repetition frequency 10 kHz
Pulse width 100 ns~400 ns
Pulse energy 150 pJ
Measurement range 45 m~6000 m
Range resolution 15 m~60 m
Velocity measurement uncertainty <0.1m/s
Radial velocity measurement range —37.5m/s~+37.5m/s !
Data update rate 1 Hz~10 Hz
Sampling rate 1 GHz
Power Consumption <300 W
Weight ~75kg
! The sign of the radial velocity indicates the direction of aerosol movement. ”+” means that the aerosol is moving
away from the PCDL; “—” means that the aerosol is moving in the direction close to the PCDL.

2.1.3. Scanning Strategy Design

The PCDL conducted the range height indicator (RHI) to detect the aircraft wake
vortex and obtain the crosswind field during the WVOE. The RHI scanning mode was
designed to describe the fine structure of small scale wake vortex with the elevation angle
resolution Ag between 0.1° and 0.4°, corresponding to the transverse resolution at range R
of probing volume RA¢ (the unit of A¢ is radian in this formula). For instance, if range R
is 150 m, the transverse resolution will be approximately 0.3 m~1.0 m. The duration of one
RHI scan takes 10 s to 20 s, with a lidar beam scanning speed of 1°/s~2°/s. Considering
the lidar experimental location, the scanning velocity, and the transverse resolution, the
elevation angles of RHI scanning mode were set to 0°~25° for the take-off phase at MNA,
0°~10° for the landing phase at CSIA, and 5°~25°for the take-off phase at CSIA, as shown
in Table 3. The PCDL scanned alternately up and down using the RHI scanning mode
on the plane perpendicular to the runway. Table 3 shows the detailed information of the
experimental configuration.

Table 3. Experimental parameters of the PCDL range height indicator (RHI) scanning strategy during
the WVOE.

Parameter Specification
Elevation angle resolution 0.1°~0.4°
Scanning speed 1°/s~2°/s
Longitudinal size of effective probing volume 27 m
Scan duration 10s~20s

0°~25° (take-off, MNA)
0°~10° (landing, CSIA)
5°~25° (take-off, CSIA)

Elevation angle range

2.2. Methodology

Figure 3 shows the flowchart analyzing the influence of crosswind on the wake vortex
evolution; it details the wake vortex analysis section and crosswind section, based on the
PCDL RHI measurement.

2.2.1. Wake Vortex Core Position Identification Method

The location and circulation of aircraft wake vortex are the two most important
characteristic elements for evaluating the hazard of the wake vortex. It is not harmful to
the following aircraft when the vortex position is outside the flight corridor or the velocity
circulation intensity is weak. Previous studies have generally adopted two analytical ways
to optimize the identification method of vortex cores. The first is a comprehensive method
that takes into account the Fast Fourier Transform (FFT) spectrum and radial velocity
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of the PCDL RHI measurement [2]; this is the method used in this paper. The second
method combines the observed radial velocity of PCDL and the simulated Doppler velocity
distribution of RHI scans [30,31].

( Start )
Input PCDL wind
measurement data

WYV existence?

Yes

No
Yes No
Y
WV core location The LOS velocity is
retrieval method projected to the horizontal
v wind velocity component
WV trajectories W
v
Crosswind retrieval
WV evolutionary method
process analysis
4
Crosswind profile
WV analysis section |~ i - Crosswind section
Analysis of the influence of crosswind on
the evolution of wake vortex

4
End

Figure 3. Flow chart of the RHI data processing.

The wake vortex makes the radial velocity distribution of PCDL RHI scans different to
the ambient wind field with the crossover structure of positive and negative values; thus,
it is possible to separate the wake vortex from the environment wind field, as shown in
Figure 4a. Apart from the anomaly of radial velocities, wake vortex tangential velocities
also cause the spectrum to broaden. In a single sampling volume, the FFT spectrum data in
the wake vortex region usually have three Doppler velocities—the main spectral velocity,
the minimum velocity, and the maximum velocity [14,32]—when a certain threshold is
given. The minimum or maximum velocity related to vortex tangential velocity can be
used as an indicator for the presence or absence of the wake vortex in PCDL RHI scans.
The Doppler shift difference between the minimum and maximum velocities is called the
spectrum width in this paper. Figure 4b shows the spectrum width distribution in RHI
scans when an A333 aircraft landed at CSIA at 13:29 on 26 August 2018. The wake vortex
induced significant spectral broadening at 500 m away from PCDL, as shown in Figure 4b.
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Figure 4. Wake vortex in PCDL RHI scans. (a) The radial velocity distribution for the take-off phase at MNA. (b) The
spectrum width distribution for the landing phase at CSIA.

