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Abstract—In sea surface salinity (SSS) retrieval using L-band
passive radiometry, radiometer-independent ocean wind speed is
needed as auxiliary data. Wind speed data from scatterometer and
weather models are commonly used as auxiliary data in satellite
SSS missions. This article’s overarching goal is to explore the
feasibility of incorporating the cyclone global navigation satellite
system (CyGNSS) data into the SSS retrieval algorithm of the soil
moisture active and passive (SMAP) mission over tropical and
subtropical oceans. As a proof-of-concept study, empirical geo-
physical model functions in the retrieval algorithm are developed
using the statistics of collocated SMAP, CyGNSS, and referenced
buoys measurements. The SSS accuracy of CyGNSS-incorporated
salinity retrieval is investigated against the SMAP SSS data prod-
uct. Comparisons show that the proposed CyGNSS-incorporated
retrieval algorithm improves the SSS accuracy by 0.1∼0.2 psu at
low wind speed (<2 m/s). To some extent, it proves that spaceborne
global navigation satellite system-reflectometry (GNSS-R) could
be a new and helpful data source to understand wind-induced
emissivity over a smooth ocean. The dependencies of emissivity
on different geophysical parameters (i.e., sea surface temperature,
significant wave height, and precipitation) are analyzed, and the
spatial and seasonal variabilities of SSS errors are shown and linked
to these geophysical parameters. The findings of this research
provide valuable insights for future development and operation
of the radiometer-based SSS retrieval algorithm using wind speed
data from spaceborne GNSS-R.

Index Terms—Cyclone global navigation satellite system
(CyGNSS), GNSS-reflectometry, microwave radiometry, ocean
salinity, ocean wind, soil moisture active and passive (SMAP).
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I. INTRODUCTION

OCEAN salinity is a crucial variable in density-driven
ocean circulation. Knowledge of ocean salinity is cru-

cial for understanding the climate variability [1], water cycle
[2]–[4], air-sea interactions [5], [6], and ocean biogeochem-
istry [7]. Remotely sensed sea surface salinity (SSS) has ad-
vantages over buoy measurements [8] in spatial and temporal
coverages. Spaceborne L-band radiometry for SSS retrieval has
been launched and validated in the last decade [9]. Radiom-
etry presents its maximum sensitivity to SSS in terms of the
L-band brightness temperature (TB) [10], therefore, the accurate
measurement of TB at 1.4 GHz is significant in SSS retrieval.
Missions, such as soil moisture and ocean salinity [11], Aquarius
[12], soil moisture active passive (SMAP) [13], and FSSCat [14],
use the radiometer to observe L-band TB with high radiation
accuracy.

Wind speed (WS) data independent of L-band radiometer
measurements is essential in SSS retrieval. TB near ocean sur-
face is contributed by flat ocean surface brightness temperature
and roughness-induced brightness temperature. The former is
TB,flat, which is a function of SSS and sea surface temperature
(SST). The latter is ΔTB, which is mainly caused by wind. It is
not easy to fully separate flat surface emissivity and roughness-
induced emissivity. Thus, constrained optimization algorithms
are usually used to solve for salinity. WS from weather model
or microwave scatterometer was used as auxiliary data in some
proposed algorithms [15], [16].

SMAP was launched in January 2015 [17]. SMAP operates
in a sun-synchronous orbit with an ascending node at 6 p.m.
The main scientific objective of SMAP is to monitor the global
soil moisture and the freeze/thaw state of the land, and SMAP
observations could also be used to estimate global SSS. SSS
was expected to be derived using the combined active-passive
algorithm [15] with SMAP radiometer and radar used. Unfortu-
nately, SMAP radar malfunctioned in July 2015, and WS from
the National Centers for Environmental Prediction (NCEP) is
used as an alternative.

Spaceborne global navigation satellite system-reflectometry
(GNSS-R) is a new technique to retrieve geophysical variables
cost-effectively. GNSS-R receives the reflected signal of the
global navigation satellite system (GNSS) over the earth’s sur-
face, and the features of the forward-scattered signal are used to

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-2390-2889
https://orcid.org/0000-0002-7925-1210
https://orcid.org/0000-0002-2277-1434
https://orcid.org/0000-0002-0923-583X
https://orcid.org/0000-0003-3113-4610
https://orcid.org/0000-0001-8720-242X
mailto:liubaojian@pku.edu.cn
mailto:w.wan@pku.edu.penalty -@M cn
mailto:w.wan@pku.edu.penalty -@M cn
mailto:zzguo@pku.edu.cn
mailto:toplane@pku.edu.cn
mailto:1801110642@pku.edu.cn
mailto:yaokuicui@pku.edu.cn
mailto:guoqiang.tang@usask.ca
mailto:guoqiang.tang@usask.ca
mailto:yanghong@ou.edu


