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Estimation and Correction of Geolocation Errors of
the CFOSAT Scatterometer Using Coastline
Backscatter Coefficients

Kuo Zhang ", Xiaolong Dong

Abstract—The scatterometer onboard the China-France
Oceanography Satellite (CFOSAT) is the first rotating fan beam
scatterometer (CSCAT) in operation. It is used to measure the ocean
surface wind fields over a large observation swath. Geolocation
is an important part of the preprocessing of scatterometer data.
The accuracy of geolocation has a large impact on the accuracy
of wind field retrieval. It is necessary to estimate and analyze the
geolocation processing of CSCAT. The challenge is understanding
how to estimate the geolocation errors of CSCAT. In this study,
the coastline inflection method is used to estimate the geolocation
errors of CSCAT based on the distribution characteristics of
the backscatter coefficients at both the ocean and the land. The
coastline inflection points are obtained using the gradient changes
of backscatter coefficients near the coastline. The locations of these
points are in line with the trend of the high-precision coastline
data. The geolocation errors are estimated by comparing these
points with the high-precision coastline. The results show that the
current geolocation errors of CSCAT are about 7.31 km, which
meets the requirements of 25 X 25 km wind field retrieval. In
addition, because the geolocation of scatterometer data is affected
by terrain, the geolocation errors of CSCAT are corrected based
on an elevation correction algorithm using high-precision digital
elevation model data. The results verify the effectiveness of the
algorithm.

Index Terms—Backscatter coefficients, coastline inflection

method, geolocation errors, scatterometer.

1. INTRODUCTION

HE spaceborne radar scatterometer is an active microwave
T remote sensor. When the scatterometer observes the ocean
surface, its echo intensity is proportional to the amplitude of the
scattering caused by the capillary gravity waves on the ocean
surface, that is, the backscatter coefficient is positively related
to the wind speed. The backscatter coefficient is also modulated
by the wind direction, so the global ocean surface wind field
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can be retrieved using backscatter coefficient measured by scat-
terometer. The scatterometers previously operated in the indus-
try mainly include fixed fan beam scatterometers and rotating
scanning pen beam scatterometers. The China-France Oceanog-
raphy Satellite Scatterometer (CSCAT) is the first internationally
operated rotating scanning fan beam scatterometer [1]. The
CSCAT can observe in continuous azimuth and elevation. It has
the characteristics of covering a large observation swath (> 1000
km) and having high resolution. The main operating parameters
and satellite orbit parameters of CSCAT are listed in Table 1. At
present, CSCAT runs stably, and it can retrieve ocean surface
wind field products covering a 25 x 25 km grid. The accuracy
of the wind speed is £+ 2 m/s (wind speed 4-24 m/s), and the
accuracy of wind direction is +20° (360° wind direction range).

Geolocation errors provide an important reference index for
the data measured by a satellite-based microwave instrument.
Large geolocation errors will affect the calibration and verifica-
tion of satellite data and subsequent related retrieval work [2].
Poe [3] analyzed the Special Sensor Microwave/Imager data and
found that the potential geolocation errors originated from the
ephemeris and attitude of the aircraft. The errors were reduced
to 7 km by using accurate ephemeris and attitude data. Wiebe [4]
optimized the level 1 data of the Advanced Microwave Scanning
Radiometer onboard the Earth Observation System. It reduced
the geolocation errors to 425 m (89 GHz) and 1425 m (6 GHz).

For spaceborne measurement instruments, two methods are
usually used to estimate geolocation errors [5], the image
correlation method [6], and the coastline inflection method [7].
The image correlation method transforms the ground control
points generated by high-precision satellite geolocation to ref-
erence points and converts them into reference data that have
the same form as the measured data. The geolocation errors
are then estimated by comparing the reference data with the
measured data. Data near a coastline are usually selected for
comparison. Khlopenkov [8] used uniform ground control point
data covering a study area of 5700 x 4800 km? to success-
fully estimate the subpixel geolocation errors of an Advanced
High-resolution Radiometer with a resolution of 1 km. Purdy
[9] compared image data corresponding to a coastline with
its known geographical location, and completed an analysis of
WindSat positioning and pointing accuracy, finding them to be
5 km and 0.5°, respectively. However, the spatial resolution
of spaceborne microwave instruments data is relatively low,
making it difficult to estimate geolocation errors by comparing
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TABLE I
TECHNICAL SPECIFICATIONS OF CSCAT
Operating parameters
Frequency 13.256 GHz
Polarization HH/VV
Bandwidth 0.5 MHz
Pulse duration 1.35ms
Pulse repetition rate 150 Hz
Antenna spinning rate 3.4 rpm
Orbit parameters
Orbit semi-major axis 6891.98 km
Eccentricity 0.00123
Orbit inclination 97.53°
Perigee angle 90°
Local time of descending 7:00 AM
intersection
Orbital period 94.90 min

