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ABSTRACT The sea surface temperature (SST) actively impacts the backscattering coefficient measured by
scatterometers and the wind retrieval accuracy. However, none of the geophysical model functions (GMFs)
currently used in operational wind retrieval considers the effect of the SST. With the HY-2A scatterometer as
the research subject, this paper attempts to quantitatively analyze the effect of the SST on the backscattering
coefficient for the first time and establish a new GMF by the Fourier series method (containing only cosine
terms), which adopts the SST as the independent variable. The collocated Level 2A radar backscatter
measurement data of the HY-2A scatterometer and the European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis wind data are used to build the new SST-dependent GMF that considers
the influence of the SST in the model. The study indicates that the SST effects are wind speed dependent
and more significant under vertical-vertical (VV) polarization. The backscattering coefficient increases with
increasing SST in the wind speed range of 5-15 m/s. In addition, with increasing wind speed, the influence
of the SST gradually decreases. Finally, the new GMF was applied to retrieve the ocean surface wind, which
was compared to the conventional GMF to validate its performance. The experimental results indicate that
the accuracy of wind field retrieval by the new GMF is considerably improved and the systematic deviation
in the wind speed is effectively corrected. This study potentially contributes to a better understanding of the
microwave backscattering behavior of the ocean surface and provides a way to further improve the wind
retrieval accuracy of the HY-2A scatterometer as well as of other Ku-band scatterometers.

INDEX TERMS Fourier series, geophysical model function (GMF), wind field retrieval, SST.

I. INTRODUCTION
Remote sensing technology has developed rapidly in recent
decades. Data processing and information extraction are the
core content of the remote sensing application technology
system. Among them, Earth surface parameter retrieval and
remote sensing image classification are research areas of
increased interest in the field of remote sensing applications.
In recent years, domestic and foreign scholars have intro-
duced many new technologies and proposed many innovative
models and algorithms for different application fields and
application scenarios, which have effectively promoted the
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progress of remote sensing technology and greatly improved
remote sensing applications [1]–[7]. Sea surface wind field
remote sensing is an important branch of remote sensing
applications that has been widely applied in both civil and
military applications [8]–[10] and has gradually become one
of the current remote sensing research hotspots. Moreover,
the emergence of microwave scatterometers provides new
technical support for humans to obtain global sea surface
wind field information at a higher spatiotemporal resolu-
tion. Therefore, obtaining sea surface wind field data at
high spatial and temporal resolutions has a very important
scientific research value and practical significance. In the
study of sea surface wind field retrieval, domestic and for-
eign scholars have intensively investigated the relationship
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between microwave backscatter data and wind field and
have proposed many geophysical model functions (GMFs)
for wind field inversion, such as the GMFs for the C-band,
including CMOD4, CMOD5/COMD5N and CMOD7, and
those for the Ku-band, including NSCAT-II, Qscat-1, and
Ku-2011 [11]–[19].

AGMF is a quantitativemodel that is based on the relation-
ships between the backscattering coefficient, radar measure-
ment parameters, and environmental parameters, such as the
wind speed and direction. Thus far, because the relationship
between wind vectors and ocean surface geometry and the
interaction mechanism between electromagnetic waves and
sea surface have not been thoroughly understood, it is dif-
ficult to establish a strict theoretical model [18]. Generally,
a GMF is a prerequisite for the inversion of the wind field by
scatterometer data. To improve the quality of wind field inver-
sion, the parameters selected for establishing the GMF are
particularly critical. To date, the GMFs used for operational
wind retrieval have only considered the main factors, such
as the radar wavelength, polarization, incident angle, wind
speed, wind direction, and radar observing azimuth, while
ignoring the influence of the sea surface temperature (SST).
The reasons can be summarized as follows. On the one hand,
the interaction mechanism between the SST and backscatter-
ing coefficient has not been clearly explained. On the other
hand, insufficient stable and reliable data are available for
empirical modeling, so a GMF containing the SST as a factor
has not been built for operational wind retrieval.