Vmin(Rkle) = min[V(er 91‘)]/ 0; € [eminr emax]rvmax(Rk/ 9) = maX[V(sz Gi)]r 0; € [eminr emax}/

Both radial velocity (RV) and spectrum width (SW) can be utilized not only as indica-
tors of wake vortex existence but also to get the positions of vortex cores. The traditional
RV method was frequently used to locate the wake vortex core positions in [2,15,31] with
Equation (1), where V,,;,, (R, 0) and Vyax (R, 0) are the minimum and maximum radial
velocity, respectively, at each range Ry with different elevation angles of PCDL 6;, as shown
in Equation (2). In addition, Ry = Rp + kAR is the distance away from the PCDL, R is the
minimum measurement range, and k = 0,1,2,..., K —1.

Vk = |Vmin(er9)‘ + |Vmax(er 9)‘1 (1)

@

When the high wake vortex circulation is accompanied by the weak ambient wind
field, as shown in Figure 5a, Case 1, the anomaly radial velocity will be different from
the background wind field. At this moment, Vj, 4.0, in Equation (3) should have two
pronounced peaks corresponding to the left and right wake vortex cores [2,31]. However,
as the wake vortex dissipates, it is difficult to distinguish the wake vortex from the ambient
wind field, as shown in Figure 5b, Case 2, by using Vj;,icator- Fortunately, Figure 5e, Case 2,
clearly describes the spectrum width distribution at the same time, so the SW method [33]
is also proposed as Equation (4). Consistent with the RV method, S;4icqt0r in Equation (5)
also has a bimodal structure during the vortex initial generation phase (Figure 5d, Case 1)
and the dissipation phase (Figure 5e, Case 2). Figure 5f, Case 3, implies the limitation of the
SW method, which has only the single peak in the vortex initial generation phase due to the
fusion spectrum width of the left and right vortex cores because of the narrower wingspan
of ARJ21. Although the SW method is invalid in Case 3, the radial velocity distribution
still has double peaks to identify the core locations as shown in Figure 5¢, Case 3. ARJ21
in Case 3 has weaker vortex intensities and a smaller initial distance between the left and
right cores as compared to B788 in Case 1 and Case 2.

Vindicator = {V0/ Vl/ VZI sy Vk/ ceey VKfl}/ (3)
Sk = maX[S(Rk/ Gi)]r 91‘ € [emin/ emax]/ (4)
Sindicator = {SOr 51,52,.. '/Sk/' . -/SKfl}/ (5)
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Figure 5. Wake vortex identification during different evolution phases. The radial velocity distribution of (a) B788 during

vortex initial generation phase; (b) B788 during dissipation phase; (c¢) ARJ21 during vortex initial generation phase. The

spectrum width distribution of (d) B788 during vortex initial generation phase; (e) B788 during dissipation phase; (f) ARJ21

during vortex initial generation phase.
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Considering the various situations in Case 1, Case 2, and Case 3, V S, 4icator is intro-
duced into this paper to comprehensively estimate the vortex core positions” combined
RV method and SW method in Equation (6), where f is the weight factor. In this paper,
f is set as 0.1. This method has the superiority of higher accuracy in identifying the wake
vortex horizontal position in various complex situations, such as the cases in Figure 6a,b.
In Figure 6a, the single peak of fusion spectrum width cannot be used to locate the vortex
core positions. Additionally, the velocities of double peaks of Vi, jicqt0r in the wake vortex
(WV) region (as shown in Figure 6b) are not significantly different from the values in the
non-WYV region, which may cause incorrect location in some situations, such as stronger
ambient wind field. Therefore, only using Vi,gicator OF Singicator Will have lower location
accuracy in some complex situations. Figure 6a,b show the good performance of V S;4icator
in accurately locating the horizontal positions of wake vortex with the obvious bimodal
structure in the above two complex situations.