12164 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

characterize surface electromagnetic properties. Cyclone global
navigation satellite system (CyGNSS) [18], launched in Decem-
ber 2016, has successfully used a GNSS-R constellation of 8
satellites to measure WS near cyclone eye [19]. CyGNSS data
have been used in a number of ocean and land applications since
its launch. For example, the assimilation of WS into numerical
prediction models [20], the retrieval of soil moisture [21]–[24],
the mapping of flood inundation [25], and altimetry over the
ocean or lakes [26], [27].

Spaceborne GNSS-R provides new radiometry-independent
WS measurements, which could be valuable in SSS retrieval.
As a proof-of-concept study, this article uses the WS data from
CyGNSS (the only in-orbit GNSS-R constellation with publicly
available data) as prior WS in SSS retrieval. Preliminary research
has shown the statistical relationship between CyGNSS WS
and ocean surface emissivity increment [14], [28]–[30]. The
statistics indicated that CyGNSS data had shown the potentials
to improve the accuracy over the relatively smooth ocean. We
incorporate the CyGNSS WS into the SSS retrieval algorithm
of the SMAP mission over the tropical and subtropical ocean.
Empirical geophysical model function (GMF) is parameter-
ized using the statistics of excess brightness temperature and
CyGNSS WS, and the GMF is then implemented in the re-
trieval of SSS. The dependencies of emissivity on different
geophysical parameters (SST, significant wave height (SWH),
and precipitation) are analyzed. Furthermore, the spatial and
seasonal variabilities of SSS errors are shown and linked to
these geophysical parameters. The findings of this study provide
valuable insights for future development and operation of the
radiometer-based SSS retrieval algorithm using WS data from
spaceborne GNSS-R.

II. DATA AND METHODS

A. Data Sets

1) CyGNSS Data: CyGNSS measures tropical WSs between
40◦S and 40◦N with a spatial resolution of ∼ 25 km. Orbiting
at an inclination angle of 35◦, CyGNSS receives the reflected
signal over the tropical ocean, and the on-board payloads in-
tegrate the reflected signal into Delay ×Doppler bins, i.e.,
Delay–Doppler map (DDM) [31]. The WS was derived based
on CyGNSS geophysical model function (GMFCYG

WS ) [32] using
DDM observable. In this article, two-year National Oceanic and
Atmospheric Administration (NOAA) CyGNSS v1.1 data [34]
from August 1, 2018 to July 31, 2020 are used. To develop the
GMFs and evaluate the results conveniently, we use the same
input geophysical variables as the benchmark. Thus, we use the
L2 WS product instead of the L1 DDM, although the L1 DDM
might have more potentials in the future. CyGNSS L2 provides
some useful data quality labels. Pixels with a “possible low qual-
ity” flag are excluded in this study. Data with range-corrected
antenna gain (RCG) [33] ≥ 20 (scaled by 10−27) are used to
develop excess emissivity GMF, and data with RCG > 10 are
used in the following computation and validation.

2) SMAP Data: SMAP SSS data (L2, v5.0) [35] from August
1, 2018 to July 31, 2020 are used. SMAP observed horizontal
and vertical (h and v) linear polarized TB from two different

Fig. 1. Density map of the matchups. The number of days with valid data
per year is binned into 0.5◦ × 0.5◦ grid boxes. (a) Number of days with valid
CyGNSS-SMAP matchups. (b) Number of days with valid SMAP observations.
(c) Percentage of SMAP grid cells that can match up with CyGNSS per day.
Grid cells only between 35◦S and 35◦E are counted.