However, scholars have remained interested in the influ-
ence of the SST on backscattering and wind retrieval since
the 1980s. Studies have found that the difference between the
wind speeds retrieved by scatterometers and those measured
by buoys is strongly correlatedwith the SST [19], and the SST
may affect capillary waves and backscattering through the
viscosity [20]–[22]. Generally, scatterometer radar backscat-
tering depends on the relationship between the surface stress
and surface roughness. Grodsky proposed that the SST can
alter the growth rate of centimeter-scale waves through its
impact on the air and water densities and water viscosity, and
he found that the effects of the SST on Ku-band GMFs are
much larger than those on C-band GMFs [21]. In addition,
Xie et al. established the first GMF containing the SST by
the neural network algorithm in China, and Wang recently
improved the Ku-band GMF called NSCAT-5, which con-
siders the effects of the SST on the wind data retrieved by
RapidScat; both research groups found that the backscatter-
ing coefficient changes regularly with the SST under certain
conditions [23], [24]. Therefore, it is necessary to consider
the SST in the GMF, but expanding the model parameters for
wind field retrieval causes new problems. Xie et al. [23] found
that the amount of experimental data after spatiotemporal
matching and preprocessing was not sufficient, especially
when the temperature factor was treated as an independent
variable. The smaller amount of data additionally intensifies
the effect of scatterometer measurement noise in modeling,
so the experimental results still need to be further verified.

Therefore, the expansion of the GMF to include the influence
of the SST is the main problem to be solved in this paper.

From another perspective, China has attained remarkable
progress in marine satellites since 2002 and has established
a marine satellite system including water color satellites,
dynamic environment satellites, and surveillance satellites.
The HY-2 series satellites are mainly used for ocean dynamic
environment detection, which can simultaneously obtain the
global ocean surface wind field, SST, sea surface height and
other marine dynamic environmental parameters. At present,
the HY-2 series satellites comprise two satellites: HY-2A
and HY-2B. They operate steadily and measure global ocean
surface winds. The measurement accuracy of each parameter
is better than the design requirements [25], [26]. Against
this background, this study carries out research for the first
time on building a GMF containing the SST factor (GMFCT)
and the corresponding wind field retrieval algorithm for the
HY-2A satellite scatterometer to further improve the mea-
surement accuracy of the sea surface wind field and to
enhance the application level of the HY-2 series satellites,
thereby enhancing their utility in oceanographic and mete-
orological research and other applications.

In summary, the existing GMFs have limitations, which is
the main cause of wind retrieval errors and the main obstacle
to the further improvement of the inversion precision. At the
same time, driven by the application demand, researchers
urgently need to build a GMFwith a higher precision. Includ-
ing the SST in the GMF is one possible way to improve the
model accuracy and to better understand the behavior of radar
microwave backscattering from the sea surface. Therefore,
according to the characteristics of the HY-2A scatterometer
and the limitations of previous studies, this paper builds a
GMFCT for the HY-2A scatterometer by the Fourier series
method (containing only cosine terms). The reason for select-
ing the partial Fourier series containing only cosine terms is
that the backscattering coefficient is an even function of the
relative wind direction. Theoretically, the higher the order
of the Fourier series expansion is, the more accurate the
model is. In previous research, it has proved sufficient to use
the first three terms of the Fourier series to build a GMFwith-
out including the SST factor. However, when the SST is con-
sidered the independent variable in modeling, the third-order
Fourier series approximation is no longer accurate enough
for fitting the GMF containing the SST factor. Thus, this
study uses the fifth-order Fourier series expansion to build
the GMFCT, which can better include the impact of the
SST. The impact laws of the SST on the backscattering
coefficient of the HY-2A scatterometer can be characterized
by the GMFCT. In addition, the wind field retrieval algo-
rithm is extended to accommodate the SST factor by adapt-
ing the GMFCT for performance validation through wind
retrieval. The main contributions of this paper include the
following.

1) Based on the characteristics of the HY-2A scatterome-
ter, this paper attempts to construct a GMF containing
the SST factor (GMFCT) for the first time by using a
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5th-order partial Fourier series containing only cosine
terms. This model function adopts the SST as the
independent variable and can characterize the quantita-
tive functional relationship between the backscattering
coefficient and SST.

2) By analyzing the effect of the SST on the backscat-
tering coefficient, the impact laws of the SST on the
backscattering coefficient of the HY-2A scatterometer
are revealed, which extends and deepens the under-
standing of the microwave backscattering behavior of
the rough ocean surface.

3) The current scatterometer wind field retrieval algorithm
is extended, and a sea surface wind field retrieval algo-
rithm considering the SST is proposed for the HY-2A
scatterometer. Experiments show that this algorithm
can further improve the wind retrieval accuracy when
the SST is considered as input.

The rest of this paper is organized as follows. In section II,
we introduce the datasets and methodology, which mainly
include the Fourier series and the maximum likelihood esti-
mation (MLE)method. In section III, we use buoy data to ver-
ify the accuracy of the European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis wind field data and
introduce the data preprocessing steps. Section IV describes
building the GMFCT and then validates it by the wind
retrieval data. Section V contains a preliminary discussion of
the experimental results. Finally, conclusions are presented in
section VI.

