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Abstract

Roughness-induced emission from ocean surfaces is one of the main issues that affects the retrieval accuracy of
sea surface salinity remote sensing. In previous studies, the correction of roughness effect mainly depended on
wind  speeds  retrieved  from  scatterometers  or  those  provided  by  other  means,  which  necessitates  a  high
requirement for accuracy and synchronicity of wind-speed measurements. The aim of this study is to develop a
novel  roughness  correction model  of  ocean emissivity  for  the salinity  retrieval  application.  The combined
active/passive observations of normalized radar cross-sections (NRCSs) and emissivities from ocean surfaces
given by the L-band Aquarius/SAC-D mission, and the auxiliary wind directions collocated from the National
Centers for Environmental Prediction (NCEP) dataset are used for model development. The model is validated
against the observations and the Aquarius standard algorithms of roughness-induced emissivity correction.
Comparisons between model computations and measurements indicate that the model has better accuracy in
computing wind-induced brightness temperature in the upwind/downwind directions or for the surfaces with
smaller NRCSs, which can be better than 0.3 K. However, for crosswind directions and larger NRCSs, the model
accuracy is relatively low. A model using HH-polarized NRCSs yields better accuracy than that using VV-polarized
ones. For a fair comparison to the Aquarius standard algorithms using wind speeds retrieved from multi-source
data, the maximum likelihood estimation is employed to produce results combining our model calculations and
those using other sources. Numerical simulations show that combined results basically have higher accuracy than
the standard algorithms.
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1  Introduction
Sea surface salinity (SSS) plays a significant role in energy ex-

change between the ocean and atmosphere as well as tracking
the global water cycle (Reul et al., 2020). The Aquarius/SAC-D
satellite-carrying combined L-band active/passive instruments
was designed to measure global SSS. The Aquarius mission aims
to provide the science community with monthly SSS maps at a
150 km spatial scale and an accuracy of 0.2 (Lagerloef et al.,
2008). To achieve the required accuracy in SSS measurements
from L-band radiometers, it is very crucial to accurately correct
the radiation that is emitted from the ocean surface induced by
the impact of sea surface roughness (Yueh et al., 2001).

This roughness signal must be removed from the Aquarius
observations to obtain the emissivity of a specular ocean surface.
Ocean roughnesses, including large-scale gravity waves, small-
scale capillary waves and foam, are mainly induced by surface
winds. To improve the performance of removing the surface
roughness emissivity signal from radiometer measurements, an
L-band scatterometer is also equipped on the Aquarius/SAC-D
satellite to simultaneously detect the ocean wind field (Yueh et
al., 2013). The merits of the combination of active and passive in-

struments are that the active radar observations can provide a
simultaneous description of the surface roughness, which is sig-
nificantly useful for removing the roughness signal from the pass-
ive emissivity signal (Isoguchi and Shimada, 2009; Yueh et al.,
2010).

Numerous studies based on various instruments and obser-
vation techniques have been performed to derive the empirical
geophysical model function (GMF) for the wind-induced surface
emissivity signal, which is also known as excess emissivity. The
first formulation of the L-band emissivity as a function of wind
speed was proposed by Hollinger (1971), in which the data
provided by a microwave radiometer mounted on a fixed ocean
platformwas used. Subsequent studies and experiments include
the two-scale scattering model (Dinnat et al., 2003), the Wind
and Salinity Experiment (WISE), which was part of the pre-
launch campaign for Soil Moisture and Ocean Salinity (SMOS)
(Camps et al., 2004; Etcheto et al., 2004), and the airborne Pass-
ive-Active L-band Sensor (PALS), which was part of the Aquarius
pre-launch efforts (Yueh et al., 2010). More recently, the L-band
emissivity was analyzed using brightness-temperature observa-
tions from the SMOS sensor (Guimbard et al., 2012; Yin et al.,  
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2012, 2016) and for the Aquarius instrument using the combined
active-passive (CAP) approach (Fore et al., 2014). Several L-band
emissivity model functions based on preliminary data analyses
have been presented by Meissner et al., (2012a, 2018), Meissner
and Wentz (2012). However, for the Aquarius/SAC-D mission, in
previous salinity retrieval algorithms, the roughness-induced
brightness temperatures are corrected using the wind field re-
trieved from the H-polarization brightness temperature and HH-
polarization normalized radar cross-sections (NRCSs) (Ma et al.,
2014; Meissner et al., 2018). Considering that both the scattero-
meter NRCS and radiometer brightness temperature (TB) are ob-
servations from the sea surface, better roughness correction res-
ults would result if the relationship between the sea surface TB
affected by the sea surface roughness and the scatterometer
NRCS can be directly established.