look directions (the four combinations of polarization and “look”
were often called “flavors”) by mechanically rotating a 6-meter-
diameter real aperture antenna. In the SMAP L1B algorithm,
sources of errors such as Faraday rotation, radio frequency in-
terference, sun glint, land effect, reflector emissivity correction,
and the galactic contribution are considered. In this article, we
focus on investigating the ocean surface roughness effect. SMAP
L2 product is on a swath centered on the subsatellite track, with
a resolution of about 60 km. TB in SMAP L2A is an essential
variable in the GMF parametrization and SSS retrieval. SSS in
SMAP L2B (SSSv5) is used as the benchmark, and the auxiliary
WS, SWH from NCEP, is used in some comparisons and discus-
sions. SMAP and CyGNSS data are collocated temporally and
spatially. A distance threshold of ±0.125◦ and a time window
of ±0.5 h are used in the collocation. As shown in Fig. 1,
the number of days with valid data is calculated within each
0.5◦ × 0.5◦ grid cell. In most tropical and subtropical regions,
there are about 150∼300 days with valid SMAP TB [Fig. 1(b)].
For most grid cells, the number of CyGNSS-SMAP matchups
ranges from 10 to 30 [Fig. 1(a)]. The day-by-day percentage of
SMAP grid cells that can match up with CyGNSS is depicted in
Fig. 1(c).

3) ARGO Data and Other Data: Array for real-time
geostrophic oceanography (ARGO) data1 is used as the ground
truth. ARGO provides global ocean temperature and salinity
profiles from more than 3000 buoys. Remote sensing methods
can only measure the surface layer parameters of the ocean.
Thus, the first layer (at ∼5 m depth) of the ARGO profile is
defined as “surface” in this study. ARGO profiles are ideal
ground truth with an accuracy of 0.01 psu for salinity [36].
ARGO profiles with quality control flags set to 1 (i.e., good data)
are employed. Remotely sensed data are collocated with ARGO

1[Online]. Available: http://www.argo.net/

http://www.argo.net/
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using collocation radii of ±2 days and ±0.5◦. There are about
2.4× 105 matchups after collocated with ARGO measurements.
Similar to Fig. 1(a), data density is higher in high latitude
regions.

In addition, we also discuss the rain effect on the salinity. Pre-
cipitation data are from the Integrated Multi-satellitE Retrievals
for GPM (IMERG) [37]. IMERG is at a spatial resolution of
0.1◦ and temporal resolution of 30 min.

B. Sea Surface Salinity Retrieval

As mentioned earlier, because it is not easy to fully sep-
arate the effect of WS from surface brightness temperature,
the constrained optimization methods are commonly used in
SSS retrieval. First, models are developed to estimate TB [see
Sections II.B.1–II.B. 3]. Second, the SSS is calculated by the
maximum likelihood method (see Section IV).

1) Flat Ocean Surface TB: The ocean surface TB is sim-
plified as the sum of flat ocean surface TB (Tp

B,flat) and wind-
induced TB (ΔTp

B) in SMAP SSS optimization [(1)–(5)] [13]

Tp
B = Tp

B,flat (SSS, SST) + ΔTp
B (WS, SWH, φ, SST) (1)

where p stands for horizontal or vertical polarization (h or v).
SWH stands for SWH. φ is relative wind direction. TB is
computed using the following equations:

Th
B,flat =

(
1− Rh

) × SST (2)

Tv
B,flat = (1− Rv) × SST (3)

Rh =

∣∣∣∣∣
ε cos θ −

√
ε− sin2θ

ε cos θ +
√

ε− sin2θ

∣∣∣∣∣
2

(4)

Rv =

∣∣∣∣∣
cos θ −

√
ε− sin2θ

cos θ +
√
ε− sin2θ

∣∣∣∣∣
2

(5)

where Rh and Rv are horizontal and vertical Fresnel reflectiv-
ity, θ is the incident angle, and ε is permittivity. For SMAP,
the incident angle θ = 40◦. SST stands for NOAA optimum
interpolation SST. As a function of SSS and SST, permittivity ε
is calculated using the model proposed in [10].

2) Geophysical Model Function for Wind-Induced Δe:
Wind-induced ΔTB in (1) is calculated by SST and GMFe as
follows:

Δ Tp
B = SST×Δep (WS, φ, SST, SWH) . (6)

In SMAP SSS v5.0, wind-induced emissivity Δep is sim-
ulated by GMFNCEP

e,p . The parameterization of SMAP SSS
is similar to Aquarius [38], [39] and adapted for the NCEP
ancillary data.

GNSS-R is a new technique with new designs and algorithms.
We cannot simply take the GMF from scatterometers or weather
models. Thus, empirical GMFs are rederived based on the statis-
tics of collocated remote sensing and ARGO measurements.
In this section, a WS-only GMF is derived using CyGNSS
WS. Δe’s dependence on other geophysical variables will be
discussed in the following.

