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Abstract: Cloud and precipitation radar mounted on a polar orbiting satellite opens up a new
opportunity for global wind observation to improve numerical weather forecasting and prevent
weather disasters. However, no related works have been done to retrieve the wind field for spaceborne
cloud and precipitation radar. This is mainly because the high-speed motion of satellites makes wind
field retrieval complex. This paper developed the first spaceborne version of the velocity–azimuth
display (VAD) technique for wind field retrieval, which was originally created for ground-based
radar. After derivation of VAD for spaceborne radar, we found that the product of the azimuth of the
radar beam and its first harmonic was introduced into the Fourier series of radar radial velocity due
to the motion of the satellites. The wind retrieval equations were developed by considering the effects
of satellite motion and conical scanning strategy of radar. Numerical simulations of the spaceborne
radar showed that the proposed VAD method provided a mean vertical profile of the horizontal wind
with high vertical resolution over a large observation swath. Validations on airborne radar data with
the same conical scan strategy as the spaceborne radar were carried out to capture the average wind
structure in one hurricane event. The real data results demonstrated that the wind-retrieved results
by the proposed method were consistent with the ground truth data, indicating the potential use of
our proposal for spaceborne radar.

Keywords: spaceborne Doppler radar; conical scanning; wind field retrieval; velocity–azimuth
display (VAD)

1. Introduction

Wind field is the main physical parameter describing the spatial distribution and temporal
evolution of atmospheric motion [1], which plays a unique role in the research of numerical weather
forecast, climate diagnosis, prediction, etc. [2,3]. As one of the most key meteorological disasters,
windstorms cause serious casualties and economic losses every year [4–6]. Therefore, the measurement
of global wind field is of great significance for in-depth understanding of the physical mechanism of
the development and evolution of the weather system, improving the weather forecast accuracy and
disaster prevention and mitigation. However, due to the limitation of existing observation methods,
the global wind field in cloud and precipitation has not yet been observed in the current Global
Observing System (GOS) [7,8].

Promisingly, radar mounted on a polar orbiting satellite opens up a new opportunity for global
wind field retrieval with its observing characteristics of high-speed flight. In order to investigate the
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feasibility of such radar systems, Lemaître and Viltard [9] used a simulator to evaluate the sensitivity
of the retrieved wind fields to the instrumental parameters. The authors of [10] described two different
antenna scanning methods of spaceborne Doppler radar at 94 GHz. Recently, Illingworth et al. [11]
presented a new concept of spaceborne Doppler radar using the conically scanning antenna to focus on
using line-of-sight winds for data assimilation. In summary, the published studies show a promising
future for the global wind field retrieval, however, they all focused on the design of radar systems,
including the scanning strategies and platform parameters, not the wind retrieval method.

The authors of [12] proposed an optimized scanning strategy for the spaceborne radar to obtain
three noncollinear observations that were successfully used for the three-dimensional (3D) wind
field retrieval of a simulated tropical cyclone. However, this strategy seems a bit too complicated
for the satellite platform due to its computational consumption. Velocity–azimuth display (VAD)
technique is a classic wind field retrieval method with advantages of requiring only a few calculations
and having good real-time performance [13,14]; it has been used widely for ground-based Doppler
weather radar (NEXRAD WSR-88D [15–17], CINRAD WSR-98D [18]) and plays a significant role in
data assimilation and operational forecast [19]. Due to the similarities of the conical scanning method
to that of ground-based radar, it is of great significance to study the application of the VAD technique
in the wind field retrieval of spaceborne radar.

The VAD method was first proposed by Lhermitte and Atlas [20] in 1961. Assuming that the
wind field in the precipitation area is horizontal and uniform, it can retrieve the average horizontal
wind speed at different altitudes and the average vertical wind speed. Under the assumption that the
horizontal wind field is linearly distributed, Browning and Wexler [21] performed harmonic analysis
on the VAD radial velocity, and then the kinematic properties of the wind field were educed. On this
basis, people have improved the VAD method and proposed the extended VAD [22] method. Under the
assumption of local uniform wind, the least square estimation is introduced, so that the VAD method
can be used to extract the horizontal divergence and vertical wind field [23]. In recent years, the VAD
method has been applied to a conically scanning airborne radar, which could obtain average horizontal
wind information with higher vertical resolution [24]. Studies show that the method can successfully
capture the average wind field of a hurricane [25–27]. However, it ignores the influence of the azimuth
angle and the first-order harmonic product term introduced by the conical scanning under the aircraft
motion when calculating the harmonic coefficient by azimuth integration [24].