The rest of this paper is organized as follows. In Section 2, the
data used in this studyis briefly described. In Section 3, the rela-
tionship between brightness temperature and normalized radar
backscatter cross-section (NRCS) is shown. In Section 4, the val-
idation of the new model is given. A summary is given in Section 5.

2  Data
The Aquarius end-of-mission (Version 5, abbreviated as V5.0)

salinity dataset was released in December 2017. The Aquarius
V5.0 datasets are described and discoverable via the data portal
of the Physical Oceanography Distributed Active Archive Center
(PO.DAAC). The Aquarius Level-2 (including science data in
swath coordinates and matching ancillary data) data are used in
this study. The sea surface TB and NRCS collected and colloc-
ated in the dataset are extracted for this research. The incidence
angles of Aquarius are 29.36°, 38.49°, and 46.29°, which corres-
pond to beam-1, -2, and -3, respectively (Meissner et al., 2018).

Ancillary data integrated in the datasets are also used in this
study. The source of the ancillary sea surface temperature (SST)
is the daily gridded high-resolution sea surface temperature
(GHRSST) field of level 4 from the Canadian Meteorological Cen-
ter (CMC). The CMC field is linearly interpolated in space and
time to the boresight location of the Aquarius observation. The
reference SSS field is the analyzed monthly Scripps ARGO SSS
product. The computation of flat sea surface TB is based on the
Fresnel equations, Meissner-Wentz model of seawater permittiv-
ity (2004, with the 2012 update) (Meissner and Wentz, 2004,
2012), and the ancillary SST field from the CMC. The NCEP GDAS
1-deg, 6-h scalar wind-speed field is used as the background field
in the surface roughness correction and the Aquarius wind-speed
retrievals (Meissner et al., 2014). It is linearly interpolated in
space and time to the boresight location of the Aquarius observa-
tion.

The data from September to December 2011 is used for mod-
el development. Approximately 3.81 million data points (more
than 1.25 million for each beam) are used. Particularly, the data
with land contamination larger than 1% or with rainfall is dis-
carded from the dataset. The data from January to March 2012
was used for model validation. For each beam, the number of
data points are approximately 900 000.

3  Methodology
In previous salinity retrieval algorithms, the roughness-in-

duced TBs are corrected using the wind fields retrieved from the
H-polarization TB and HH-polarization NRCSs (Ma et al., 2014;
Meissner et al., 2018). However, using a 10-m high wind speed as
the intermediate variable for sea surface roughness correction
may result in large errors. First, the wind-speed retrieval accur-
acy is easily affected by atmospheric stability and the accuracy of
auxiliary data (Yueh et al., 2013; Fore et al., 2014). Second, more

model errors may be introduced in the process of wind-speed re-
trieval and further calculations of TB. Considering that both the
scatterometer NRCS and radiometer TB are observations from
the sea surface, better roughness correction results would result
if the relationship between the sea surface TB affected by the sea
surface roughness and the scatterometer NRCS can be directly
established.

In the model-building process, to eliminate the influence of
other parameters, it is necessary to subtract the quiet sea surface
TB from the total sea surface TB. Then, the excess TB of wind
would be obtained. The quiet sea surface TB is calculated on the
basis of the Meissner-Wentz (2004, with the 2012 update) (Meiss-
ner and Wentz, 2004, 2012) dielectric-constant model of seawa-
ter using the SST, SSS, and several other auxiliary parameters.
The rough sea surface wind-induced excess emissivity (ew) is
defined as the ratio of the excess TB over the SST, i.e.,

ewp′ =
TBp′ − TBflat,p′

SST
, (1)

where the ew is considered to be only related to the sea surface
wind speed and wind direction in this study. The subscript flat
represents the calm sea surface and p′ represents horizontal po-
larization (H-pol) or vertical polarization (V-pol). Similarly, the
NRCS observed by the scatterometer is also supposed to be re-
lated only to the sea surface wind speed and wind direction in
previous studies (Yueh et al., 2013). Then, the relationship
between ew and NRCS can be established directly. In the Aquari-
us dataset, the NRCS has been transformed into dB scale, but in
this work the computations are performed based on the NRCS in
linear scale, which can be restored from the dB scale as follows:

σpp = (NRCS/), (2)

where the subscript pp denotes the HH or VV polarization of the
scatterometer.