II. DATASETS AND METHODOLOGY
This paper uses the L2A data of the HY-2A scatterome-
ter, ECMWF reanalysis wind field data and Tropical Atmo-
sphere Ocean (TAO) buoy data to construct and validate the
GMFCT. Data processing can be divided into three stages:
1) Data preprocessing: Before building the GMFCT, the data
should be preprocessed, including spatiotemporal matching,
outlier rejection, and data sample classification. Finally, the
preprocessed data are divided into two parts: the modeling
dataset and the validation dataset. 2) Building the GMFCT
and GMFWT: the modeling data under different conditions
are adopted as input and are fitted by the Fourier series. Then
the GMF is obtained. 3) Wind field retrieval: The validation
data set is input into the new GMF, and the wind speed and
direction of each wind vector cell (WVC) are calculated by
the MLE algorithm. The flow chart is shown below. The data,
algorithms, and processing steps involvedwill be described in
detail later.

A. DATA SETS
1) SCATTEROMETER DATA
TheHY-2A satellite, launched inAugust 2011, is China’s first
marine dynamic environmental satellite, which adopts a coni-
cally scanning pencil-beam systemwith two polarized beams,
and its operating frequency is the Ku-band. The inner beam
is horizontal-horizontal (HH) polarized, and the incident

FIGURE 1. Data processing flow chart of this study.

angle is 41◦; the outer beam is vertical-vertical (VV) polar-
ized with an incident angle of 48◦ [27]. In this paper, the L2A
data of the HY-2A scatterometer are used for modeling,
which have been processed for sigma0s grouping, sea-land
and sea-ice identification, atmospheric attenuation correc-
tion, etc. [28]. To maximize the storage of the satellite obser-
vation data and reduce the storage space, the data are stored
along the orbit. The data file of one orbit contains 1,702 rows,
and each row contains 76 WVCs. Each WVC contains the
backscattering coefficients from different azimuths and polar-
izations and the corresponding observation time, longitude,
latitude, incident angle, azimuth angle, etc. The time range of
the L2A data used in this paper is from 2013-01 to 2013-06,
and the corresponding orbital number ranges from 06314 to
08808.

2) ECMWF REANALYSIS WIND FIELD DATA
The ECMWF is an esteemed international research and
business organization of weather forecasts established by
major European Union countries in 1976. Due to the uneven
spatial and temporal distributions of the observation data,
the ECMWF uses a relatively complete data assimilation
system to reintegrate and optimize the observation data of
various types and from various sources, and its products
have been widely used in previous atmospheric research [29].
In this paper, the SST, sea surface wind speed, wind direction
and rainfall data from the 0.125◦ × 0.125◦ high-resolution
ECMWF reanalysis data were used, covering a time range
from 2013-01 to 2013-06, at time intervals of 3 h.

3) BUOY DATA
At present, buoys are the most important and accurate
wind-measuring platform on seas, and can continuously
and accurately collect ocean hydrological data. However,
the number of buoys is small, and the spatial distribution is
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small, so it is difficult for buoys to directly provide enough
data for modeling research. In this paper, the TAO buoy data
provided by the National Data Buoy Center (NDBC) in the
United States, including measured data such as the wind
speed and wind direction, were used as the reference standard
to verify the accuracy of the ECMWF data before modeling.

B. BUILDING METHOD FOR THE GMFCT
The backscattering coefficient is an even function of the
relative wind direction and is symmetric about the 180◦ rel-
ative wind direction. The relative wind direction is defined
as the difference between the upwind direction and the radar
azimuth. Thus, this study uses a partial Fourier series that
contains only cosine terms to characterize the relationship
among the backscattering coefficient of the sea surface, SST,
sea surface wind vector and radar measurement parameters.
A Fourier series can represent any periodic function in terms
of an infinite series of sines and cosines and has been widely
used in GMF establishment [30], [31]. The specific equation
used in the GMFCT modeling is as follows.

σ 0 (x) = A0 (w, θ, p, t)+ A1 (w, θ, p, t) · cos x

+A2 (w, θ, p, t) · cos 2x + A3 (w, θ, p, t) · cos 3x

+A4(w, θ, p, t) · cos 4x (1)

where w, x, θ , p and t represent the wind speed, relative
wind direction, incident angle, polarization mode and SST,
respectively, and A0, A1, A2, A3 and A4 are functions of
the wind speed, radar incident angle, polarization and SST,
respectively. It should be noted that the SST is not considered
when building the GMFWT.