50
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Figure 6. Horizontal position identification of wake vortex cores in different situations: (a) the single peak of fusion

spectrum width, and (b) insignificant bimodal structure of Vi, icat0r-
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The V Sipgicator is mainly used to determine the horizontal positions of wake vortex
cores in various complex situations, considering the less obvious velocity distribution
during the dissipation phase and the influence of aircraft wingspans on spectrum width
distribution. After determination of wake vortex horizontal positions using VS;ygicator
the vertical positions of wake vortex can be estimated by the elevation angles specified
in [2,31]. Based on the ideal wake vortex symmetric structure, the vertical positions of wake
vortex cores can be estimated using Equation (7) from the elevation angles of minimum
and maximum velocities. In Equation (7), 0;,4icator, Ov,, and Oy, represent the elevation

min

angles of the wake vortex core, minimum velocity, and maximum velocity, respectively.

OV, + OV,

min

. )

eindicator =

2.2.2. Retrieval of the Ambient Wind Field

The wake vortex evolution process is easily affected by the atmospheric wind field,
especially the crosswind. Crosswind generally affects the wake vortex trajectories by
transporting them to the downwind direction. Additionally, the circulation attenuation of
wake vortices is influenced by crosswind shear or turbulence related to crosswind. The
RHI scanning section with wake vortex is divided into two regions: the wake vortex (WV)
region and the non-WV region [30], as shown in Figure 7a (radial velocity) and Figure 7b
(spectrum width). Taking the determination of the left boundary between the two regions
as an example, the position of the left vortex core is determined in the first step. Then,
a free-vortex distance is selected as the left boundary, as shown in Figure 7. It is important
to ensure that the free-vortex distance is not affected by the left wake vortex. The same
method is used for the right boundary.

CSIA Wake Vortex -20180901-103410

< Non-WV 4 180 Non-WV WV Region Non-WV
WV Region Rigion A . Region g Region tag
12 % 140 |3§
o ,E =
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Figure 7. Wake vortex region and non-wake vortex region in (a) radial velocity distribution, and (b) spectrum width

distribution of PCDL RHI.

The radial velocity V; s in the non-WV region should be projected to the horizontal
wind velocity component Vy, as shown in Equation (8), where 6; is the elevation angle
of PCDL. The subscripts k and i represent the indices of different ranges and angles,
respectively. Then, the crosswind velocity Vi (h) [2,34] can be estimated by Equation (9),
where L is the number of Vy in a layer of thickness hy;.

VH(hki> = VLC%(Z'M)/ 91’ S [Qmin/ Qmax]/ (8)
L .
(Ve () = Bz Vi) ©)

L
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3. Results and Discussion
3.1. Characteristics of the Radial Velocity Distribution of Wake Vortex with and without Crosswind