Due to its large observed swath, the satellite platform has unique advantages for large-scale
uniform linear wind field observation [28]. However, there is no research on the VAD method in the
wind field retrieval of spaceborne Doppler radar. The application of the VAD method in spaceborne
Doppler cloud and rain radar mainly has the following difficulties:

(1) The VAD method requires the radar to perform a conical scan. Compared with the stationary
ground-based weather radar, the spaceborne radar has a higher flight speed, and the beam
footprint of the antenna conical scanning is spiral rather than circular. This will change the first
step of the Taylor series expansion of the wind field, thus affecting the determination of VAD
coefficients at all levels.

(2) Compared with airborne radar, the movement speed of spaceborne radar is much higher. Since
the height of the satellite platform is much larger than that of the airborne platform, for the same
downward viewing angle, the swath width is much larger, while it is difficult for the horizontal
resolution to reach the level of the airborne radar. This poses a challenge to the application of the
VAD method in the wind field retrieval of spaceborne Doppler cloud and rain radar.

To address the challenges mentioned above, this paper developed for the first time a spaceborne
version of the velocity–azimuth display (SVAD) technique for wind field retrieval. The remaining parts
of this paper are organized as follows. Section 2 presents the proposal. The observation geometry
and coordinate system of spaceborne radar is established, and the spaceborne version of the VAD
is developed in detail. In Section 3, numerical simulations on the spaceborne radar are conducted.
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Section 4 demonstrates validation on the airborne radar with the same scanning strategy as that of the
spaceborne radar. Discussions and conclusions are drawn in Sections 5 and 6, respectively.

2. Methodology

2.1. Observation Geometry and Coordinate System

The spaceborne radar is designed as dual-frequency (Ku- and Ka-bands), each band has two
beams with incident angles ranging from 23◦ to 40◦. The azimuth rotation rate of the antenna is
approximately 60 rpm, so a complete rotation takes only one second. A more detailed description of
the system parameters can be found in [12]. In this paper, only one beam was chosen to investigate the
application of the VAD technique.

Geometries of observation and motion for the spaceborne radar are given in Figure 1a.
For convenient calculation, the angle φ between the projection of the beam on the horizontal plane
and the positive x-axis (along the flight track and pointing eastward) is defined as the azimuth in this
paper, the y-axis points 90◦ to the left of the x-axis, and the z-axis points to the local zenith, obeying the
right-hand rule. The radar beam performs a counterclockwise conical scan with a fixed incident angle,
sweeping out spiral ground trajectories due to the movement of the satellite, as shown in Figure 1b.
This method can obtain the observation data of the approximate conical surface. As the satellite moves,
the cones are superimposed on the front and back, and then the 3D observation data can be generated.
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Figure 1. Illustration of the observation geometry. (a) Scanning geometry; (b) Surface coverage of
beam trajectory.

Assuming h is the satellite orbital height and η is the incident angle, the swath width can be
approximately 2h tan η. For a typical satellite speed of 7.6 km/s and altitude of 500 km, the swath width
will reach 840 km with an incident angle of 40◦, which has obvious advantages for the observation of
large-scale weather systems.

2.2. Derivation of Spaceborne Version of VAD Technique

After a short description of the spaceborne radar, we now deduce the VAD method. As shown
in Figure 1, Vs is the satellite speed. Following the convention that negative Doppler velocities are
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towards the radar and positive ones are away, the radial Doppler velocity VR of the spaceborne radar
along the VAD circle can be expressed in terms of the 3D Cartesian velocities, u, v, and w as:

VR = u cosφ sin η+ v sinφ sin η−w cos η (1)