After determining that the function to be fitted is a Fourier
series, it is important to choose an appropriate fitting method.
The least squares method is regarded as a classical numeri-
cal optimization method, and it operates by minimizing the
square of the error called the residual to determine the most
consistent curve with the data. The residual for each observed
data-point is usually defined as:

ei
(
para, σ̂i, xi

)
= ||σ̂i − σ

0(xi)|| (2)

FIGURE 2. Process of building a model by the Fourier series.

where, σ̂i is the measured backscattering coefficient, and
para are the coefficients of the Fourier series that need to
be solved. In this study, para is [A0,A1,A2,A3,A4]. Hence,
a minimization algorithm is required to solve the coefficients
that minimize the objective function J (para). The objective
function can be written as follows:

J (para) =
N∑
i=1

e2i (para) (3)

where N is the total number of data samples involved in
modeling under different conditions.

Because a Fourier series is a nonlinear function, it is
difficult to derive the objective function directly to obtain
the global minimization as the solution. Therefore, the gen-
eral solution of the nonlinear least squares method is to
minimize the objective function through continuous iterative
calculations. This study uses the gradient descent method
to obtain the optimal solution. The para term is initialized
as [1,1,1,1,1]. The whole process of Fourier series fitting
is shown in Fig. 2. The gradient calculation equation is as
follows:

para = para− η·
∂J
∂A

(4)

∂J
∂A



∂J
∂A0
= 2 ·

N∑
i=1

(
A0 + A1 · cos xi + A2 · cos 2x i + A3 · cos 3x i + A4 · cos 4x i − σ̂i

)
∂J
∂A1
= 2 ·

N∑
i=1

(
A0 + A1 · cos xi + A2 · cos 2x i + A3 · cos 3x i + A4 · cos 4x i − σ̂i

)
· cos xi

∂J
∂A2
= 2 ·

N∑
i=1

(
A0 + A1 · cos xi + A2 · cos 2x i + A3 · cos 3x i + A4 · cos 4x i − σ̂i

)
· cos 2x i

∂J
∂A3
= 2 ·

N∑
i=1

(
A0 + A1 · cos xi + A2 · cos 2x i + A3 · cos 3x i + A4 · cos 4x i − σ̂i

)
· cos 3xi

∂J
∂A4
= 2 ·

N∑
i=1

(
A0 + A1 · cos xi + A2 · cos 2x i + A3 · cos 3x i + A4 · cos 4x i − σ̂i

)
· cos 4xi

(5)
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where η is the learning rate, and the partial derivative term ∂J
∂A

can be calculated by the following equation (5), as shown at
the bottom of the previous page.

C. METHOD FOR RETRIEVING THE SEA
SURFACE WIND FIELD
To further verify the accuracy of the GMFCT, it is necessary
to conduct wind retrieval experiments using the GMFCT
and the validation dataset. In this study, the MLE algorithm
was selected for sea surface wind field inversion, which was
first proposed by Pierson in 1984 [32]. The MLE method
has a deeper theoretical basis for wind field inversion and
has the advantages of being completely independent of the
GMF. In addition, it has no limitations regarding the units and
range of the backscattered measurement values. Regardless
of the unit of the backscattered measurement, the algorithm
performs well. This algorithm has been successfully applied
to the inversion of the sea surface wind field from ERS/SCAT
and NSCAT scatterometers, and it is the most widely used
inversion method among the operational satellites [33]–[35].
To conform to the GMFCT, the MLE algorithm also needs to
include the SST factor. The extended objective function is as
follows:

JMLE (w,8)

=−

N∑
i=1

[
(zi −M (w,8−φi, θi, pi, ti))2

2VRi
+ ln
√
V Ri

]
(6)

where N is number of measured values of the backscatter-
ing coefficient in each WVC, Ri is the deviation of the ith

measured value from the model value, VRi is the total devia-
tion variance, z is the measured value of the radar backscat-
tering coefficient, M is the radar backscattering coefficient
predicted by the model function under certain conditions,
and w,8, φ, θ , p and t are the wind speed, upwind direction,
radar observation azimuth, incident angle, polarization mode
and SST, respectively. The variance in the total error VR
is determined by the model function and the characteristics
of the scatterometer system and is a function of the design
parameters andmeasurement parameters of the scatterometer.
Wind field inversion is actually applied to determine the
wind vectors that result in a local maximum of equation (6).
In practice, there are generally 2-4 local maxima of the objec-
tive function when inverting the wind field, and each local
maximum value represents a possible wind vector solution,
also known as the wind vector ambiguity. In this paper,
to remove false ambiguities to obtain the final real result,
we adopt the ECMWF wind direction as the true reference
and choose the ambiguity with the wind direction closest to
that of the ECMWF as the true wind vector solution.