Fig. 2. Mean value and standard deviation (σ) of ΔTB as functions of (a)
CyGNSS WS and (b) NCEP WS. Red and blue lines represent horizontal and
vertical polarization, respectively. The numbers of collocation data are in the
purple shaded area.

GNSS-R receives forward-scattered signal near-normal spec-
ular direction so that GMFs derived from CyGNSS have some
new features that need to be taken into account. These features
and related considerations are as follows.

1) In GMFCYG
WS , the root mean square error (RMSE) in-

creases with increasing WS [40], so that CyGNSS data
under high WS conditions might be unreliable in SSS
retrieval [28]. At low WS, the signal-to-noise ratio (SNR)
is higher, and the signal might be partially coherent. Thus,
an accurate retrieval can be expected.

2) CyGNSS DDM observables, e.g., DDM average [41], are
not sensitive to wind direction. Meanwhile, considering
that the directional modulation ofΔe is minimal for WS<
12 m/s [39], we derive an isotropic GMF without harmonic
term.

Δep as a function of CyGNSS WS can be described as
follows:

Δ ep = GMFCYG
e,p (WS) . (7)

Empirical GMFCYG
e,p is parameterized using the statistics

of SMAP and CyGNSS observations as follows. CyGNSS data
with RCG > 20 is used in the GMF development. Derived from
(2), (3), and (6), the Δe versus WS lookup tables for h and
v polarization are generated with the mean value of collocated
data as follows:

Δeh|WS = WS0
= 〈T

h
B − Th

B,flat

SST
〉|WS=WS0

(8)

Δev|WS = WS0
= 〈T

v
B − Tv

B,flat

SST
〉|WS=WS0

(9)

where WS0 are WS bins in 0.25 m/s resolution. Subsequently,
the GMF is populated by linear interpolation. In Fig. 2(a), the
mean value and standard deviation (σ) of ΔTh

B and ΔTv
B as

functions of CyGNSS WS (WSCYG) are shown. As a com-
parison, the dependence of ΔTB on NCEP WS (WSNCEP) is
illustrated in Fig. 2(b). Note that Δe in Fig. 2 is converted to
ΔTB by multiplying 293 K for readability. The same conver-
sions are performed in the below-mentioned figures.

It can be concluded from Fig. 2:
1) The peak of WS density is near 6 m/s in collocated data

sets.
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Fig. 3. 2-D GMF of Δe as a function of CyGNSS WS and SWH. The mean
values and standard deviations (σ) of Δe are shown. (a) Mean values of Δeh.
(b) Mean values of Δev . (c) σ of Δeh. (d) σ of Δev.

2) The Δe of CyGNSS and NCEP diverge when WS >
∼12 m/s.

3) The CyGNSS Δe has zero means when WS < 0.5 m/s
for both h and v polarizations, consistent with known
GMFs. It does not mean CyGNSS measures the true WS
more accurately. For a given WSNCEP with a near-zero
value, the presence of swell might prevent the surface
from completely smooth [38], [42]. In contrast, CyGNSS
might measure the actual roughness of the surface. So,
the measurements of CyGNSS agree better with SMAP’s
roughness-driven emissivity.

4) CyGNSS GMF has similar σΔe to NCEP at low and
moderate WS (∼ < 10 m/s). At high WS, the σΔe of
CyGNSS increases with increasing speed and becomes
much larger than the NCEP σΔe. CyGNSS was designed
with a baseline requirement of 10% uncertainty when WS
> 20 m/s. So, as expected, the σΔe is large at high WS.

3) Δe’s Dependence on Other Variables: In addition to WS,
geophysical parameters, such as SST, SWH, and precipitation,
are able to affect Δe. In this section, Δe’s dependences on these
parameters are incorporated in the forward model.

For the SWH-induced roughness correction, Δeh and Δev

are averaged into two-dimensional (2-D) (CyGNSS WS and
SWH) intervals, then the lookup tables are populated by bilinear
interpolation. The statistics of Δe , calculated using GMF2−D

defined in (10), within the 2-D intervals are shown in Fig. 3
(∗293 K for readability). As a comparison, the same statistics as
functions of NCEP WS are shown in Fig. 4.

Δ ep = GMF2−D,p (WS, SWH) (10)

where p stands for h or v.

Fig. 4. Same statistics as Fig. 3 for NCEP WS. (a) Mean values of Δeh.
(b) Mean values of Δev . (c) σ of Δeh. (d) σ of Δev.