Figure 1 illustrates the relationship between ew and NRCS
and wind direction at different polarizations for beam-3. Using
the training data, the ew values are averaged for each 10° wind
direction interval and 0.001 NRCS interval. It can be seen from
the figure that the emissivity increases with increasing NRCS in
different wind directions. Within the same NRCS value, the
emissivity increment varies with the wind direction in a cosine-
function form. In the upwind and downwind direction, the range
of NRCS is larger, while in the crosswind direction the range of
NRCS is smaller. According to previous studies of wind-speed re-
trieval from the Aquarius observations, the NRCS becomes in-
sensitive to wind speed at the mid-to-high wind-speed range in
the crosswind direction (Yueh et al., 2013; Du et al., 2017). There-
fore, using this part of the data to correct the roughness may lead
to a larger error.

A model is raised to represent the relationship between ew
and NRCS and wind direction as follows:

ewNRCS
(
beam, p′, σpp, φ

)
=A

(
σpp

)
+A

(
σpp

)
· cos (φ)+

A
(
σpp

)
· cos (φ)+A

(
σpp

)
×

cos (φ)An
(
σpp

)
=

∑
i=

an,iσ
i
pp, (3)

where ewNRCS is the wind-induced emissivity increment calcu-
lated from the NRCS. Different beams correspond to different in-
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σpp φ
an,i

cidence angles. p′ denotes the polarization of the radiometer,
with H for horizontal polarization, and V for vertical polarization.

 is the NRCS and  is wind direction. A0, A1, A2, and A4 are
coefficients calculated using a fifth-order polynomial.  are the
coefficients at different polarizations and orders, which are fitted
from the training dataset.

Figure 2 shows the variation of V-pol ewNRCS calculated by the
HH-polarized NRCS using the model at beam-3, which is distrib-
uted with NRCS and wind direction. It has a similar distribution
with the upper-right-hand panel of Fig. 1, which shows that the
model fits the data well. Within the same wind direction, the ex-
cess emissivity increases with increasing NRCS. When the NRCS
is small, the excess emissivity in the crosswind direction is smal-
ler than that in the upwind and downwind directions, when the
NRCS is large, the excess emissivity in the crosswind direction is
larger than that in the upwind and downwind directions. In pre-
vious studies, the L-band radiometer and scatterometer are
known to exhibit the non-upwind-crosswind asymmetry (NUC)
phenomenon, which is the wind-direction signal around 5 m/s
being contrary to that in high wind speed (Yueh et al., 2013; Du et
al., 2017). The model results show that this phenomenon has a

larger influence on the scatterometer than on the radiometer.

4  Model validation
Figure 3 shows the root-mean-square error (RMSE) between

the ewNRCS of beam-3 calculated using the proposed model and
measured ew in terms of wind direction and NRCS at different
polarizations. The results are normalized by multiplying by 290 K
for the sake of demonstration. It can be seen from the figure that
in different polarizations the RMSE of the calculated ewNRCS is
small in the small-NRCS region and the upwind/downwind dir-
ections, which can be better than 0.3 K. However, in the cross-
wind directions and larger-NRCS region, the RMSE is relatively
larger. According to previous studies, this may be due to the at-
tenuated sensitivity of the NRCS to the wind speed at the mid-to-
high wind speeds in the crosswind direction (Du et al., 2017).
Therefore, the accuracy of the NRCS correction for roughness ef-
fect is not significant in this range. Based on the comparison of
the left- and right-hand figures, the ewNRCS calculated by the HH-
polarized NRCS is better than that calculated by the VV-polar-
ized NRCS.