The wind vector at the center (x0, y0, z0) of the spiral beam footprint (directly below the satellite)
is marked as (u0, v0, w0). Assuming that the horizontal wind field is linear and the vertical component
of the wind field at the same height is constant, as illustrated in [21], by using Taylor series expansion,
the wind field component at any point (x, y, z) at the same height can be expressed as

u = u0 +
∂u
∂x (x− x0) +

∂u
∂y (y− y0)

v = v0 +
∂v
∂x (x− x0) +

∂v
∂y (y− y0)

w = w0

. (2)

It is worth mentioning that the assumed linear horizontal wind distribution neglects all other
types of horizontal variations (including those generated by storms) in the true horizontal wind over a
large swath width of the spaceborne radar. Due to the high-speed movement of the satellite, the center
of the VAD changes along the flight direction, so the center point of the linear expansion of u and v in
Equation (2) is not fixed, and each center is separated by 7.6 km. Assuming that the antenna rotation
period is $ and the slant distance from the radar to any observation target at the same height is R,
as shown in Figure 1, we have  y− y0 = R sin η sinφ

x− x0 = R sin η cosφ+ Vs
φ$
2π

(3)

Substituting Equation (2) and Equation (3) into Equation (1) we can get

VR =
(
∂u
∂x + ∂v

∂y

)
R
2 (sin η)2

−w0 cos η+ u0 sin η cosφ+ v0 sin η sinφ

+
(
∂u
∂x −

∂v
∂y

)
R
2 (sin η)2 cos 2φ

+
(
∂u
∂y + ∂v

∂x

)
R
2 (sin η)2 sin 2φ+ ∂u

∂x Vs
$
2π sin ηφ cosφ+ ∂v

∂x Vs
$
2π sin η φ sinφ

(4)

The above equation can be further abbreviated as

VR = C0 + C1 cosφ+ C2 sinφ+ D1 cos 2φ+ D2 sin 2φ+ E1φ cosφ+ E2 φ sinφ (5)

The coefficients are 

C0 =
(
∂u
∂x + ∂v

∂y

)
R
2 (sin η)2

−w0 cos η

C1 = u0 sin η
C2 = v0 sin η

D1 =
(
∂u
∂x −

∂v
∂y

)
R
2 (sin η)2

D2 =
(
∂u
∂y + ∂v

∂x

)
R
2 (sin η)2

E1 = ∂u
∂x Vs

$
2π sin η

E2 = ∂v
∂x Vs

$
2π sin η

(6)

where ∂u
∂x + ∂v

∂y is the divergence of the horizontal wind. From the above derivation, one more item
E1φ cosφ+ E2 φ sinφ is introduced to the radar radial velocity due to the movement of the satellite
compared with a ground-based stationary platform, which is the product of azimuth angle and its
first harmonic.
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By performing a complete conical scan, the spaceborne radar can obtain the radial velocity within
[0, 2π]. Therefore, the coefficients in Equation (6) can be determined by integrating the product of
the harmonics of the radial velocity and the azimuth angle in one scan period. For all the harmonics,
we have ∫ 2π

0
cos nφdφ = 0,

∫ 2π

0
sin nφdφ = 0, n = 1, 2 (7)

It can be further deduced that

C0 + E2 = 1
2π

∫ 2π
0 VR(φ)dφ

C1
2 + πE1

2 −
E2
4 = 1

2π

∫ 2π
0 VR(φ) cosφdφ

C2
2 −

E1
4 + πE2

2 = 1
2π

∫ 2π
0 VR(φ) sinφdφ

D1
2 + 2E2

3 = 1
2π

∫ 2π
0 VR(φ) cos 2φdφ

D2
2 −

E1
3 = 1

2π

∫ 2π
0 VR(φ) sin 2φdφ

E2
8 = 1

2π

∫ 2π
0 VR(φ) cos 3φdφ

−
3E1

8 = 1
2π

∫ 2π
0 VR(φ) sin 3φdφ

(8)

The matrix notation of the above equation is expressed as

AX = VRI (9)

where

A =



1 0 0 0 0 0 1

0 1
2 0 0 0 π

2 −
1
4

0 0 1
2 0 0 −

1
4

π
2

0 0 0 1
2 0 0 2

3

0 0 0 0 1
2 −

1
3 0

0 0 0 0 0 0 1
8

0 0 0 0 0 −
3
8 0


,

X = [C0, C1, C2, D1, D2, E1, E2]
T, VRI =



1
2π

∫ 2π
0 VR(φ)dφ

1
2π

∫ 2π
0 VR(φ) cosφdφ

1
2π

∫ 2π
0 VR(φ) sinφdφ

1
2π

∫ 2π
0 VR(φ) cos 2φdφ

1
2π

∫ 2π
0 VR(φ) sin 2φdφ

1
2π

∫ 2π
0 VR(φ) cos 3φdφ

1
2π

∫ 2π
0 VR(φ) sin 3φdφ



.