As seen in Fig. 3(a) and (b), at high CyGNSS WS, the SWH
dependencies of Δe are strong. The SWH contains essential
information of Δe when WS > 9 m/s. With the variation of
SWH, the range of Δeh can be more than 3 K at a specific WS.
This is different from NCEP WS in Fig. 4(a) and (b) and some
previous research [13], [39], [42].

The standard deviations (σ(Δeh) and σ(Δev)) affect the
accuracy of SSS retrieval below. As shown in Fig. 3, in high
WS and large SWH conditions, the stand deviations are large.
The trend is consistent with Fig. 2, but the 2-D comparison shows
more details than Fig. 2. The inaccuracy starts from CyGNSS
WS > 7 m/s and NCEP SWH > 2 m. If either the WS or the
SWH is lower than the threshold, the σ of Δe will be less than
∼0.5 K.

At low WS (< 2 m/s), CyGNSS WS performs better. The
standard deviations of Δeh and Δev are smaller than those in
Fig. 4(c) and (d). Especially for the standard deviations of Δeh,
the NCEP’s 2-D GMF shows its maximum RMSE (up to 1.0 K)
when WS< 2.5 m/s. In the 2-D comparison, advantage in RMSE
at low WS is more evident than the 1-D GMF.

We speculate as to the explanations for the features of
GMF2−D. The first is about the high-WS performance. When
the waves are breaking or broken with the increasing WS,
Δe of the L-band is sensitive to the whitecaps [43]. However,
whitecaps have not been considered in theoretical and empirical
GNSS-R GMFs [31], [33], [44]. The wave dependency of Δe
at high CyGNSS WS indicates that the large uncertainty of Δe
might not be attributed only to the CyGNSS’s designed 10%
baseline accuracy. GNSS-R might not capture the whitecaps
in the process of wave breaking. Therefore, the GMF looks
different from Fig. 4.
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Fig. 5. Combined GMF of Δe with CyGNSS WS and NCEP WS as inputs.
The statistical variables shown are same as Figs. 3 and 4.

The second is about the low-WS performance of CyGNSS.
Same as Section II.B.2, CyGNSS might measure the actual
roughness at low WS. Fig. 2 shows that CyGNSS-based GMF
has a more accurate mean Δe value, and Figs. 3 and 4 show that
the RMSE is also better.

Similarly, a combined GMF (GMFcomb), defined in (11) is
developed experimentally with two WS sources (WSCYG and
WSNCEP) as inputs.

Δ ep = GMFcomb,p (WSCYG, WSNCEP ) . (11)

As will be shown in Section III.B, WSCYG and WSNCEP

are correlated with a correlation coefficient (CC) greater than
0.8, which is inevitable because they are the same geophysical
variable. Nevertheless, Fig. 5(a) and (b) show that whenWSCYG

and WSNCEP disagree with each other, the Δep differs from the
emissivity near the 1:1 line. At low WS, the WSCYG dominated
the Δep, whereas the WSNCEP dominated the Δep at high WS.
The GMFcomb has a relatively low σ(Δep) under a broader WS
range. Thus,GMFcomb may combine the advantage of both WS,
and avoid the worse result of either single-input GMF.

The rain-induced Δe and the SST-dependence of Δe cannot
be readily described mathematically. The effects of them are
usually empirical and not evident. In SMAP SSS v5.0, the rain
effect of Δe is not corrected. Therefore, results are also without
rain effect correction in this article.

We take the same approach as SMAP SSS [39] to correct the
SST effect on the Δe. The wind-driven Δe is assumed propor-
tional to the emissivity; therefore, the Δe is SST-dependent as
follows:

Δ epSST = Δep
ep (Tref )

ep (SST )
, Tref = 20◦ C. (12)

TABLE I
SYMBOL, THE GMF USED, AND THE INPUTS OF THE ALGORITHMS

4) Constrained Optimization: With WSs as auxiliary data,
SMAP L2B retrieves SSS and WS by a maximum likelihood
algorithm with objective function as follows:

F (SSS, WS)

=
∑
i

[
TB,i −Tm

B,i (SSS,SST,WS,SWH, φ)

NEDTi

]2

+

[
WS−WSa

δws

]2
(13)

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

B,i stands for modeled TB in (1) as a function of

SSS, SST, WS, SWH, and φ (φ is not included in GMFCYG
e,p ).

NEDT is the noise-equivalent delta TB in SMAP L2A. WSa

is ancillary WS (WSNCEP or WSCYG in this study), δws

is a priori standard deviation on WS and δws = 1.5 m/s.
Constrained optimizations in this study are solved in [45].

