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Correction of the SMAP Sea Surface Brightness
Temperature and Retrieval of Sea Surface Salinity

Incorporating CYGNSS Observables
Zheng Li , Fei Guo , Zhiyu Zhang , and Xiaohong Zhang

Abstract—The correction of sea surface brightness temperature
is crucial for improving the accuracy of sea surface salinity (SSS) re-
trieval by L-band microwave radiometer. However, the traditional
method of correcting brightness temperature using only wind speed
and significant wave height (SWH) is inadequate, as sea surface
roughness is affected by multiple factors. The Global Navigation
Satellite System Reflectometer (GNSS-R) observables, which di-
rectly respond to sea surface roughness, have been preliminarily
validated in ground-based experiments for their potential to correct
sea surface brightness temperature. Compared with ground-based
GNSS-R, spaceborne GNSS-R has a wider coverage and can bet-
ter support the brightness temperature correction of spaceborne
L-band microwave radiometers. This article has preliminarily ver-
ified the correlation between cyclone GNSS (CYGNSS) observ-
ables and brightness temperature variations, and found that the
incidence angle of the observable needs to be taken into account
when retrieving SSS jointly with soil moisture active and passive
(SMAP) and CYGNSS. A multilayer perceptron (MLP) model was
established to assess the SSS retrieval performance of SMAP com-
bined with different parameters. The results show that the retrieval
performance based on the MLP model is better than that based on
the geophysical model function model. Compared with joint wind
speed and SWH, joint CYGNSS observables performs better in
retrieving SSS. The root mean square error of retrieval salinity
decreased from 0.58 to 0.46 psu, and the correlation coefficient
(R) increased from 0.83 to 0.90. This provides reference for future
joint retrieval of SSS using L-band microwave radiometers and
spaceborne GNSS-R.

Index Terms—Brightness temperature, cyclone Global
Navigation Satellite System (CYGNSS), Global Navigation
Satellite System Reflectometer (GNSS-R), sea surface salinity
(SSS), soil moisture active and passive (SMAP).
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I. INTRODUCTION

S EA surface salinity (SSS) holds significant significance
within the realm of oceanography and climatology, assum-

ing a pivotal function in comprehending climate variability,
water circulation dynamics, and the intricate biogeochemical
processes occurring in the oceanic domain [1], [2]. There are
two main methods for measuring SSS. One is to use a floating
buoy with a high-precision salinity sensor to directly measure
the salinity of seawater [3]. However, this method is limited
in its ability to measure large areas and provide high temporal
resolution. An alternative approach involves the utilization of
an L-band microwave radiometer aboard a satellite, offering
comprehensive global measurements of SSS. This technique is
widely regarded as the most effective method for remote sensing
of SSS. Missions, such as the European Space Agency’s Soil
Moisture and Ocean Salinity (SMOS) [4] and NASA/CONAE’s
Aquarius, and Soil Moisture Active and Passive (SMAP) [5], [6],
have successfully retrieved global SSS using this technology.
However, unlike buoy measurements, the microwave radiometer
measures the brightness temperature of the rough sea surface.
To derive SSS, it is necessary to exclude factors that affect
sea surface roughness and obtain the brightness temperature
of the flat sea surface [7]. Therefore, the correction of the
brightness temperature is key to obtaining high-precision ocean
salinity products [8]. Currently, sea surface wind speed (WS)
and significant wave height (SWH) are typically used to correct
the brightness temperature [9]. However, sea-state corrections
parameterized solely in terms of WS and/or SWH have been
found to be insufficient. These parameters alone cannot fully
describe the complexity of sea surface roughness [10]. Factors,
such as foam and marine organisms, also influence the sea
surface roughness, which leads to errors in the retrieved SSS
products [11].