Wake vortex evolution under stronger crosswind was captured by Wind3D 6000 PCDL
at 10:32, 1 September 2018, when a B738 aircraft landed at CSIA, as shown in Figure 8§,
Case 1. During the initial generation stage, the wake vortex appeared approximately
50 m above the ground and 500 m away from the PCDL at T1 in Case 1, with the obvious
crossover structure of radial velocity. Two evolutionary characteristics of the wake vortex
should be noted in Case 1; they are described as follows.
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Figure 8. Evolution characteristics of the radial velocity distribution of wake vortex with crosswind
(Case 1) and without crosswind (Case 2). The triangles and squares in the figure indicate the positions
of the left and right vortex cores, respectively.
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First, the horizontal positions of the left and right vortex cores both moved away from
the PCDL, influenced by the superposition of stronger crosswind and the self-induced
lateral propagation velocity. The centerline of the left and right vortex cores drifted
from 500 m at T1 to approximately 615 m at T5. Meanwhile, the left vortex (upwind
vortex) core moved from 480 m to 510 m during T1~T5, accompanied by the right vortex
(downwind vortex) core from 520 m to 700 m with the faster movement speed. As the
wake vortex evolved, the distance increased between the left and right vortex cores, as
is depicted in Figure 8, Case 1. Second, the wake vortex descended significantly from
50 m at T1 to approximately 30 m at T2. However, the falling process began to change
due to the near ground effect from T3 to T5, during which both the left and right vortices
rebounded. These observation results are compatible with the corresponding simulations
in [26]. The rebound time of the left vortex (upwind vortex) started from T4 later than
that of the right vortex (downwind vortex), which is consistent with the conclusion of the
numerical simulation [25]. Additionally, the right (downwind) vortex was higher than the
left (upwind) vortex after the rebound process, although the two heights were the same in
the initial stage. These differences between the downwind and upwind vortices strongly
depend on the crosswind strength, as explained in [26].

Figure 8, Case 2, shows the wake vortex trajectory of an A320 without crosswind at
08:11, 7 September 2018, during landing at CSIA. Wake vortex was generated approximately
40 m above the ground and 500 m away from the PCDL in the first RHI scan at t1. Contrary
to Case 1, the centerline of the wake vortex was always kept at 500 m from t1 to t5 in
Case 2. At the same time, the left and right vortices drifted in opposite directions at almost
the same movement speed from 480 m to 450 m and from 520 m to 550 m, respectively,
during t1~t5. In Figure 8, Case 2, the left and right vortices were always in a falling state,
maintaining the same height, and were accompanied by a slight rebound at t5.

The comparison between Case 1 and Case 2 suggests that the crosswind changes the
trajectory of the wake vortex, causing the asymmetrical evolution characteristic of the left
and right vortices. Because of the superposition of the self-induced lateral transport of the
vortices and the crosswind transport, upwind and downwind vortices drift at different
movement speeds in the same direction, and the movement distance of the downwind
vortex may be longer. The times and heights of the left and right vortex rebound are also
different because of the environmental turbulence and the same or opposite signed wind
shear vorticity [26]. Generally, the downwind vortex rebounds earlier and higher, which can
be explained by the simulation conclusion that the opposite signed wind shear vorticity and
atmospheric turbulence are increasing with wind velocity and accelerate vortex decay [26].
In the typical absence of crosswind, the wake vortices evolve symmetrically, with the same
horizontal and vertical movement speed.

3.2. Analysis of Wake Vortex Trajectories with and without Crosswind

The typical wake vortex trajectories under crosswind (Figure 9a) and no-crosswind
(Figure 9b) conditions are shown in Figure 10a,b, respectively. In Figure 9a, the crosswind
was significantly stronger than that in Figure 9b, with approximately 2 m/s crosswind
velocity above 60 m. The crosswind velocity in Figure 9b fluctuated between —1 m/s and
1 m/s, and its positive and negative signs represent the aerosol moving away from and
close to the PCDL in one RHI scan, respectively. In particular, below 40 m, the crosswind
velocity was very small without changing the vortex trajectory, as shown in Figure 10b.

In Figure 10a, the left and right wake vortices drifted in the same direction away
from the PCDL at different movement speeds, consistent with the results in Figure 8,
Case 1. The left vortex finally descended below 20 m; meanwhile, the right vortex no longer
descended after descending to a height of 30 m, but continued to drift away from the lidar.
In contrast to the situation in Figure 10a, the wake vortex moved almost symmetrically in the
opposite direction in Figure 10b with a gentle crosswind (in this paper, a gentle crosswind is
equivalent to no crosswind, as the atmosphere wind velocity cannot always be zero).
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Figure 9. Crosswind profiles of PCDL RHI measurement. (a) Stronger crosswind: during 18:36:16~18:36:58 on 1 September
2018. (b) Gentle crosswind: during 11:22:41~11:23:51 on 27 August 2018.
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Figure 10. Wake vortex trajectories (a) with the stronger crosswind during 18:36:16~18:36:58 on 1 September 2018, and (b)
without crosswind (or with gentle crosswind) during 11:22:41~11:23:51 on 27 August 2018.