(10)

Solving the above equation, we can get

u0 = C1/ sin η, v0 = C2/ sin η, w0 =
(
C′0 −C0

)
/ cos η,

∂u
∂x = E1/

(
Vs

$
2π sin η

)
, ∂v
∂x = E2/

(
Vs

$
2π sin η

)
,

∂u
∂y = D2/

(
R
2 (sin η)2

)
− E2/

(
Vs

$
2π sin η

)
,

∂v
∂y = E1/

(
Vs

$
2π sin η

)
−D1/

(
R
2 (sin η)2

)
,

(11)

where
C′0 =

(
E1/

(
Vs

$
2π

sin η
)
+ E1/

(
Vs

$
2π

sin η
)
−D1/

(R
2
(sin η)2

))R
2
(sin η)2 (12)



Atmosphere 2020, 11, 1089 6 of 19

According to the above derivation process of the SVAD wind field retrieval method, we can see
that the VAD formulations are modified by the satellite moving speed, but the satellite moving speed
does not affect the estimations of (u0, v0, w0). The performance of the method is analyzed in the
following section.

3. Numerical Simulations

In this section, we illustrate the utility of the SVAD wind retrieval algorithm for spaceborne radar
using simulated wind field, including uniform and linear wind field. The simulation settings are given
in Table 1.

Table 1. Parameters for simulation.

Parameters Specifications

u0 8 m/s
v0 6 m/s
w0 1 m/s

Satellite speed 7.6 km/s
Orbit height 500 km

Incident angle 23◦~40◦

Azimuth rotation rate 60 rpm

First, the retrieval performance of the SVAD method for uniform wind field is examined, that is,
let the gradient of each direction in Equation (2) be zero. According to the observation geometric
relationship established in Section 2, the horizontal wind field at the ground coverage position of the
radar scanning beam footprint can be obtained, as shown in Figure 2.
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Figure 2. Uniform wind field at the location covered by the radar beam footprint.

Figure 3 shows the change of radar radial velocity with azimuth angle. It can be seen that for the
conical scanning spaceborne radar, the radial velocity of a uniform wind field is no longer a regular
trigonometric function. This is caused by the high-speed movement of the satellite platform where the
radar is mounted.
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Figure 3. The variation of radial velocity of spaceborne radar with azimuth in uniform wind field.

Next, we evaluated the performance of the method under different signal-to-noise ratios (SNRs).
Figure 4 shows the variation curve of the radar radial velocity with the azimuth angle when the SNR is
5 dB, 10 dB, and 20 dB, respectively. It can be seen that the radar radial velocity curve becomes rough
at low SNRs, which will affect the retrieval accuracy of the average wind field.
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Figure 4. Variation of radial velocity with azimuth angle in uniform wind field under different
signal-to-noise rations (SNRs). (a) SNR = 5 dB; (b) SNR = 10 dB; (c) SNR = 20 dB.

According to Section 2, the average wind field components at different SNRs are calculated as
shown in Table 2. It can be seen from the table that the retrieved horizontal wind field component
u0 is close to the real value, while there is a larger error in the retrieved vertical component. That is
because the calculation of the vertical wind field component is not only related to the flight speed
of the satellite platform but also to the gradient of the horizontal wind field in different directions,
as shown in Equation (11), so a large accumulated transmission is generated.

Table 2. Performance analysis of uniform wind field retrieval.