The emergence of Global Navigation Satellite System Reflec-
tometer (GNSS-R) technology provides a new means for sea
surface brightness temperature correction and salinity retrieval.
In 1988, the utilization of GNSS-R technology for measuring sea
surface scattering was initially proposed by Hall and Cordy [12].
Subsequently, GNSS-R was used for sea surface altimetry [13].
In 2000, Zavorotn and Voronovich [14] established a model for
the relationship between GNSS reflection signals and sea surface
roughness. Drawing upon this model, the application of GNSS-R
technology has commenced for monitoring environmental
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characteristics within the realms of both oceans and land [15].
This encompasses the measurement of ocean WS [16], [17],
SWH [18], [19], and soil moisture [20], [21], showcasing ex-
ceptional performance. Sea surface roughness directly affects
GNSS-R observations. Variations in sea surface roughness due
to factors, such as wind or other environmental conditions, are
reflected in GNSS-R observations [22], [23]. In 2004, Camp [24]
proposed the utilization of GNSS-R for assessing sea state and
correcting L-band brightness temperature variations associated
with it. This idea was validated during the “Advanced L-BAnd
emissiviTy and Reflectivity Observations of the Sea Surface”
field experiment conducted between 2008 and 2009 [25], [26].
Based on the experimental data, an empirical relationship was
established between the measured brightness temperature varia-
tions due to sea state effects and direct GNSS-R observables
[27]. These results demonstrated the significant potential of
GNSS-R to make necessary corrections in future salinity mis-
sions. In 2021, the cyclone GNSS (CYGNSS) L2-level WS data
was used for the first time to correct the sea surface brightness
temperature in SMAP and obtained SSS products with accuracy
comparable to that of SMAP, demonstrating the potential of
CYGNSS in SSS retrieval [28].

However, when compared with the CYGNSS WS data,
CYGNSS observables exhibit a more direct response to sea sur-
face roughness. This means that it will contribute more to the cor-
rection of brightness temperature. Therefore, this study demon-
strates the feasibility of correcting the brightness temperature
and retrieving SSS using the CYGNSS L1-level observables for
the first time. The results indicate that more accurate SSS can
be obtained by correcting sea surface brightness temperature
using the CYGNSS observables compared with WS and SWH.
The rest of this article is organized as follows. Section II in-
troduces the experimental datasets and the preprocessing of
the data. Section III analyzes the sensitivity of CYGNSS ob-
servables to sea surface brightness temperature variations. Sec-
tion IV evaluated the SSS retrieval performance of the SMAP
mission with the inclusion of CYGNSS observables. Section V
discusses the potential effects of land contamination and rainfall
on SSS retrieval. Finally, Section VI concludes this article.

II. DATASETS AND DATA PREPROCESSING

A. Datasets

1) CYGNSS Data: CYGNSS uses a constellation of eight
satellites to receive reflected signals over tropical ocean, with
an average revisit time of 7.2 h and a spatial resolution of
approximately 25 km [29], [30]. This study utilized CYGNSS
L1 level 3.1 version data from July 2019 to June 2022.

2) SMAP Data: The SMAP satellite is able to cover the entire
globe in about 3 days with its 1000 km swath, although its
orbit repeat cycle is precisely 8 days. The onboard instruments
consist of a highly sensitive 1.41 GHz L-band radiometer and a
complementary 1.26 GHz L-band radar sensor [31]. This study
utilized SMAP SSS data (L2, v5.0) covering the period from
July 2019 to June 2022.

3) Argo Data: Argo uses autonomous floats to collect tem-
perature, salinity, and current data in ice-free oceans. With
a network of over 3000 floats, Argo provides global ocean
temperature and salinity profiles, with a salinity accuracy of
0.01 psu. In this study, the salinity measurement taken at a depth
of approximately 5 m serves as the reference ground truth [32].

4) Sea Surface Wind Field and Temperature Data: Two WS
data are used in this study, one is the WS data from National
Center for Environmental Prediction (NCEP), which is the WS
data used in the SMAP salinity product with a spatial resolution
of 0.25°. The other is the WS data from CYGNSS L2 level
version 3.1 data with a spatial resolution of 25 km. In addition,
a number of other sea state parameters were used in this study,
including sea surface wind direction (WD) data from NCEP,
SWH data from ERA5 (the fifth generation of European Center
for Medium-Range Weather Forecasts atmospheric reanalysis
of the global climate), and sea surface temperature (SST) data
from the Canadian Meteorological Center (CMC). The spatial
resolution of both the WD data and the SWH data is 0.25°, while
the spatial resolution of SST data is 0.2°.