The sea surface TB can be calculated from the inverse of Eq. (1)
by ew. Table 1 shows the biases and RMSEs between the sea sur-
face TB measured by Aquarius and obtained by different meth-
ods. The VV and HH columns are calculated by the method pro-
posed in this paper using the corresponding NRCS measure-
ments, and the NCEP column is calculated by the NCEP data and
Aquarius empirical model. It can be seen that the biases of the TB
obtained by these methods are small. The RMSE of the TB calcu-
lated from the VV-polarized NRCS is relatively large, especially at
large incident angles. The RMSE of the TB calculated from the
HH-polarized NRCS in H polarization is better than that in V po-
larization. The RMSE of the TB calculated from the HH-polarized
NRCS is superior to the results using NCEP data at each band and
polarization. Therefore, in the following calculations, the HH-po-
larized NRCS is used to calculate the TB in a priority considera-
tion.

In the standard roughness correction algorithm of the Aquari-
us mission, the sea surface wind speeds are first retrieved based
on the NRCS measurements and NCEP wind speeds, or the data
combination of NRCS, H-pol TB, and NCEP wind speeds. Then,
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Fig. 1.   Wind-induced emissivity versus NRCS and wind directions (beam-3, incidence angle of 46.29°, wind direction bins of 10°, and
NRCS bins of 0.001).
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Fig.  2.     V-pol  ewNRCS  of  beam-3  calculated  by  HH-polarized
NRCS, distributed with NRCS and wind direction.
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the TB can be corrected using the retrieved wind speeds. To com-
pare the accuracy of the proposed algorithm with that of the ori-
ginal Aquarius algorithm using the same source of data, the max-
imum likelihood estimation (MLE) is used to calculate the wind-
induced emissivity. The maximum likelihood function is ex-
pressed as follows:

MLE =
(ew− ewNRCS_HH)



VarNRCS_HH
+

(ew− ewNCEP)


VarNCEP
, (4)

ewNRCS_HH

VarNRCS_HH

where MLE1 is calculated using HH-polarized NRCS and NCEP
wind speeds, ew is the ultimate wind-induced emissivity, and

 is the wind-induced emissivity calculated using the
HH-polarized NRCS as shown in Eq. (3).  is the vari-
ance of error, which is calculated from the square of RMSE in
Fig. 3. For different beams and polarizations, a lookup table is
made for calculations using the training data.

ewNCEP

VarNCEP

ewNCEP

 is the wind-induced emissivity calculated using the
NCEP wind speed and the algorithm in the Aquarius ATBD.

 is the variance of the error between TB calculated using
NCEP and that observed by Aquarius. Figure 4 shows the vari-
ation of the RMSE of  with different wind speeds at V and
H polarizations and three incidence angles. It can be seen that
the RMSE first decreases and then increases with wind speed,
and the minimum is better than 1×10−3 and the maximum is up
to 2.5×10−3. When the wind speed is larger than 7 m/s, the RMSEs
show a similar trend with wind speed for each incident angle and
polarization. At wind speed less than 7 m/s, the distributions of V
polarization are almost the same, while the RMSE at H polariza-

VarNCEP

tion increases with increasing incident angle. According to the
statistical results of the RMSE variation in different wind direc-
tions, the influence of wind direction on the RMSE can be ig-
nored.  is the square of the RMSE obtained by interpolat-
ing the data in the figure.

As a comparison, HHwind and HHHwind are used to calcu-
late ew, compare with the ew value measured by Aquarius, and
calculate the distribution of RMSE with wind speed, as shown in
Fig. 4b and c. Under different wind speeds, the RMSE calculated
by these two wind speeds are better than those in Fig. 4a. The
RMSE increases with the increasing wind speed. In Fig. 4b, the
RMSE of H polarization is generally higher than that of V polariz-
ation, while in Fig. 4c the RMSE of H polarization is generally
lower than that of V polarization. It can be seen that the RMSE of
the moderate-wind-speed area is not significantly improved by
using different wind speeds, but the RMSE improvement is obvi-
ous in low- and high-wind-speed areas with fewer data.

Figure 5 presents the comparison of the total surface TBs cal-
culated using MLE1 and that observed by Aquarius. It can be
seen that the number of data points in each band is greater than
900 000. Basically, the TB calculated by the model is in good
agreement with the measured TB, and the average bias between
the two TBs is better than 0.03 K. The RMSE between the two TBs
is better than 0.24 K for most incidence angles and polarizations,
and the RMSE is relatively higher only at a large incident angle
and horizontal polarization. The V-pol results are better than
those of H-pol when the incidence angle is the same. From the
distribution of scatter points, although the data points affected by
factors such as land and rainfall are excluded, a small number of
points still show larger bias.
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Fig.  3.     RMSE between simulated and measured excess emissivity  with different NRCSs and wind directions (beam-3,  results
multiplied by 290 K).