reference data of satellite imagery with measured satellite-based
data. The coastline inflection method requires significant gradi-
ents in the data near the coastline, while the data acquired from
a spaceborne microwave instrument meet this condition exactly
[10]. This method is often used to estimate geolocation errors
of microwave radiometers. For example, the Earth Radiation
Budget Experiment scanner on the Earth Radiation Budget
Satellite [7], the Atmospheric Infrared Sounder [11] on Aqua,
the Cloud-Aerosol Lidar Infrared Pathfinder Satellite Observa-
tions [12], the Advanced Technology Microwave Sounder on
the Suomi National Polar-orbiting Partnership [13], and the
China FengYun-3C microwave radiation imager [5] all used
this method. China launched the HY-2 satellite in 2011, and
its rotating scanning pen beam microwave scatterometer also
used this method to estimate the geolocation errors [10]. In this
study, the coastline inflection method is used to estimate the
geolocation errors of CSCAT.

The rest of this article is organized as follows. Section II
briefly describes the scan geometry and geolocation algorithm
of CSCAT. Section III describes the coastline inflection method
and uses it to estimate the geolocation errors of CSCAT.
Section IV introduces the digital elevation model (DEM) correc-
tion algorithm and shows how the optimized geolocation results
were produced. Section V provides relevant conclusions.

II. CSCAT SCAN GEOMETRY AND GEOLOCATION ALGORITHM
A. CSCAT Scan Geometry

The CSCAT orbits at an altitude of about 519 km. Its rotating
scanning fan beam system features two 1.2 x 0.4 x 0.4 m
waveguide slot array antennas. The antennas scan along the axis
of the satellite nadir at a rate of 3.4 revolutions per minute with
beamwidths of 14.5° and 15°, corresponding to vertically po-
larized (V-pol) and horizontally polarized (H-pol) observations,
respectively. The corresponding fan footprints on the ground are
approximately 250 km. The effective elevation angle of the two
beams is between 26° and 46°. With the rotation of the antenna,
an observation swath determined by the incident angle of the
outer edge of the beam is formed, which is about 1000 km wide.
Fig. 1 shows the scan geometry of CSCAT.

Cross track

Fig. 1.  Scan geometry of CSCAT.
/ Resolution cell 1
1 \\ Nadir track
Cross track
Resolution cell 2
Fig. 2. Multiple observations of a resolution cell of CSCAT.

As shown in Fig. 2, CSCAT can acquire two or more obser-
vations of the same resolution cell as the satellite moves and the
antenna rotates. The backscatter coefficient obtained through
these measurements can be used to invert the ocean surface
wind speed and direction. The microwave scatterometer needs to
measure multiple azimuth angles on the same resolution cell and
obtain the ocean surface wind vector through the model retrieval.
Both the accuracy of ocean surface wind field retrieval and
the possible fuzzy solutions in wind direction retrieval depend
on the number of observations of the azimuth angles. When
compared with the fixed fan beam scatterometer (the number
of observations of the azimuth angles depends on the number
of antennas) and the pencil beam scatterometer (the number of
observations of the azimuth angles depends on the number of
beams, with two single beam or four dual beams), the number
of observations of the azimuth angles of CSCAT have greatly
increased. The number of observations can reach more than ten
in most areas within a swath, so its wind direction retrieval
accuracy has greatly increased. The number of multiazimuth
observations of a resolution cell located at the outer edge of
the swath and the inner edge of the swath will be less than the
resolution cell that fell in between the two ranges, which can be
compensated by multipolarization measurement.