SNR (dB)
Retrieved Mean Wind Field Component

u0 (m/s) v0 (m/s) w0 (m/s)

5 8.88 3.11 11.59
10 8.40 3.89 6.89
20 8.33 4.23 5.37

Real value 8.0 6.0 1.0

Then, the performance of the linear wind field retrieval is considered. The setting of wind vector
at the center is consistent with Table 1. The gradients of each direction of the horizontal wind field are
set as ∂u

∂x = 0.02 m/s/km, ∂u
∂y = 0.01 m/s/km, ∂v

∂x = 0.01 m/s/km, and ∂v
∂y = 0.02 m/s/km. Figure 5 shows

the linear wind field distribution at the position of the beam footprint of the spaceborne radar conical
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scan under this parameter configuration. It can be seen that due to the positive directional gradient
that we set, the wind field increases in the direction where the x and y axis coordinates increase.
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Figure 5. Linear wind field distribution at the location of the spaceborne radar beam footprint.

Figure 6 shows the variation of radar radial velocity of linear wind field with azimuth angle under
different SNRs. The average wind field information calculated by the proposed SVAD is shown in
Table 3. As the SNR increases, the retrieved horizontal wind field component is closer to the real
value. However, similar to the uniform wind field, the vertical component has a larger retrieval error.
In addition, there is a big error in the retrieved gradient values in each direction, even when the SNR
is large.
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Since the wind field retrieved by the VAD method is average wind information, the retrieval
result of the linear wind field under the conical scanning strategy of the spaceborne motion platform
deviates from the center wind speed. From the retrieval results of the uniform and linear wind fields
simulated above, it can be seen that the VAD method can retrieve the horizontal average wind field
under the spaceborne platform, nevertheless, there is a large error for the vertical component retrieval.
In the case of high SNRs, the retrieved gradients in all directions have a certain degree of credibility.



Atmosphere 2020, 11, 1089 9 of 19

Table 3. Performance analysis of linear wind field retrieval.

SNR (dB)

Retrieved Mean Wind Field Component

u0
(m/s)

v0
(m/s)

w0
(m/s)

∂u
∂x

(m/s/km)

∂u
∂y

(m/s/km)

∂v
∂x

(m/s/km)

∂v
∂y

(m/s/km)

5 11.04 2.26 60.81 0.044 0.006 0.029 0.047
10 8.99 2.68 45.24 0.067 0.023 0.004 0.083
20 8.59 2.81 43.81 0.017 0.012 0.008 0.014

Real value 8.0 6.0 1.0 0.020 0.010 0.010 0.020

4. Validation on Airborne Radar with the Same Scanning Strategy as Spaceborne Radar

In the previous section, the VAD retrieval method was successfully applied to simulated radar
data. We now apply the VAD method to real data. However, with the current on-orbit or future
instruments, such as Atmospheric Laser Doppler Instrument (ALADIN) [29] and EarthCARE [8],
only cloud-free regions wind profiling and vertical wind components are accessible, respectively.
Hence, there is no real spaceborne radar data that can be used to verify the method proposed in this
article. Because of the same earth observation angle and moving observation platform, airborne radar
is often used in the verification tests of spaceborne radar performance. Therefore, this paper uses the
High-Altitude Imaging Wind and Rain Airborne Profiler (HIWRAP) Ka-band radar [30] developed by
National Aeronautics and Space Administration’s (NASA’s) Goddard Space Flight Center to verify the
wind field retrieval method.

4.1. HIWRAP and Data Description

NASA carried out a five-year observation mission called the Hurricane and Severe Storm Sentinel
(HS3) [31] to study the formation and intensity changes of hurricanes in the Atlantic Basin. HIWRAP
is one of the most important airborne loads in the HS3 mission and is mounted on the Global Hawk.
Similar to the spaceborne radar studied in this paper, HIWRAP performs conical scanning observations
on a high-speed moving platform. The typical flying altitude of HIWRAP is 18–20 km. From 2012 to
2014, HIWRAP conducted one-month observations in each hurricane season and obtained abundant
radar-measured data [32].

Table 4 shows the parameters of HIWRAP Ka-band radar with an incident angle of 29.9◦ during
HS3. Flying on an unmanned aerial vehicle with a height of 17.5 km and a speed of 170 m/s, the radar
completes a conical scan every 3.8 s, tracing out an approximately circular ground track with a diameter
of about 21 km, and advancing 643 m per revolution. The attitude, operating altitude, and flight speed
of the airborne radar have been pre-calibrated.