B. Data Preprocessing

To ensure that the experimental results are not affected by low-
quality observables, the CYGNSS observables undergo quality
control and filtering based on established criteria [33], [34] as
follows.

1) All negative values will be discarded.
2) Observables with an incidence angle less than 35° will be

discarded.
3) Observables with range corrected gain value less than 5

will be discarded.
4) Observables with poor overall quality will be discarded,

indicated by the quality_flags.
After data filtering, the CYGNSS data was spatiotemporally

matched with other datasets. The matching criteria for CYGNSS
with NCEP, ERA5, CMC, and SMAP data were a linear distance
less than 12.5 km and a time difference less than 30 min [35],
[36]. For CYGNSS and Argo data matching, the criteria were a
linear distance less than 0.5° and a time difference less than two
days [28].

III. RELATIONSHIP BETWEEN THE SEA SURFACE BRIGHTNESS

TEMPERATURE VARIATIONS AND THE GNSS-R OBSERVABLES

Previous studies have shown that it is feasible to directly
link the brightness temperature variations induced by the sea
surface roughness to ground-based GNSS-R observables [25],
[27]. This section will analyze the relationship between the
spaceborne GNSS-R observables from CYGNSS and the sea
surface brightness temperature.

The technique of GNSS-R ocean scatterometry samples the
reflected signal over the glistening zone in both delay and
frequency (or Doppler), which enables the creation of a delay-
Doppler map (DDM). The DDM is strongly correlated with the
sea surface roughness. A theoretical model has already been
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Fig. 1. DDMs corresponding to different brightness temperature variations.

developed for the reflected GNSS signal as follows [14]:
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where 〈|Y (τ, f)|2〉 is the function of code delay (τ) and Doppler
frequency(f), representing the DDM power.Pt is the transmitter
power.Gt is the GNSS antenna gain. λ is the L-band wavelength.
Ti is the coherent integration time. Gr is the receiver antenna
gain. Λ2(τ) is the delay code autorelation function. S2(f) is the
Doppler frequency function.A is the glistening zone over the sea
surface. Rt and Rr represent the distances from the transmitter
and receiver, respectively, to the specular reflection point. σ0 is
the scattering parameter sensitive to sea surface roughness.

Fig. 1 shows the different brightness temperature variations
and their corresponding DDM. As the brightness temperature
variations increase, the power in the DDM becomes more
scattered, and the maximum power gradually decreases. This
indicates that DDM is directly related to brightness temperature
variations. Therefore, in this study, some variables extracted
from DDM that are closely related to brightness temperature
variations will be used to correct brightness temperature and
improve the accuracy of retrieval SSS.

Due to its sensitivity to sea surface roughness, normalized
bistatic radar cross section (NBRCS) is strongly correlated
with brightness temperature variations. NBRCS is calculated
by summing the scattering cross sections σ̄0 and the effective
scattering areas Ā0 on a bin-by-bin basis, as shown in the
following equation:

NBRCS =
σ̄0

Ā0
=

∑M
i=1

∑N
j=1 σ̄τi,fj∑M

i=1

∑N
j=1 Āτi,fj

(2)

where M and N represent the DDM bins for delay and Doppler,
respectively, used in calculating both the scattering cross section

and effective scattering area DDMs. τi is the time delay. fj
is the frequency shift. σ̄τi,fj and Āτi,fj represent the value of
the bistatic radar cross section (BRCS) DDM bin and effective
scattering area.

Similarly, the leading edge slope (LES) of the integrated
delay waveform (IDW) within the 5 Doppler × 3 delay box
is highly sensitive to the sea surface roughness. Expressions are
as follows:⎧⎨

⎩
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In addition, the signal-to-noise ratio (SNR) of the DDM is
also used in this study to correct brightness temperature, which
is defined as

SNR = 10log10

(
Smax −Navg

Navg

)
(4)

where Smax is the maximum value (in raw counts) in a single
DDM bin and Navg is the average per-bin raw noise counts.