B. CSCAT Geolocation Algorithm

The CSCAT transmits a Ku-band chirp pulse signal to the
surface of the earth and receives the echo signal. The baseband
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echo signal is obtained after frequency conversion and dechirp
processing. The CSCAT performs frequency offset processing
on the transmitted signal based on a frequency precompensation
lookup table (LUT_PC) because the difference between the
Doppler frequencies offset by the beam near-end and far-end of
the fan beam scatterometer is about 300 kHz [14]. This process
ensures that the baseband echo signal is near zero frequency.
The Doppler frequency offset of the fan-beam rotating scan-
ning scatterometer varies with azimuth, elevation, and latitude
of the nadir point. The CSCAT accumulates sampling points
based on the slice division lookup table (LUT_SD) in order to
obtain a ground observation slice of approximately 10 km. The
accumulation is performed to obtain echo observation signals
corresponding to 40 slices. The LUT_SD is obtained based
on the correspondence between the residual Doppler frequency
after precompensation plus the slant distance frequency and the
observed slant distance. The geolocation of CSCAT is based
on satellite ephemeris and attitude information, which is then
combined with the frequency correspondence relationship to
calculate the latitude and longitude of the 40 slice centers in each
echo pulse and the corresponding observation angle information
such as the incident and azimuth angles.

To calculate latitude and longitude, the algorithm needs to
define the observation vector (H/ V) in the instrument coordinate
system according to the elevation and azimuth angles of the
beam, and then convert the observation vector into the body
coordinate system based on the antenna installation matrix that
is measured before launch; then, the observation vector is trans-
formed from the body coordinate system to the orbit coordinate
system according to the 3-D rotation matrix related to the satel-
lite attitude. The matrix can be expressed using the following
equation:

cos(yaw) — sin(yaw) 0
sin(yaw) cos(yaw) 0
0 0 1

Tsat%orb =

cos(pitch) 0 sin(pitch) 10 0
X 010 0 cos(roll) — sin(roll)
— sin(pitch) 0 cos(pitch) | | 0 sin(roll) cos(roll)
(1

where yaw, pitch, and roll are the yaw, pitch, and roll angles,
respectively. Next, the method uses GPS ephemeris data to trans-
form the observation vector from the orbit coordinate system
to the Earth-Centered Earth-Fixed coordinate system (ECEF)
using the following equation:

Torb—secet = [x Y Z] (2a)
2= -2 (2b)
||
v
—ax 2
y i |z x v (2¢)
r = yXz. 2d)

where p is the GPS satellite position vector and v is the GPS
satellite velocity vector. The coordinates of surface observation
point are calculated based on the obtained observation vectors

Satellite

_Surface observation point

Fig. 3. Geometric relationship between the satellite, the earth center, and the
surface observation point in the ECEF coordinate system.

in the ECEF coordinate system. Fig.3 shows the geometric rela-
tionship diagram, where x is the surface observation point vector,
ris the observation vector, and d is the distance from the satellite
to the surface observation point. The effect of the eccentricity
of the earth is removed using the following equations:

e[
y-p

where a is the semimajor axis of ellipsoid and b is the semiminor
axis of ellipsoid. The distance from the satellite to the surface
observation point is calculated based on cosine theorem and
quantity product relationship ( |z/| = 1):

2)* = |p'[* + |dr'|* = 2[p/| |dr'| cos (6) (4a)

Pt = = ||| cos () (4b)
— 1) = Jlr R = (W 1)

d = . (4o)

2
"
The coordinates of surface observation point can be expressed
as follows:

=9 +dr
T = Kp,l + drll) a, (p/Q + dr;) a, (p/?, + dr’?,) b} .

Finally, the surface observation point in the ECEF coordinate
system is converted to the latitude and longitude in the geodetic
coordinate system using the following equation:

(5a)

(5b)

lon = tan~* (22) (6a)
1
T3
lat =tan [ = (6b)
2 2
\x] + X3

where lon is the longitude, lat is the latitude, and e is the eccen-
tricity of ellipsoid. The above is the basic geolocation algorithm
of a microwave scatterometer. The elevation angles of the inner
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Fig. 4. Geolocation algorithm flow of CSCAT.