Table 4. Partial system parameters of the High-Altitude Imaging Wind and Rain Airborne Profiler
(HIWRAP) Ka-band radar [33].

Parameters Specifications

Operating frequency 35.3 GHz
Incident angle 29.9◦

Pulse repetition frequency 3571 Hz/4464 Hz
Doppler accuracy <1.5 m/s for SNR > 10 dB

Flying speed 170 m/s
Scanning Conical scan

Azimuth rotation rate 15.86 rpm

The real radar data collected during Hurricane Ingrid (No.AL102013) in 2013 was used to verify
the SVAD. The whole track of hurricane Ingrid is shown in Figure 7. The generation of this hurricane
was very complicated, and one of the factors was determined to be the tropical wave airflow that
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appeared on the coast of Africa on 28 August 2013. A heavy rainstorm occurred in the north of the
tropical wave on September 2, which was eventually absorbed by tropical storm Gabrielle. The south
part of the wave continued to propagate westward, and eventually an annular air flow was generated
in the eastern North Pacific, forming a low pressure system on September 11. The system continued to
develop until it entered the Gulf of Mexico on September 14, and the maximum wind speed reached
approximately 40 m/s on September 15. Ingrid made landfall in the southern city of La Pesca, Mexico
on September 16, and then gradually weakened and dissipated.
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HIWRAP started at 18:34 UTC on 15 September 2013 and conducted a 40-minute observation
experiment on hurricane Ingrid. At 18:00, the center of the hurricane was located at 22.7◦ N and 95.9◦

W, with a central pressure of 978.6 hPa and a maximum wind speed of 35 m/s. The starting longitude
and latitude of the flight observation was 23◦ N and 93.118◦ W, and the end of the observation was
23.5◦ N and 96.6◦ W. The approximate path of the HIWRAP flight has been superimposed on the
National Oceanic and Atmospheric Administration (NOAA) Multiplatform Satellite Surface Wind
Analysis (MSWA) product (18:00 on 15 September) [34] in Figure 8. The purple dashed line in the
figure is the flight observation path of the HIWRAP. It can be seen that during this flight, the radar
made observations through part of the hurricane’s maximum wind circle.
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4.2. Retrieval Results and Validation

Figure 9 shows the vertical cross section of reflectivity and radial velocity data obtained from the
HIWRAP observations along the flight from 18:34 to 19:14 UTC 15 September 2013. The red stripe at
the bottom of the reflectivity is the sea surface. We can see that there is a broad stratiform region with a
melting band at a height of about 5 km and convection at a distance of about 200 km, which is one of
the benefits of using the VAD technique. According to the reflectivity and the flight speed, it could be
calculated that the aircraft started to enter the hurricane’s maximum wind circle area at about 175 km
along the track.
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Figure 9. Vertical cross section of HIWRAP observations of Hurricane Ingrid between 18:34 and 19:14
UTC 15 September 2013. (a) Reflectivity (dBZ); (b) Doppler velocity (m/s).

The wind fields retrieved from HIWRAP data using the proposed VAD method at 13 km under
the aircraft platform, i.e., the vertical height of about 5 km since the flight altitude is about 18 km,
are shown in Figure 10. Here, we use the MSWA product as shown in Figure 8, which combines
information from geostationary and polar satellite data and data from different channels, such as
infrared, scatterometer, and microwave probes, to verify the retrieval results [35].

Comparing Figure 10c with Figure 8, we can see that the retrieved horizontal wind speed is
roughly the same as with MSWA. When the aircraft flies to 50 km along the track, the horizontal wind
speed was about 20 m/s. In addition, when the aircraft crosses the hurricane, the horizontal wind
speed retrieved by VAD was 30 m/s~50 m/s, which was close to the reference wind speed in Figure 8.
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Figure 10. Wind fields retrieved along the track from the velocity–azimuth display (VAD) analysis
at the height of about 5 km. (a) Horizontal wind field component u0 (m/s); (b) Horizontal wind field
component v0 (m/s); (c) Horizontal velocity of wind (m/s); (d) Gradient of x direction of u, ∂u

∂x (m/s/km);
(e) Gradient of y direction of v, ∂v

∂y (m/s/km); (f) Divergence of the horizontal wind, ∂u
∂x + ∂v

∂y (m/s/km);

(g) Gradient of y direction of u, ∂u
∂y (m/s/km); (h) Gradient of x direction of v, ∂v

∂x (m/s/km).