3.3. Analysis of Wake Vortex Trajectories under Various Crosswind Conditions

Figure 11 shows the different wake vortex trajectories under various crosswind con-
ditions. In Figure 11a, the crosswind velocity was almost stable within 1 m/s during
02:28:53~02:29:49; the wake vortex trajectories at the same time are displayed in Figure 11b.
The left and right vortex cores always had the same height in the full evolution processes.
Before descending to 20 m, the distance between the left and right vortex cores did not
increase with time, which meant that the two cores had the same movement velocities
at this crosswind and these atmospheric turbulence conditions. When the wake vortex
dropped to 20 m, the right vortex began to accelerate and eventually moved to 650 m away
from PCDL.
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Figure 11. Wake vortex trajectories under various crosswind conditions. (a) The crosswind profiles and (b) wake vortex
trajectories during 02:28:53~02:29:49 on 27 August 2018; (c) the crosswind profiles and (d) wake vortex trajectories during
00:15:28~00:16:24 on 27 August 2018; (e) the crosswind profiles and (f) wake vortex trajectories during 08:37:52~08:39:01 on
1 September 2018.

In Figure 11d, the two vortex cores had been moving away from the PCDL at a high
movement speed as compared to Figure 11b owing to a stronger crosswind than that in
Figure 11a. In addition, the height of the right vortex had been higher than that of the
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left. In this case, the vertical and horizontal movement speed was relatively constant
compared to the above cases, which made the wake vortex trajectories simpler, somewhat
like a linear curve. The trajectories of the left and right vortices produced an obvious
rebound, accompanied by the rebound height of the right vortex reaching almost 40 m,
as shown in Figure 11f. The horizontal position of the left vortex after moving was
approximately 550 m away from the lidar; at the same time, the right vortex moved to
640 m away. During this period, the crosswind velocity fluctuated around 1 m/s when
below an altitude of 100 m, as shown in Figure 11e.

4. Conclusions

In this paper, wake vortex observation experiments using scanning lidar were carried
out to identify the wake vortex during take-off and landing phases and analyze the influ-
ence of crosswind on vortex evolution processes at MNA and CSIA from 6 August 2018 to
22 October 2018. The major efforts and conclusions are summarized as follows.

(1) This paper illustrates the advantages and limitations of the classic radial velocity
method and the newer spectrum width method for wake vortex location. Furthermore,
an indicator was proposed that integrated RV and SW to locate the left and right wake
vortex cores in various situations, considering the background wind field, wake vortex
dissipation, and aircraft wingspan.

(2) The radial velocity data of the non-WV region in wake vortex RHI scans were used
to estimate the crosswind profiles. Rather than filtering out wake vortex measurement
scans—-a method used in several previous studies—-the method in this study obtained
the real-time crosswind profile without being disturbed by the wake vortex at the time of
wake vortex existence. This made it possible to more accurately explore the influence of
crosswind on the evolution of wake vortex trajectories.

(3) Considering the radial velocity distribution and movement trajectory of the wake
vortex, the evolution processes under crosswind and no-crosswind conditions were com-
pared and analyzed. The results indicate that the crosswind changes the trajectory of the
wake vortex, causing the asymmetrical evolutionary characteristic of the left and right
vortices. Upwind and downwind vortices drifted at different movement speeds in the
same direction due to the crosswind shear. Generally, affected by near ground effect, the
downwind vortex rebounded earlier and higher.

(4) Wake vortex trajectories of evolution under various crosswind conditions were
analyzed in this paper. Affected by crosswinds at different heights in the evolution process,
the wake vortex exhibited various trajectories, including the acceleration of the right vortex
after a parallel falling, a simple linear curve trajectory, and a high double rebound trajectory.

In the near future, efforts will be needed to improve and evaluate the performance
of the wake vortex core position identification method. More observational experiments
need to be carried out to enrich the dataset under crosswind conditions for exploring the
statistical characteristics of wake vortex evolution with different crosswind strengths.
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