With the permittivity model, GMF [(7)–(12)], and objective
function [(13)] earlier, SSS could be retrieved using collocated
SMAP TB and CyGNSS WS. CyGNSS observations with RCG
> 10 are used in the retrieval. The SSS results compared in
Section III are listed in Table I. The symbols, the GMF used,
and the inputs of the algorithms are detailed in Table I.

III. RESULTS AND DISCUSSION

A. Wind Speed Effect

The difference between satellite salinity (SSSRS) and ARGO
salinity (SSSARGO) is the most significant indicator to evaluate
the accuracy of SSS retrieval. The mean difference between
SSSRS and SSARGO (i.e., the bias) and the RMSE of SSSRS

are shown in Fig. 6. Rain-free data (rain rate < 0.1 mm/h) are
used in the comparison.SSSRS based on four different GMFs are
compared. SSSv5 is the salinity in SMAP v5; SSSCYG is based
on GMFCYG, the WS-only GMF in Section II.B.2); SSSCYG2

is based on GMF2D, the 2-D GMF in Section II.B.3); SSScomb

is based on GMFcomb, the combined GMF in Section II.B.3). In
Fig. 6, the RMSE increases with WS, consistent with the GMF
figures earlier. The RMSE is smaller than ∼ 0.75 psu when WS
< 9 m/s (70.4% of all). Since the accuracy of SSS retrieval is
quite low when σ > 0.75, hereafter the threshold is set to 9 m/s
to exclude the low-quality SSSCYG.

At low WS, different CyGNSS-incorporated algorithms have
no significant difference, and they are more accurate thanSSSv5.
In Fig. 6, the mean of SSSCYG is more accurate by 0.1∼0.2 psu
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Fig. 6. Bias and RMSE of SSSRS at different WSs. Only rain-free data (rain
rate< 0.1 mm/h) are exhibited.

than SSSv5 only when WS is very low (WS < 2 m/s), with
the p-values of the F-test less than 0.01. The RMSE differences
of SSSv5 and SSSCYG2 are 0.37, 0.12, and 0.09 psu at 0∼0.5,
0.5∼1, and 1∼1.5 m/s, respectively.

At high WS, the NCEP-incorporated algorithms are better
than those NCEP-independent. The incorporation of SWH can
reduce the gap but cannot inverse this trend. At high WS,
SSScomb is more accurate than SSSCYG2, with the p-values
of the F-test < 0.01 only when WS>2.5 m/s. The RSME
of SSScomb is 0.14 psu smaller than SSSCYG2 at 9 m/s, and
0.26 psu smaller at 15 m/s. When WS>10 m/s, the SSSCYG and
SSSCYG2 suffer a positive bias, and the bias increases with the
increasing WS for SSSCYG. Only SSSCYG2 will be compared
in the discussions hereafter, because the RMSE is better than
that of SSSCYG in a wider WS range and it is independent of
NCEP WS.

The higher accuracy of SSSCYG2 at low WS can be
attributed to CyGNSS data’s high SNR over a smoother
surface. CyGNSS’s reflection is partially coherent over the
smooth surface [46], which might improve the accuracy of
GMF. In addition, studies have reported that the swell effect is
noticeable in CyGNSS when the wind-driven roughness is mild
[47], [48]. Similarly, the swell-driven ΔTB is measurable only
when the WS is low for the L-band radiometer. The similarity
might cause the better performance of CyGNSS at low WS.

The overall accuracies of auxiliary WS and SSS retrieval are
shown in Fig. 7. The bias between WSCYG and WSNCEP is
0.40± 1.67 m/s in Fig. 3(a), and the bias between SSSv5 and
SSSARGO is 0.04± 0.59 psu in Fig. 3(b). The accuracy of v5.0
SSS is higher than SMAP SSS v4.2 [28]. As shown in Fig. 3(c)
and (d), the overall accuracy of SSSCYG2 (σ = 0.69 psu) is
worse than SSSv5 (σ = 0.59 psu). The accuracy of SSSCYG2

is significantly improved (σ = 0.62 psu) when filtering out the
WS > 9 m/s data. The SSSv5 is improved quite a little under the
same filtering [not shown for its similar look to Fig. 3(b)].