and outer beams are fixed for the pencil beam scatterometer
[15], so the geometric positioning of the observation point can
be directly obtained by using the above algorithm. However, for
the fan beam scatterometer [16], the elevation angles of the beam
are in a dynamic range; for CSCAT the angle falls between 26°
and 46°. If we need to achieve the geolocation of the fan beam
scatterometer, it will be necessary to use the correspondence
between the surface observation point and echo frequency based
on the above algorithm. The echo frequency can be expressed
as follows:

fecho = fslant + fredeplcr (7)

where fechos fslant » and frey,,.., are the echo, slant, and the
residual Doppler frequencies, respectively. The slant distance
frequency is obtained by a dechirping processing on the signal
[17] as follows:

BAt

fslant - T (8)

p

where B is the signal bandwidth, T}, is the pulse width, and
At is the signal delay. The residual Doppler frequency is the
difference between the Doppler frequency of relative motion
and the precompensation frequency:

_ 2Vhrofe

fredoppler - c

— fiutye €))

where V,,;, is the projection of satellite velocity vector on
the surface of the earth, ¢ is the speed of light, f. is the
receiver carrier frequency, and fu,, is the precompensation fre-
quency. Fig. 4 shows the flow pattern of the CSCAT geolocation
algorithm.

III. CSCAT ESTIMATION OF GEOLOCATION ERRORS
A. CSCAT Coastline Inflection Method

Using the coastline inflection method requires knowing the
distribution characteristics of the backscatter from both the
ocean and the land. Fig. 5 shows the backscatter of CSCAT L1B
data passing through the ocean area near Indonesia; a significant
change in gradient can be seen in the numerical values, indicating
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Fig.5. Regional distribution of CSCAT backscatter, Indonesia, on the 2065th
revolution on March 14, 2019.

that the coastline inflection method can be used to estimate the
CSCAT geolocation errors.

The method requires filtering the available data near the coast-
line during the estimation process. For CSCAT, when selecting
data, the method finds the four slices closest to the coastline from
the observation pulses as a group of measurements. However,
each group of measured values must meet the relevant conditions
before it can be used for geolocation error estimation. First, the
backscatter coefficient value of each group must be increased or
decreased appropriately; otherwise, the calculation of position-
ing reference points cannot be performed subsequently. Second,
the difference between the maximum and minimum backscatter
coefficient of each group must meet a certain threshold. This
is done to ensure that the value chosen spans the values of
land and ocean. Fig. 6 shows the range of the ocean and land
backscatter coefficient values of CSCAT on March 14, 2019, the
2065th revolution. The red and blue points are land and ocean
values, respectively. It can be seen that the backscatter coefficient
values of the two can be clearly separated. The backscatter
coefficient values on the ocean surface fluctuate widely because
the ocean surface roughness varies with different wind speeds
and directions. Compared with the ocean surface, the scattering
on land is more stable and uniform. The statistical results show
that the difference between the V-pol backscatter coefficient
values of land and ocean is 5 dB, and the difference of H-pol
is 6 dB. Therefore, the threshold of the backscatter coefficient
values of each group was set to 6 dB. Because a large range
of backscatter coefficients was observed on the ocean surface,
after the above two conditions are met, it may happen that all
backscatter coefficients fall on the ocean surface. The statistical
results show that the group with backscatter coefficients values
all lower than — 14 dB is filtered out. In addition, backscatter may
be affected by extreme weather (typhoons, heavy rain), which
will cause the backscatter coefficient values on the ocean surface
to be higher than normal, so this part of the data must also be
removed.

A fine-resolution database known as the Global Self-
consistent, Hierarchical, High-resolution Geography Database
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Fig. 6. Scatter plot of CSCAT ocean and land observations, on the 2065th

revolution on March 14, 2019. (a) V-pol. (b) H-pol.

GSHHS [18] was used. The resolution of GSHHS (~200 m) is
quite high compared with CSCAT, so it is accurate enough to be
used as reference data for estimation. The backscatter coefficient
data from CSCAT, which passed through Hainan Island and
Liaodong Bay, acquired from February 27 to April 10, 2019,
were used. Fig. 7 shows the 2065th revolution data on March
14, 2019; all of the data were in the above time range. It can be
seen that the backscatter coefficient values from the ocean to the
land gradually increased over time.
The cubic function expression can be expressed as follows:

Y = cw:f + bxf +cx; +d (10)

where z; is longitude or latitude of the group slice and y; is
backscatter coefficients value of the group slice. The function
expression is based on selected revolutions. Each revolution
can select some groups. The inflection point of each group is
calculated by this function. Every group can fit a cubic curve
(Fig. 8). The color of the rhombus dots in the figure transforms
from yellow to blue, which indicates that the backscattering
coefficient value decreases sequentially.