D. STATISTICAL METHODS
To verify the accuracy of the GMF and wind field inver-
sion algorithm, the mean absolute deviation (MAD), mean
deviation (MD) and root mean square (RMS) are calculated.
We define xi as the predicted or retrieved value, yi as the

FIGURE 3. Evaluation of the ECMWF wind speed and direction accuracy
with the TAO buoy data as the reference. (a) Scatter plot of the wind
speeds from the ECMWF and TAO; (b) scatter plot of the wind directions
from the ECMWF and TAO; (c) distribution of the wind speed deviation;
(d) distribution of the wind direction deviation.

observed or reference value, and N as the total number of
data samples.

Then, the MAD is defined as:

∣∣Ē∣∣ = 1
N

N∑
i=1

|xi − yi| (7)

The MD is defined as:

Ē =
1
N

N∑
i=1

(xi − yi) (8)

The RMS is defined as:

Erms =

√√√√ 1
N

N∑
i=1

(x i − yi)2 (9)

III. DATA ACCURACY VERIFICATION AND
PREPROCESSING
A. VERIFICATION OF THE ACCURACY OF THE ECMWF
REANALYSIS WIND FIELD DATA
The time range of the ECMWF data used to test the accuracy
of the wind speed and direction is from 2013-01 to 2013-06.
It is matched against TAO buoy data with a spatial window
of 0.125◦ and a time window of 0.5 h. First, the buoy data
that are anomalous or affected by rain are removed, and the
4-m reference height wind speed of the buoy is then converted
into the 10-m neutral wind speed by the LKB function [36].
Finally, approximately 40,297 data samples of the wind speed
in the range of [3 m/s, 15 m/s] are selected to test the accuracy
of the ECMWF data. The results are shown in Fig.3. After
statistical analysis, theMD and RMS between the wind speed
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FIGURE 4. Histogram of the sample data.

of the ECMWF reanalysis wind field data and that of the TAO
buoy data are 0.037 and 1.315 m/s, respectively, and the MD
and RMS of the wind direction data are 1.937◦ and 19.802◦,
respectively. The RMS error of thewind speed is within 2m/s,
and the RMS error of the wind direction is within 20◦, which
approximately follows a normal distribution with a mean of
zero. The results show that the ECMWF reanalysis wind field
data satisfy the accuracy requirements and can be used to
construct the GMF.

B. PREPROCESSING OF THE EXPERIMENTAL DATA
Whenmatching the ECMWF data with the L2A data from the
HY-2A scatterometer, adopting the L2A WVCs as the refer-
ence cells, the nearest point spatially and temporally to the
ECMWF data is selected as the matching point with a spatial
window of 0.125◦ and a temporal window of 0.5 h. Then,
the data polluted by rainfall should be removed. Because
the HY-2A scatterometer uses the Ku microwave band to
measure the wind and the Ku-band is greatly disturbed by
rainfall, including the influence of raindrop attenuation, rain-
drop backscattering and raindrop surface disturbance [37],
data with rainfall levels higher than 0.1 mm/h are removed
from the experiment.

Qiu from the South China Sea Prediction Center of the
State Oceanic Administration once verified the accuracy of
the wind field retrieved by the HY-2A scatterometer and
found that when the wind speed was lower than 3 m/s,
the backscattering coefficient measured by the HY-2A scat-
terometer contained more noise [38]. Furthermore, when
the wind speed was higher than 15 m/s, there were few
well-matched sample data. Therefore, the wind speed range
of this experiment is limited to 3-15 m/s. The SST range
is limited to 0-30◦C because the SSTs in most of the
data samples are within this range. Finally, approximately
230 million data match-ups are selected under these condi-
tions. For each polarization, the data are classified by the
wind speed, SST and relative wind direction with inter-
vals of 0.1 m/s, 1◦C, and 1◦, respectively, thus constituting
the dataset of this experiment. The data with a time range
of 2013-01-01 to 2013-06-15 are used for modeling, and
those from 2013-06-15 to 2013-06-30 are used to verify the
accuracy of the model. The distribution of the classified data
with the temperature and wind speed is shown in Fig.4.