Fig. 2 shows the correlation between the brightness temper-
ature variations and the CYGNSS observables. To enhance the
visualization of the relationship between CYGNSS observables
and brightness temperature variations, we used the logarithm
of CYGNSS observables [lg (CYGNSS observables)]. The red
dashed lines are the fitted lines, all intersecting the warm-color
region (where the majority of samples are clustered). CYGNSS
observables show a moderate negative correlation with the
brightness temperature variations, with NBRCS being the most
sensitive to the brightness temperature variations, followed by
LES, and SNR being the least sensitive. Compared with the
vertical brightness temperature variation (V–ΔTB), the horizon-
tal brightness temperature variation (H–ΔTB) shows a stronger
correlation with CYGNSS observables. This result is consistent



LI et al.: CORRECTION OF THE SMAP SEA SURFACE BRIGHTNESS TEMPERATURE AND RETRIEVAL OF SSS 3229

Fig. 2. Brightness temperature variations with corresponding CYGNSS observables, R denotes the correlation coefficient between them.

Fig. 3. Correlation coefficient between CYGNSS observables and brightness temperature variations at different incidence angles bins. (a) NBRCS. (b) LES.
(c) SNR.

with the findings from the ground-based experiments, indicating
that horizontal brightness temperature variation has a greater
impact on GNSS-R observables [27].

Fig. 3 shows the sensitivity of CYGNSS observables to bright-
ness temperature variations at different incidence angles (θ) bins.
Data were sorted into seven incidence angle bins. To ensure
result accuracy, 150 000 samples were uniformly sampled from
each bin, mitigating the impact of uneven sample distribution
on the outcomes. The illustration shows that the correlation
coefficient between CYGNSS observables and brightness tem-
perature variation reaches its highest point in most cases at
incidence angles of 5°–10°, and reaches its lowest point at angles
of 20°–25°. In addition, the general trend indicates a gradual

reduction in the correlation as the incidence angle increases,
which implies a decrease in the sensitivity to brightness temper-
ature variation.

Fig. 4 shows the relationship between the CYGNSS
observables and the incidence angle after controlling for
brightness temperature variations. Table I presents the correla-
tion coefficients of the CYGNSS observables with the incidence
angle. There is no significant correlation between NBRCS and
incidence angle, whereas LES and SNR exhibit a degree of
correlation with incidence angle. Upon controlling for bright-
ness temperature variations, LES and SNR increase as the inci-
dence angle rises, indicating the need to factor in the incidence
angle when employing CYGNSS observables to retrieve SSS.



3230 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

Fig. 4. CYGNSS observables for different incidence angle bins after controlling for brightness temperature variations.

TABLE I
CORRELATION COEFFICIENTS OF THE CYGNSS OBSERVABLES WITH THE

INCIDENCE ANGLE

IV. PERFORMANCE EVALUATION OF SMAP SSS RETRIEVAL

WITH THE INCLUSION OF CYGNSS OBSERVABLES

In the SSS optimization of SMAP, the sea surface brightness
temperature (TB) is represented as the sum of the flat sea surface
brightness temperature (TB,falt) and the wind-induced bright-
ness temperature difference (ΔT′

B), which can be expressed as
follows [31]:

TB = TB,falt (SSS,SST) + ΔT′
B (WS,SWH,WD,SST)

(5)
where TB,falt is a function of SSS and SST, and ΔT′

B is a
function of sea surface WS, SWH, WD, and SST. Therefore,
after correcting the brightness temperature, SSS can be retrieved
from the flat sea surface brightness temperature. SMAP retrieves
SSS by a maximum likelihood algorithm with the following
objective function [28]:

f(SSS,WS)=
∑
i

[
TB,i−Tm

B,i (SSS,WS,SWH,WD,SST)

NEDTi

]2

+

[
WS −WSNCEP

δws

]2
(6)

where i is one of the four flavors (i.e., H-aft, V-aft, H-fore, and
V-fore).TB,i is SMAP L2A TB measurements at one of the four
flavors. Tm

B,i represents the modeled TB in (5) as a function of
SSS, SST, WS, SWH, and WD. NEDT is the noise-equivalent
delta TB in SMAP L2A. WSNCEP is ancillary WS, while δws

represents the a priori standard deviation on WS, with δws =
1.5 m/s.