Figure 11 illustrates the retrieved mean vertical profile of the horizontal winds overlaid on the
reflectivity at the center of Ingrid. It can be seen that the wind direction is mostly northeast, and the
VAD analysis can obtain high-resolution average wind field information in the vertical direction.
In addition, according to the MSWA product shown in Figure 8, it could be determined that the
northeast wind prevailed when the aircraft flew toward the hurricane body. The above analysis of the
average horizontal wind speed and wind direction shows that the SVAD wind field retrieval method
derived in this paper can be used in the conical scanning downward observation, and the retrieval
results are credible.
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5. Discussion

VAD was originally created for ground-based Doppler radar to retrieve wind field data, due to
low computation and real-time performance [21]. However, the high-speed motion of satellites makes
wind field inversions extraordinarily complex for spaceborne radar. Due to the high-speed flight
of the spaceborne radar, the first step of the Taylor series expansion of the wind field is changed by
comparing it with a ground-based stationary platform, which affects the determination of the VAD
coefficients at all levels. In order to compensate for the motion of the satellite, we derived the harmonic
coefficients by azimuth integration using the third harmonic of the azimuth angle, and the 3D wind
field and gradients in all directions were obtained.

In this section, we compare our approach with the classic VAD method as described in [21,24].

For Vs = 0, E1 = E2 = 0, the harmonic coefficients are given as C0 = 1
2π

∫ 2π
0 VR(φ)dφ,

C1 = 1
π

∫ 2π
0 VR(φ) cosφdφ, C2 = 1

π

∫ 2π
0 VR(φ) sinφdφ, D1 = 1

π

∫ 2π
0 VR(φ) cos 2φdφ,

and D2 = 1
π

∫ 2π
0 VR(φ) sin 2φdφ. Then, the standard VAD could only provide the horizontal
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wind field as u0 = −C2/ sin η, v0 = C1/ sin η. Both the simulated uniform and linear wind fields as
described in Section 2 were used to analyze the two methods. The root mean square error (RMSE) is

calculated as RMSE =
√

1
N

∑N
i = 1(Yi −Ri)

2, where Yi and Ri are the retrieved and real wind vectors,
respectively, and N is the number of evaluation measurements. The 100 averaged RMSEs of the two
methods for the uniform and linear wind field retrievals are summarized in Tables 5 and 6, respectively.

Table 5. Performance comparison between the spaceborne version of the velocity–azimuth display
(SVAD) and VAD, for uniform wind field.

SNR (dB)
RMSE of the SVAD RMSE of the VAD

u0 (m/s) v0 (m/s) u0 (m/s) v0 (m/s)

5 0.879 2.893 0.879 0.336
10 0.399 2.112 0.173 0.039
20 0.333 1.774 0.140 0.007

Table 6. Performance comparison between the SVAD and VAD, for linear wind field.

SNR (dB)
RMSE of the SVAD RMSE of the VAD

u0 (m/s) v0 (m/s) u0 (m/s) v0 (m/s)

5 3.037 3.742 1.656 0.861
10 0.991 3.320 0.717 0.375
20 0.593 3.193 0.320 0.014

It can be seen from the Tables 5 and 6 that the retrieval performance of SVAD for uniform wind
fields is not as good as that of the VAD method, and the retrieval accuracy of both methods increases
as the SNR increases. Both methods have comparable retrieval capabilities for linear wind fields and
are less affected by the SNR. This is determined by the derivation process of SVAD. According to
Equation (6), the coefficients are related to the satellite flight speed and the gradient of the wind field.
Since the flight velocity of the satellite is relatively large, a large accumulated error can be generated
even in the case of a small gradient and high SNR. In contrast, the VAD method ignores the speed of
satellite movement, so the error is smaller. However, the VAD method can only obtain the horizontal
wind field components, while the SVAD method can retrieve all the components of the wind field
and the gradient of the horizontal wind field in different directions. Therefore, the SVAD method has
greater advantages in practical applications.