FIGURE 5. Under HH and VV polarization, the backscattering coefficients
at the different wind speeds vary with the SST.

IV. RESULTS AND ANALYSIS
A. INFLUENCE OF THE SST ON THE GMF
Although the total number of data points used in this exper-
iment is large, the distribution is relatively concentrated.
As shown in Fig. 4, the amount of data at the low-, medium-
and high-wind speeds accounts for 16.25%, 66.42% and
17.33%, respectively, of all data and the temperatures are
mainly concentrated between approximately 1◦C and 27◦C,
so classifying the dataset by the wind speed, SST, and relative
direction at intervals 0.1 m/s, 1◦C, and 1◦, respectively, will
lead to too little data in some classifications. Additionally,
because of the measurement noise from the HY-2A scat-
terometer, there are some data samples with large deviations
in each class. To avoid the influence of outliers, the experi-
ment uses the mean value in each class to perform statistical
analysis, and the results are shown in Fig. 5. Somewind speed
intervals have large fluctuations at low and high temperatures,
especially at high wind speeds. If using a Fourier series to
fit the models of the different temperatures in each wind
speed interval, some models cannot be fitted very well under
certain conditions due to insufficient data and quality prob-
lems. Therefore, the idea of this paper is to use the sufficient
data at three different temperatures (5◦C, 15◦C and 25◦C) at
each wind speed for model fitting, while the backscattering
coefficients at the other temperatures are obtained by inter-
polating between these three curves. At the same wind speed
and relative wind direction, the backscattering coefficient
does not always change monotonically with the temperature,
and an inflection point will occur when reaching a certain
temperature under certain conditions. Therefore, quadratic
interpolation is applied to estimate the backscattering coeffi-
cient at the other temperatures. TheGMFCTfitting results are
summarized in Tables 1 and 2, and two examples of the fitting
results are shown in Fig. 6, one for HH polarization, and the
other for VV polarization both at the wind speed of 7 m/s
and the SST of 15 ◦C. In Fig. 6, the blue dots represent
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TABLE 1. Fitting results at the different wind speeds and temperatures
under HH polarization.

TABLE 2. Fitting results at the different wind speeds and temperatures
under VV polarization.

the mean value of the data samples in each relative azimuth
interval, while the solid blue lines are the model curves fitted
by the 5th-order Fourier series method. As shown in this
figure, the Fourier series method has achieved good fitting
effect. In addition, to assess the effect of the SST on the
accuracy of the model, a geophysical model without the SST
factor (GMFWT) is also constructed with the same dataset.

As shown in Fig. 7, the curves of the GMFCT under the
two polarizations are w-shaped, which is similar to the pre-
viously developed GMF. The curves at the same wind speed
are clustered, and each cluster of curves consists of 13 dif-
ferent temperature curves at temperature intervals of 1◦C.
The figure reveals that the curves at the same wind speed
show a notably regular distribution, and these curves are not
concentrated at a certain position, which illustrates that the
SST has a certain impact on the backscattering coefficient.
The regularity is manifested as follows: in the low-wind speed
section, the backscattering coefficient has no clear correlation
with the SST, but with increasing wind speed, the backscatter-
ing coefficient gradually becomes positively correlated with
the temperature, and the wind speed at which the change
occurs is approximately 4 m/s. In addition, with increasing

FIGURE 6. Fitting results of the GMF for the wind speed of 7m/s and the
SST of 15 ◦C.

FIGURE 7. Curves of the GMF including the SST under the different wind
speed conditions and HH and VV polarization.

wind speed, the curve gradually becomes concentrated, and
the distribution width decreases, indicating that the influence
of the SST on the backscattering coefficient also depends
on the wind speed. The higher the wind speed is, the lower
the impact of the SST is on the backscattering coefficient.
There is no significant correlation between the backscattering
coefficient and the SST in the low-wind speed section, which
may be related to the sensor noise because the signal-to-noise
ratio of the HY-2A scatterometer is lower at low wind speeds,
which impacts the data quality.

To analyze the accuracy of the GMFCT and the improve-
ment of the SST in wind field inversion, data from
2013-06-15 to 2013-06-30were input into theGMFCTmodel
to calculate the backscattering coefficients at the different
temperatures and different wind speeds and were compared
to the results of the GMFWT and the HY-2A-measured data.
For brevity, the following table only shows the backscattering
coefficients for 0◦C and 30◦C at each wind speed of the
GMFCT. The calculated results show that, except for the
wind speeds of 3 and 4 m/s under HH polarization and wind
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TABLE 3. Comparison of the GMFCT, GMFWT and measured data under
HH polarization.