Previous theoretical studies have indicated that sea surface
brightness temperature variations arise from a combination of
factors, including the sea surface wind field. Therefore, using
wind field information to correct sea surface brightness tempera-
ture is unsatisfactory. On the other hand, GNSS-R measurements
provide a direct response to sea surface roughness, and when
combined with sea surface brightness temperature, they will
significantly improve the retrieval of SSS [10].

Equation (6) demonstrates that the association between SSS
and brightness temperature entails a complex interplay of mul-
tiple factors, rather than being a simple linear relationship.
Although SSS can be retrieved from sea surface brightness tem-
perature using geophysical model function (GMF), the results
are not satisfactory.

Artificial neural networks (ANN) provide a powerful tool for
solving complex nonlinear problems by extracting the underly-
ing relationships hidden in large datasets through the process of
learning from data. ANN achieves this by continuously adjusting
the neural network parameters using the gradient descent method
and error backpropagation, with the goal of minimizing the
square error of the network [37], [38]. Mathematically, the
forward-propagation principle can be represented as follows:

netj =

N∑
I=0

WijXi (7)

where X0 and W0j denote the bias (X0 = 1) and its corre-
sponding bias weight, respectively. N is the number of input
nodes. netj denotes the input to the hidden node [39]. Multilayer
perceptron (MLP) is one of the most commonly used ANN. We
evaluated the retrieval performance of MLP models with differ-
ent numbers of hidden layers and neurons, and the evaluation
results are presented in Fig. 5. First, we set the number of neurons
in each layer to 16 and evaluated the retrieval performance of
the MLP model with 1 to 7 hidden layers, respectively. The
results show that the retrieval performance is best when the MLP
model has four hidden layers with an root mean square error
(RMSE) of 0.65 psu. Subsequently, we evaluated the effect of
different numbers of neurons on the retrieval performance. The
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Fig. 5. SSS retrieval performance for different MLP network structures.

results show that the retrieval performance is optimal when the
number of neurons is 64, with an RMSE of 0.58 psu. There was
no improvement in retrieval performance when the number of
neurons was increased to 128 and 256, both with an RMSE of
0.59 psu. Therefore, an MLP model with four hidden layers, each
with 64 neurons, is used in this study to evaluate the performance
of SSS retrieval for different data combinations. The experiment
involved a total of 275 715 data points. The training dataset
comprised 75% of the entire dataset, while the remaining 25%
constituted the testing dataset. To facilitate a comprehensive
comparison of the SSS retrieval method proposed, we also used
the SSS performance obtained from SMAP as a reference. To
evaluate the contribution of different parameters to SSS retrieval,
we set up six cases and performed the corresponding SSS
retrieval using MLP as follows.

Case 1: TB, WSNCEP, SWH, WD, SST.
Case 2: TB, WSCY, SWH, WD, SST.
Case 3: TB, NBRCS, θ, WD, SST.
Case 4: TB, LES, θ, WD, SST.
Case 5: TB, SNR, θ, WD, SST.
Case 6: TB, NBRCS, LES, SNR, θ, WD, SST.

The input parameters for Case 1 are the same as those for GMF
(6) to evaluate the retrieval performance of GMF and MLP. In
contrast, Case 2 uses WS data from CYGNSS L2 level version
3.1 data instead of WS data from NCEP. CYGNSS L1 level
observables (NBRCS, LES, and SNR) were used to replace the
sea surface wind field information (WS and SWH) in Cases 3–5,
respectively. These three CYGNSS L1 level observables are used
simultaneously in Case 6 to replace the sea surface wind field
information. The specific experimental process of this study is
shown in Fig. 6.