Fig. 7. Overall accuracies of auxiliary WS, SSSCYG2, and SSSv5. (a)
Difference between CyGNSS WS and NCEP WS. (b) Difference between
SMAP v5.0 SSS (SSSv5) and ARGO SSS. (c) Difference between CyGNSS-
incorporated SSS and ARGO SSS. (d) SSSCYG2 versus SSSARGO after
excluding WS > 9 m/s data.

B. Effects of SST, SWH, and Precipitation

An inter-comparison is made to understand the contributions
of different geophysical variables on SSS error. As shown in
Section II.B and some previous studies [39], [42], [49]–[51],
SST and SWH are usually less significant than WS in the Δe
correction, so the residuals of SSS retrieval are used to present
Δe’s dependence on these parameters. In order to separate the
impact of some correlated variables (SWH and SST), some
statistics are made by binning SSS residuals into 2-D intervals.

The joint effect of SWH and SST on SSS residuals is shown in
Fig. 8. The CC between SWH and SST equals −0.42 for WS <
9 m/s, the absolute value of which is greater than those between
SWH and WS (0.24 forWSNCEP and 0.33 forWSCYG). Thus, it
is necessary to rank the importance of SST and SWH. As shown
in Fig. 8(b) and (e), the RMSE decreases with increasing SST
for both SSSCYG2 and SSSv5, which is the inevitable result of
the radiometer’s higher sensitivity to SSS at high SST.

In the retrieval of SSSCYG2 and SSSv5, the GMFs to correct
the SWH effect are data-driven. Therefore, it is expected that
the bias is independent of SWH in Fig. 8(a) and (d). It is
noticeable in Fig. 8(a) and (d) that the bias of SSS depends
on the SST. In SSSv5, the SSS is overestimated in a warmer
ocean (SST > 25◦C), which has been pointed out in [39]. In
SSSCYG2, the salinity is overestimated when the SST < 20◦C.
The “assumption” in [39] [i.e., (12)] might be questionable and
need to be improved in a broader SST range.

The rain effect on SSS retrieval is different from the other
variables. The rain freshens the ocean surface, diluting the SSS
directly, and the rain could also roughen the ocean surface,
causing a negative bias in SSS retrieval [52]. In this research, we
do not separate the roughening effect and the freshening effect.
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Fig. 8. Joint effect of SWH and SST on SSS uncertainty. (a) Bias of SSSCYG2. (b) RMSE of SSSCYG2. (c) Number of points in each 0.5 m× 2◦C interval.
(d) Bias of SSSv5. (e) RMSE of SSSv5. (f) Number of points in each 0.5 m× 2◦C interval. Cells with less than 50 observations are excluded.

TABLE II
biasCYG2 AND biasv5 FOR DIFFERENT IMERG RAIN RATES

Instead, we calculate the bias of SSS as a function of the IMERG
rain rate in Table II, and compare them to some state-of-the-art
results.

From Table II, the biasCYG2 and biasv5 are approximately
equal, with a maximum absolute difference less than 0.05 psu.
We compare the rain freshening effect ΔSSS/RR (RR is the
rain rate) in this article with results in [53]. The ΔSSS/RR
is about −0.16 psu · (mm/h)−1 in Table II. The value agrees
exactly with the theoretical prediction (−0.15 psu · (mm/h)−1)

Fig. 9. Latitudinal variation of SSS uncertainties. Red and blue lines show the
bias and RMSE of SSSCYG2 and SSSv5, respectively.

and other L-band experiments (range from −0.07 to −0.36
psu · (mm/h)−1). The results show that the present knowledge
about the rain freshening of surface salinity is true in CyGNSS-
incorporated roughness correction.

C. Spatial and Seasonal Variability of SSS Error

The detailed seasonal-latitudinal variations of SSS bias are
shown in Fig. 9. The RMSE of SSSCYG2 is similar to SSSv5.
Moreover, the mean bias is∼0.1 psu closer to zero. In the tropical
ocean between 10◦N(S) and 20◦N(S), the bias of SSSCYG2

is closer to zero than SSSv5, but less accurate in RMSE.
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Fig. 10. SSS bias as a function of month and latitude. Data with WS below
9 m/s are used. (a) Bias of SSSCYG2 as a function of month and latitude.
(b) Same for SSSv5. (c) Hovmoller diagram of average SWH. (d) Hovmoller
diagram of average SST.

In the subtropical region, the bias of SSSCYG2 increases with
the increasing of latitude, and the RMSE is larger than SSSv5.