Coefficients of the function expression (a, b, ¢, d) are cal-
culated using longitude or latitude and backscatter coefficient
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from February 27 to April 10, 2019: (a) The 2065th revolution over Hainan
Island. (b) All revolutions over Hainan Island within the above time. (c) All
revolutions over Liaodong Bay within the above time.

values of the group slice. The formula can be expressed as
follows [7]:

a x3 xdry 1 Ty
b x3 r379 1
= | 23 ” (11
c Ty v3w3 1 Y3
d a:i xiu 1 Ya
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After finding the coefficients of the function, the second
derivative of the function is equal to zero:

—b/3a (12)

xr =

where z is the longitude or latitude of the inflection point of
the group. The point of the plus sign in Fig. 8 is the calculated
inflection point.

However, in the actual calculations, the calculated latitude and
longitude of the inflection points of each group were affected
by the randomness of the noise and the terrain, so that some
calculated results are not between the latitudes and longitudes
of the two inner slices. When the positions of the two inner
slices are too close to each other, the calculated position of
inflection point will fall outside a reasonable range. These groups
were eliminated in the subsequent estimation and statistics of
geolocation errors. Fig. 9 shows the distribution of Hainan Island
and Liaodong Bay inflection points along the coastline. The
reference coastline data are from the GSHHS high-precision
database. It can be seen that the trend of inflection points ob-
tained by the coastline inflection method is basically consistent
with the high-precision coastline data.

B. CSCAT Geolocation Errors

After the intersection of the group slices line and the coastline
was obtained, the distance between the intersection point and
the inflection point was calculated and a statistical analysis
is performed to obtain estimated geolocation errors. Because
CSCAT is a dual-polarized rotating scanning system, the geolo-
cation errors are based on the forward view (azimuth ranges are
0°-90° and 270°-360°) and the afterward view (azimuth range
is 90°-270°), V-pol and H-pol, respectively. Fig. 10 shows the
statistical results, where Total contains all observations, VVF is
V-pol forward view, VVA is V-pol afterward view, HHF is H-pol
forward view, and HHA is H-pol afterward view. The results
show that the geolocation error distribution of the forward view
and afterward view are different. The reason is that the error
of the CSCAT antenna installation matrix coefficients causes
a deviation of the azimuth angle. As a result, the forward and
afterward views will vary.
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Fig.9. Distribution of all inflection points from February 27 to April 10, 2019.
(a) Hainan Island. (b) Liaodong Bay.

Table II shows the number of selected slice groups and the
number of inflection points (eliminate incorrect points). It can
be seen that the proportion of the number of selected slice groups
in the inflection points of Total, VVF, VVA, HHF, and HHA are
basically the same. Table III shows the geolocation errors of
the four cases. The root mean square errors of all error values
are calculated, and the currently estimated CSCAT geolocation
errors is 7.31 km, which is less than half of the grid size of 25 x
25 km wind field products (<10 km) and meets the requirements
of 25 x 25 km wind field retrieval.

IV. CSCAT GEOLOCATION ERROR CORRECTIONS BASED ON
THE DEM DATA

A. Correction Method

The changes in elevation across the terrain will also cause de-
viations in geolocation [19]. InFig. 11, ris the observation vector
in the ECEF coordinate system and x is the surface observation
point on the reference ellipsoid. However, due to the influence
of terrain, the backscatter coefficient measured is actually the
value of the position of the intersection (x") between r and the
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TABLE II
NUMBER OF SELECTED SICE GROUPS, NUMBER OF INFLECTION POINTS, AND
THEIR PERCENTAGES

VVF VVA HHF HHA Total
Slice 596 328 378 160 1462
groups
Inflection 433 242 270 117 1062
points
Percentage 72.7% 73.8% 71.4% 73.1% 72.6%
TABLE III
GEOLOCATION ERRORS OF THE FOUR CASES
VVF VVA HHF HHA Total
Geolocation 6.70 7.84 7.74 7.37 7.31
errors(km)
Observation vector (ECEF)
-
Y Hopax

Xo
daH , Earth surface
Intersection x’ T X1 ho

min

s: s s S
] 2 L 0 Reference ellipsoid

Fig. 11. Diagram of the DEM optimization algorithm.

earth surface instead of x. As a result, the calculated latitude and
longitude do not match the backscatter coefficient, which causes
geolocation deviation. Therefore, the DEM elevation data were
used to optimize the geolocation algorithm.