Fig. 7 displays the SSS retrieval performance for various
cases. All retrieval results based on MLP showed better retrieval

performance compared with the SSS provided by SMAP. This is
attributable to the greater complexity and accuracy of the MLP
model used in the retrieval process compared with SMAP’s
GMF. This can be more intuitively verified by comparing the
retrieval performance of SMAP and Case 1, as they use the
same input variables. The RMSE of SSS retrieved by SMAP is
0.68 psu, and the RMSE of SSS retrieved by Case1 is 0.58 psu.
The replacement of NCEP WS data with L2-level WS data from
CYGNSS in Case 2 resulted in a degraded SSS retrieval perfor-
mance. The RMSE of the retrieval results increased from 0.58 to
0.62 psu, and the correlation coefficient (R) decreased from 0.83
to 0.81. These findings indicate that WS data from CYGNSS
L2 level version 3.1 data have slightly inferior performance
compared to those from NCEP. The experimental groups that
utilized CYGNSS L1 observables (Cases 3–6) exhibited better
retrieval performance compared with the experimental groups
that used WS and SWH (Cases 1 and 2). This confirms the
prior hypothesis that GNSS-R observables can better correct
brightness temperature variations and improves the retrieval
performance of SSS [10]. The simultaneous use of NBRCS,
LES, and SNR to retrieve SSS further improved the retrieval
performance. The RMSE decreased to 0.46 psu, while the R
increased to 0.90 (Cases–5 versus Case 6).

Fig. 8 presents a scatter plot that compares retrieved SSS with
Argo SSS. In this study, Cases 3–6 all utilized CYGNSS observ-
ables combined with SMAP for salinity retrieval. Therefore,
only the best-performing Case 6 results will be discussed in the
following text. The scatter plot illustrates that the GMF-based
SMAP retrieval results typically underestimate salinity at low
salinities (<35 psu) and overestimate salinity at high salinities
(> = 35 psu). In contrast, MLP-based retrieval overestimates
salinities at low salinities and underestimates salinities at high
salinities. Fig. 9 shows that GMF-based SMAP retrieval errors
are mostly positive (red) in most regions, with only a few
low-salinity areas exhibiting negative errors (blue). MLP-based
retrieval errors are mainly negative in high-salinity areas and
positive in low-salinity areas. Combining CYGNSS observables
significantly reduces retrieval errors. Compared to other meth-
ods, Case 6 exhibits better retrieval performance, with more
data points symmetrically distributed along the y = x line and
fewer scattered around it. Retrieval errors are also closer to zero,
indicating higher stability and reliability.

Fig. 10 illustrates the correlation between SSS retrieval error
and WS. It can be observed that the error gradually decreases
with increasing WS as long as the WS remains below 4 m/s. The
limited impact of WS on brightness temperature variations under
low WS conditions is the probable cause of this phenomenon.
This leads to inadequate contribution of wind field information
to SSS retrieval [9], [28], [40]. With increasing WS, there is an
increase in the sensitivity of brightness temperature variations to
the wind field. Between WS of 4 and 12 m/s, the retrieval error
remains relatively stable and is lower than that under low WS
(<4 m/s). While WS exceed 12 m/s, the wind field still has an
effect on brightness temperature variations. However, the intro-
duction of increased sea foam can lead to new uncertainties in
SSS retrieval. Moreover, the accuracy of wind field information
provided by weather models starts to deteriorate with increasing
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Fig. 6. Experimental structure and process of this study.

Fig. 7. SSS retrieval performance of different cases.

WS. This results in higher SSS retrieval errors. Compared with
wind field information, CYGNSS observables significantly im-
prove the retrieval performance of SSS, especially in moderate to
low WS, providing strong support for SSS retrieval. However,
at high WS, the quality of CYGNSS observables deteriorates
faster than that of reanalyzed wind field data fused with multiple
sources, which is more stable in terms of data quality. Thus,
the use of CYGNSS observables to improve the SSS retrieval
performance under high WS conditions is limited.