The SSS bias as a function of month and latitude is com-
pared with SWH and SST in Fig. 10. The bias of SSSCYG2 is
season-dependent at high latitude. The SSSCYG2 overestimated
the salinity in northern hemisphere winter, and the bias of SSSv5
is positive in the equatorial region all over the year. These
results are consistent with the SST dependence in Fig. 8. The
overestimations in July [see both Fig. 10(a) and (b)] are probably
caused by the galactic contamination in SMAP L1B [13].

The spatial variability of SSS uncertainty is shown in Fig. 11.
SSS uncertainty is binned into the 3◦ × 3◦ grid and compared
to SSS, SST, SWH, and WS. The spatial pattern of RMSE of
SSSCYG2 is similar to SSSv5 [see Fig. 11(h) and (i)], and both
of them are consistent with the knowledge earlier. The average
SWH (d) and WS (e) vary with region, whereas the spatial pattern
of mean SSS bias is similar to that of SST (c). Significant over-
estimations are observed near the west coast of North America
and South America [Fig. 11(f)], where the ocean is relatively
cold [Fig. 11(c)] and calm [Fig. 11(d)]. SSSv5 [Fig. 11(g)] with
the same land correction is more accurate, so the overestimation
is not caused by the land effect. The overestimation in the cold
and calm ocean can be the evidence of the conclusions earlier,
i.e., the best knowledge on SST correction of the Δe and should
be improved.

IV. CONCLUSION

In this article, the WS data of the CyGNSS are incorporated
into the SSS retrieval algorithm of the SMAP mission over the
tropical and subtropical ocean. GMFs are developed using the
collocated statistics of SMAP, CyGNSS, and ARGO ground

Fig. 11. Spatial variability of SSS uncertainty in 3◦ × 3◦ grid. (a) SMAP L3
SSS map in June 2019. (b) SMAP L3 SSS map in January 2020. (c) Long-term
mean SST from NOAA. (d) Two-years mean SWH. (e) Two-years mean WS.
(f) Bias of SSSCYG2. (g) RMSE of SSSCYG2. (h) Bias of SSSv5. (i) RMSE
of SSSv5.
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truth. The collocated data sets and new algorithms are imple-
mented in the SMAP SSS retrieval. The improvement can mainly
be seen at low WS. In the first decade of satellite ocean salinity,
the roughness correction is inaccurate over a smoother ocean,
particularly when WS from the weather model is used [28], [38],
[54]. When the WS is low, the dependence of excess emissivity
on auxiliary WS is weaker [39], [42], and the scattering mecha-
nism cannot reasonably explain experimental observations [38].
The results in this article show that the CyGNSS-assisted SSS
retrieval can be 0.1∼0.2 psu more accurate than SMAP v5 SSS
over the equatorial ocean or at low WS (<2 m/s), which to
some extent, proves that GNSS-R could be a new and helpful
data source to understand and correct Δe over a smooth ocean.
Furthermore, spaceborne GNSS-R is much smaller and cheaper
than L-band radiometry. So, as long as it could improve the
salinity accuracy in some cases (below 2 m/s), it is worthy of
being a hosted payload.

At high WS (> 9 m/s), WS from CyGNSS-like (DDM-based,
antenna gain< 15 dB) payload is not accurate enough to be used
in SSS retrieval. The large uncertainty (> 0.75 psu) exists even
in relatively high antenna gain conditions (RCG > 20). Even
if using the CyGNSS-NCEP combined GMF, the reasonable
improvement is still only seen at low WS.

Multivariate GMFs are developed and integrated into the SSS
retrievals. The dependencies of SSS uncertainties on different
geophysical parameters (i.e., SWH, SST, and precipitation) are
analyzed. The WS-SWH GMF of CyGNSS differs from the
NCEP when WS is high. We speculate that the anomaly on SWH
dependence is caused by CyGNSS’s insensitivity to the white-
caps. The SST effect correction is based on the “proportional
assumption,” which is a guess without overwhelming evidence.
The SSSv5 and SSSCY G2 overestimated the salinity at high and
low SST, respectively. We conclude that the assumption is ques-
tionable on a broader SST range. The precipitation dependence
of Δe agrees very well with the theoretical knowledge.

The spatial and seasonal variabilities of SSS error are linked
to the aforementioned geophysical parameters. The comparisons
locate where the current algorithm performs well or poorly. The
linkage indicates which parameters are significant in the future
GMF development and SSS retrieval.

The findings of this research provide valuable insights for
future development and operation of the radiometer-based SSS
retrieval algorithm using WS data from spaceborne GNSS-R.
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