It is also reported that the error of u0 (along track wind) is relatively small, but the accuracy of v0

(cross-track wind) is sensitive to SNR. To address this issue, we rewrite the equation of wind retrieval as{
u0 = C1/ sin η
v0 = C2/ sin η

(13)

where  C1 = 1
π

∫ 2π
0 VR(φ) cosφdφ + 4

3

∫ 2π
0 VR(φ) sin 3φdφ+ 2

π

∫ 2π
0 VR(φ) cos 3φdφ

C2 = 1
π

∫ 2π
0 VR(φ) sinφdφ+ 2

3π

∫ 2π
0 VR(φ) sin 3φdφ− 4

∫ 2π
0 VR(φ) cos 3φdφ

(14)

By comparing the coefficient of the last term of integration in the above equations, the coefficient
for C1 is 2

π and the coefficient of C2 is −4, hence the error for u0 will be larger according to the error
propagation principle. According to the observing system’s capability analysis and review by the
world meteorological office (WMO) [11], the threshold of the horizontal wind error is 5 m/s in the
lower troposphere for global numerical weather prediction. Our results reveal that the proposed SVAD
has potential use in future spaceborne Doppler precipitation and rain radar.
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The wind field retrieved by VAD represented the average value of a certain region within the radar
scanning range and many instantaneous or small-scale features were smoothed, therefore, convection
with a scale smaller than the scanning area of a circle was impossible to capture, and only large
mesoscale and large-scale weather features were retained. Spaceborne radar has a unique advantage
for large-scale uniform linear wind field observation due to its large swath width, hence, the VAD
technique has good prospects in the wind field retrieval of spaceborne radar.

The limit of our work is the lack of dropsonde data, so the wind field retrieved from the existing
airborne radar data is only qualitatively analyzed and the retrieval error could not be quantitatively
analyzed. In order to quantitatively verify the effectiveness of the proposed wind field retrieval method,
airborne radar and a dropsonde joint observation experiment should be implemented in future work.

6. Conclusions

To retrieve the horizontal wind field with high vertical resolution over a large observation swath
from a spaceborne platform, this article developed for the first time a spaceborne version of the
velocity–azimuth display technique for wind field retrieval. After establishing the space geometry
observation model, the VAD wind field retrieval method under the spaceborne platform was derived.
Different from the existing methods, the influence of the high-speed motion of the satellite on the VAD
method was studied in this article. It was found that a product term of azimuth angle and its first
harmonic was introduced to the radial velocity of the conical scanning spaceborne radar, and by using
the third harmonic, the coefficients of the product term were deduced. In addition, the influence of
satellite heading angle on the VAD method was considered in this paper so as to facilitate the practical
application of the spaceborne cloud and rain radar wind field retrieval.

The main conclusions are drawn as follows: First, the variation curve of radial velocity of the
uniform wind field obtained by the conical scanning strategy with azimuth angle is no longer a regular
trigonometric function under the satellite platform. Second, for the simulated uniform wind field,
the VAD provides a mean vertical profile of the horizontal winds with high vertical resolution, which is
close to the real value, but the vertical component error is large. This is because the calculation of the
vertical wind field component is related to the flight speed of the satellite and the gradient of horizontal
wind field in different directions, so the accumulated transmission error is large. Third, for the airborne
radar data, the proposed method cannot be used to obtain the detailed internal structure of the
hurricane but can successfully capture the average wind field. The retrieved average horizontal wind
speed and direction are consistent with the Multiplatform Satellite Surface Wind Analysis product,
which has positive and important reference values for data assimilation and operational prediction of
storm location and intensity.

In order to evaluate the performance of the proposed method, the simulated uniform and linear
wind fields were used. Furthermore, the real airborne radar data of HIWRAP with the same conical
scanning downward view was used for validation, and a qualitative analysis of the retrieval results
compared with historical wind field data was carried out. Simulated and real data retrieval results
proved that the proposed spaceborne version of the VAD technique was robust and effective and could
be used to retrieve the mean wind field of future spaceborne radar.
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