TABLE 4. Comparison of the GMFCT, GMFWT and measured data under
VV polarization.

FIGURE 8. Variation curve of the backscattering coefficient error with the
SST under the different wind speed conditions. a and b are the GMFCT
under HH and VV polarization, respectively; c and d are the GMFWT under
HH and VV polarization, respectively.

speeds of 3 m/s under VV polarization, the mean backscat-
tering coefficients of the GMFWT and the HY-2A-measured
data nearly fall between the backscattering coefficients at the
highest and lowest temperatures of the GMFCT, indicating
that the GMFCT can better reflect the influence of the SST
on the backscattering coefficient.

Fig. 8 shows the changes in the bias errors between the
backscattering coefficients of the GMFCT/GMFWT and the

FIGURE 9. Comparison of the GMFCT and GMFWT inversion accuracies
of the sea surface wind field under HH polarization. a and b are the error
changes for the wind speed and direction inversion, respectively, by the
GMFCT; c and d are the error changes for the wind speed and direction
inversion, respectively, by the GMFWT.

backscattering coefficients measured by the HY-2A scat-
terometer (the measured value minus the model value) with
the SST under the different wind speed conditions, which
clearly reflects the influence of the SST on the GMF under
the different wind speed conditions. As shown in Fig. 8, after
considering the SST factor, the accuracy of the backscattering
coefficient calculated by the GMF has been clearly improved.
The MAD of the backscattering coefficient under HH polar-
ization is reduced 44.1%, and the MAD of the backscat-
tering coefficient under VV polarization is reduced 57.8%,
indicating that the backscattering coefficient measured under
VV polarization is more strongly affected by the SST than
that under HH polarization. Under the two polarizations,
the bias error curve of the backscattering coefficient at most
wind speeds crosses the 0 line at approximately 18◦C. Under
VV polarization, the farther away from the cross-point tem-
perature, the larger the absolute error is, whereas the bias error
under HH polarization does not change notably with the dis-
tance from the cross-point, indicating that the backscattering
coefficient measured under VV polarization is more sensitive
to the SST.

B. INFLUENCE OF THE SST ON SEA SURFACE WIND
FIELD INVERSION
The GMFCT and GMFWT are used to invert the wind
field, and the retrieved results are compared to the vali-
dation data. The validation data are the wind vector data
from the ECMWF reanalysis product. The time range of
the HY-2A satellite scatterometer data used to retrieve the
wind field spans from 2013-06-15 to 2013-06-30. After
removing the data affected by rainfall and anomalous data
points (the difference between the retrieved wind direction
and the ECMWF wind direction is larger than 90◦) [39],
approximately 2.3 million data samples of the wind speed in
the range of [3 m/s, 15 m/s] are obtained. Because the wind
direction deviation is not significant, the MD is not calcu-
lated for the wind direction. The statistical results are shown
in Figs. 9 and 10. It is evident that theGMFCT realizes a clear
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FIGURE 10. Comparison of the GMFCT and GMFWT inversion accuracies
of the sea surface wind field under VV polarization. a and b are the error
changes for the wind speed and direction inversion, respectively, by the
GMFCT; c and d are the error changes for the wind speed and direction
inversion, respectively, by the GMFWT.

TABLE 5. Variations in the mean error of the GMFCT and GMFWT with the
temperature.

correction effect on the accuracy of wind speed inversion.
Under HH polarization, the MAD of the wind speed reduced
14.7%, and the MD exhibits no notable change. The MAD of
the wind direction decreases by 0.99%. From the statistical
data under VV polarization, the MAD of the wind speed is
reduced 11.9%, and the MD is slightly increased. However,
from the curve of the wind speed error versus the tempera-
ture, it is clear that the error curve of the GMFCT is more
horizontal and fluctuates around the zero value line, whereas
the error curve of the GMFWT has an upward trend with
increasing temperature, indicating that the SST has a certain
corrective effect on the systematic deviation in wind speed
inversion. In summary, the SST has a certain correction effect
on the accuracy of the retrieved sea surface wind field, but the
improvement in the wind direction is not notable. Moreover,
the abovementioned phenomenon whereby VV polarization
is more sensitive to the SST is also demonstrated in wind field
inversion.