The unit normal vector of the surface observation point can
be expressed as (13):

n = [cos (lat) cos (lon) , cos (lat) sin (lon) , sin (lat)]  (13)

where lat and lon are the latitude and longitude of surface obser-
vation point. The unit observation vector and the angle between
observation vector and the normal vector can be expressed as
follows:

(14)

cosae = n-r. (15)

The distance from the surface observation point to the max-
imum terrain height along the observation vector can be ex-
pressed as follows:

HIII'(]-X
cosa

(16)

Lmax =

The surface observation point vector corresponding to Lyax
can be expressed as follows:

’
To= T+ Lnlax7 .

7
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DEM data with a resolution of 30 m covering the Hainan Island

In addition, the coordinates of the surface observation point sq
can be obtained, which corresponds to z(. The actual elevation
value hg corresponds to sy based on the DEM data and hg is
lower than h{, (Hax)- The new surface observation point vector
can be found by lowering the height as shown below:

W, =hy —dH (18)
L

r= a4 0l (19)
COS(x

where hj is also lower than h}. The above process is then
repeated until & is greater than or equal to i’ (hy > hl). The
surface observation point s, obtained at this time is the corrected
surface observation point.

B. Correction Results

The Shuttle Radar Topography Mission provided high-
precision elevation data [20] for the Hainan Island region, which
was used to correct the geolocation errors. The spatial resolution
of the Shuttle data is about 30 m, and the resolution of CSCAT is
25 km, which meets the requirements for calibration of CSCAT
geolocation (0.03< <25 km). The data of Hainan Island region
with elevation values above 200 m were selected to further reflect
the effectiveness of the correction algorithm. Fig. 12 displays
the DEM data of Hainan Island, which shows that the elevation
gradually increases as the color changes from blue to red.

The level 1A data of CSCAT covering Hainan Island, corre-
sponding to more than a month level 1B data used in Section III,
were selected. The data were processed by the new geolocation
algorithm, which was added to the above correction algorithm.
The new level 1B data generated were used to compare the
geolocation errors with the original level 1B data. Fig. 13
shows the statistical and comparison results before and after
the geolocation optimization. The error distributions of the two
are basically the same. The root mean square errors of the two
situations were obtained. The geolocation errors before and after
optimization were 6.89 and 5.83 km, respectively, so that the
geolocation error was reduced by 1.06 km using DEM data.
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Fig. 13. Histogram distribution of geolocation errors: (a) Using the orig-
inal data. (b) Using the optimized data correction by DEM optimization
algorithm.

V. CONCLUSION

Based on the scan geometry and geolocation algorithm of
CSCAT, this study used the coastline inflection method to es-
timate the geolocation errors of CSCAT. The GSHHS, a fine-
resolution database, was selected. Hainan Island and Liaodong
Bay in China were selected as the analysis areas. The geolocation
errors were estimated using CSCAT L1B data collected from
Hainan Island and Liaodong Bay from February 27 to April 10,
2019. A total of 1062 coastline inflection points were found that
met the required conditions. The current geolocation errors of
CSCAT were estimated to be approximately 7.31 km, which
meets the conditions of 25 x 25 km wind field retrieval. In
addition, high-precision DEM data were used to optimize the
geolocation algorithm; the geolocation errors were reduced by
about 1.06 km after optimization, which shows the effectiveness
of this method for using an optimized geolocation algorithm.
The CSCAT geolocation errors primarily come from satellite
ephemeris and attitude errors, geolocation algorithm errors, and
errors introduced by the rotation of the fan beam antenna. In the
future, the causes of geolocation errors will be further analyzed
and geolocation algorithms will be improved in order to further
improve the accuracy of wind field retrieval for the rotating
scanning fan beam microwave scatterometer and to obtain higher
resolution wind field products.
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