V. DISCUSSION

While using CYGNSS L1 level observables can effectively
correct for surface brightness temperature variations and provide
support for SSS retrieval, there are still some issues that need to
be further analyzed and resolved. As shown in Fig. 8, when the
SSS is low (<33 psu), all methods exhibit large errors. This may
be due to the fact that most of the low SSS is located in coastal
areas (as illustrated by the Argo SSS distribution map in Fig. 9),
where both SMAP observations and CYGNSS observations
are affected by land contamination, resulting in large retrieval
errors. Therefore, mitigating the impact of land contamination
on observations is key to improving the performance of SSS
retrieval in the future.

In addition, rainfall, as a common natural phenomenon at the
sea surface, not only desalinates the salinity of seawater, but
also causes changes in the roughness of the sea surface [41].
Although CYGNSS observables can provide some response to
rainfall-induced roughness changes, this response is limited.
Existing studies have shown that rainfall causes a reduction in the
sea surface scattering cross-section, which affects the GNSS-R
observations. However, this effect can only be observed when
the sea surface WS up to 15 m/s [42], [43]. This may mean that
CYGNSS is not able to respond accurately to rainfall-induced
roughness changes at higher WS. Therefore, more research is
needed in the future to improve the sensitivity of CYGNSS
observables to sea surface roughness in order to more accurately
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Fig. 8. Density plots of SSS retrievals against Argo SSS for different cases. (a) is SMAP, (b) is Case 1, (c) is Case 2, (d) is Case 6.

Fig. 9. Argo SSS and retrieval bias distributions. (a) is Argo SSS, (b) is Bias of SMAP, (c) is Bias of Case 1, (d) is Bias of Case 2, (e) is Bias of Case 6.
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Fig. 10. RMSE of SSS retrievals at different WS.

correct brightness temperature variations caused by complex sea
states.

VI. CONCLUSION

The traditional method for retrieving SSS typically corrects
sea surface brightness temperature using wind field information.
However, this method may produce suboptimal results because
brightness temperature variations are influenced by factors be-
yond the wind field. Ground-based experiments have confirmed
that GNSS-R observables directly respond to sea surface rough-
ness and can be used to correct sea surface brightness temper-
ature. However, there have been no experiments on retrieving
SSS using joint L-band radiometer and spaceborne GNSS-R
observational data. Therefore, the objective of this study is to
assess the feasibility of utilizing CYGNSS observables to assist
SMAP in SSS retrieval, and analyze the retrieval performance.

In this article, an MLP model is employed to verify the
performance of SSS retrieval by SMAP brightness temperature
combining different parameters. After controlling for bright-
ness temperature variation, it is observed that LES and SNR
in CYGNSS observations exhibit a moderate correlation with
incidence angle. Therefore, the incidence angle of observations
should be considered during SSS retrieval. The results demon-
strate that the MLP-based SSS retrieval outperforms the GMF-
based retrieval when using the same parameters, with the RMSE
of retrieved salinity decreasing from 0.68 to 0.58 psu. However,
the performance of using CYGNSS L2-level WS data in SSS
retrieval is poor when compared to NCEP WS data. The RMSE
increases from 0.58 to 0.62 psu. This is due to the slightly lower
accuracy of CYGNSS WS data compared with NCEP. However,
when using SMAP in combination with CYGNSS observables
for SSS retrieval, the performance reaches its optimal level, with
the RMSE of 0.46 psu and the R is 0.90. This finding indicates
that CYGNSS observables are better at correcting sea surface
brightness temperature and improving the retrieval performance
of SSS compared with wind and wave information. This result is
consistent with the assumption made in previous research [10].

Although the utilization of CYGNSS observables can enhance
SSS retrieval performance. However, the limited quality of

these observables still restricts the performance under high WS
conditions. Thus, there is a need for further improvement in the
performance of CYGNSS observables, along with appropriate
quality control measures for observables at high WS. In addition,
CYGNSS observables can only support SSS retrieval at middle
and low latitudes, and there are currently insufficient GNSS-R
observables to assist in SSS retrieval at high latitudes. Therefore,
it is necessary to add spaceborne GNSS-R missions to address
this issue.
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