V. DISCUSSION
From the above experiments, the influence of the SST on
the backscattering coefficient is described as follows: at low
wind speeds, there is a negative correlation between the
backscattering coefficient and SST, but as the wind speed
increases, it gradually becomes a positive correlation. At the
same time, the backscattering coefficient curve gradually
becomes concentrated, and the distribution width decreases
with increasing wind speed. The following is a preliminary

discussion on the main causes and physical mechanisms of
these phenomena.

The microwave radiation characteristics of ocean water
depend on two main factors: the dielectric constant and sea
surface roughness. On the one hand, the scattering process of
seawater mainly involves surface scattering, and the scatter-
ing intensity and the dielectric constant of the ocean surface
are positively correlated. The dielectric constant of seawater
is a function of the temperature and salinity. When the salin-
ity is constant, the dielectric constant of seawater and the
temperature are negatively correlated, but the effect is very
limited [40]. Therefore, in theory, the higher the SST is, the
smaller the seawater dielectric constant, and backscattering
coefficient are; On the other hand, the roughness of the
sea surface reflects the degree of scattering in the radiated
area. The sea surface at a low wind speed is dominated by
specular reflection, whereas at a high wind speed, the sea
surface is rough with capillary waves, which enhance the
intensity of the radar backscatter. Generally, the higher the
wind speed over the sea surface is, the rougher the sea sur-
face is and the larger the backscattering coefficient is, which
is also the basis for wind measurement by scatterometers.
Many factors influence the sea surface roughness, such as
the wind speed, seawater density, and viscosity [41], [42].
Among them, the seawater viscosity strongly correlated with
the temperature. The empirical relationship between these
two parameters can be fitted using a quadratic polynomial,
which reveals a negative correlation, and the correlation coef-
ficient can reach approximately 0.9 [43]. Therefore, when the
wind speed remains constant, the higher the temperature is,
the smaller the seawater viscosity is, the rougher the sea
surface is, and the larger the backscattering coefficient is.

There are at least two mechanisms for the influence of
the temperature on the backscattering coefficient: (1) temper-
ature affects the dielectric constant, and the backscattering
coefficient decreases with increasing temperature; (2) tem-
perature affects the seawater viscosity, and the backscattering
coefficient increases with the decreasing seawater viscosity
as well as increasing temperature. At present, it seems that
these two influence mechanisms of the temperature on the
backscattering coefficient are contradictory, so the final effect
depends on which mechanism is dominant. From the experi-
mental results, according to the second mechanism, the influ-
ence of the seawater viscosity on the sea surface roughness
requires wind participation. Therefore, at low wind speeds,
the influence of the wind is limited, and the influence of
the dielectric constant dominates, causing a negative correla-
tion between the backscattering coefficient and temperature;
However, as the wind speed increases, the sea surface grad-
ually changes from a smooth surface to a rough surface, and
the temperature has a small effect on the dielectric constant of
the seawater, so the roughness gradually becomes dominant,
and the backscattering coefficient increases with increas-
ing temperature. In addition, the higher the wind speed is,
the greater its contribution to the sea surface roughness is,
which weakens the temperature effect. Therefore, as the wind
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speed increases, the backscattering coefficient curves at the
different temperatures gradually become concentrated, and
the distribution width decreases.

VI. CONCLUSION
In this paper, the L2A data of the HY-2A scatterometer and
the corresponding ECMWFdata are used to build aGMF con-
taining the SST by the Fourier series method. The following
three conclusions are obtained through the experiments:

First, the responses of the backscattering coefficient under
the two polarizations to the SST are different. After the SST
is considered in the GMFCT, the MAD of the backscattering
coefficient under HH polarization is reduced 44.1%, and the
MAD under VV polarization is reduced 57.8%. The sys-
tematic deviation of the backscattering coefficient measured
under VV polarization is corrected more than that under HH
polarization, which indicates that VV polarization is more
sensitive to the SST than HH polarization.

Second, the accuracy of the wind field retrieved by the
GMF containing the SST is considerably improved, and the
systematic deviation in the wind speed is effectively cor-
rected; thus, the GMFCT has a great potential for improving
the wind quality retrieved by the scatterometer.

Finally, the Fourier series method is a feasible method to
build the GMF containing the SST for the HY-2A scatterom-
eter. Although there are not much data and the data are noisy
under certain conditions, a smooth model curve can still be
obtained through a fifth-order Fourier series.

However, it should be pointed out that the discussion on
the mechanism of the SST effect on the scatterometer wind
measurements is only a preliminary examination and has not
yet been verified. Hence, further research is needed.
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