Table 1.   Statistics of calculated brightness temperature (TB) compared with measured TB

Beamand polarization
VV HH NCEP

Bias/K RMSE/K Bias/K RMSE/K Bias/K RMSE/K

Beam-1 V –6.81×10–3 3.31×10–1 1.77×10–3 2.77×10–1 –4.25×10–2 3.34×10–1

Beam–2 V –1.34×10–2 3.99×10–1 3.96×10–3 2.81×10–1 –2.95×10–2 3.42×10–1

Beam–3 V –9.60×10–3 3.73×10–1 6.59×10–3 2.59×10–1 –3.96×10–2 3.16×10–1

Beam–1 H –1.72×10–2 4.13×10–1 –4.83×10–3 3.28×10–1 –4.67×10–2 3.44×10–1

Beam–2 H –9.90×10–3 5.61×10–1 1.53×10–2 3.57×10–1 –2.61×10–3 3.75×10–1

Beam–3 H –1.56×10–2 6.17×10–1 1.47×10–2 3.84×10–1 1.89×10–3 3.95×10–1
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MLE =
(ew− ewNRCS_HH)



VarNRCS_HH
+

(ew− ewNCEP)


VarNCEP
+

(ew− ewrad)


Varrad
,

(5)

ewrad

ewrad

where  is calculated using wind-induced emissivity data at
the other polarization. For example, when ew is computed at V
polarization, the  value of data at H polarization is used, and
vice versa. The calculation method is similar to that using NRCS

Varrad

described above. The purpose of such calculation is to fairly com-
pare the results with the TB calculated using the Aquarius HHH-
wind speed (Meissner et al., 2018). In the calculation of HHH-
wind speed, the HH-polarized NRCS, NCEP wind speed, and H-
polarized radiometer data are used in the Aquarius’ Algorithm
Theoretical Basis Document (ATBD). In the formula MLE2, the
statistical value of  is approximately 8.5×10–4. After the
wind-induced emissivity is calculated by the MLE1 or MLE2 for-
mula, the total sea surface TB is then calculated by the inverse
process of Eq. (1), which is used for the subsequent comparative
analysis.

Table 2 shows the statistical analysis results between the total
surface TB measured by Aquarius and that calculated by differ-
ent methods after using various wind-speed-related data as in-
put. The two columns on the left are calculated from the model
mentioned above and the right two columns are from Aquarius’
ATBD and the wind-speed data obtained by different methods.
From the results in the table, no matter which method is used,
the more data related to the wind speed is used in the calcula-
tion, the better the model result. The bias of TB obtained using
the model proposed in this paper is generally better than the bias
of the method that recalculates the TB by first retrieving the wind
speed. When the HH NRCS and NCEP data are used, the RMSE of
the TB calculated by the MLE1 method is better than that ob-
tained by HHwind at each polarization and incidence angle. For
the two kinds of TB, the RMSE in vertical polarization is better
than that in horizontal polarization. In horizontal polarization,
the RMSE increases with increasing incidence angle. When ra-
diometer data are added, the RMSE is significantly reduced. The
RMSE of TB calculated including the MLE2 method is better than
that calculated by HHHwind at the vertical polarization;
however, the RMSE is higher at the horizontal polarization be-
cause the retrieval of HHHwind itself uses the TB in the horizont-
al polarization.

5  Conclusions
In this paper, a new method for wind-induced TB correction

by directly using the NRCS measured by a scatterometer aboard
the Aquarius/SAC-D satellite is presented that can be used for
roughness correction of ocean emissivity without ancillary wind-
speed data. Compared with the previous method of using the re-
trieved wind speed, the new method is more tractable since the
intermediate steps of wind-speed retrieval are reduced, so that
the calculation accuracy of the TB can be improved.

With more available data for the correction of TB, maximum
likelihood estimation is used to include the results of wind-in-
duced emissivity computed from various data. Compared to the
Aquarius standard algorithms using retrieved wind speed from
various data sources, the proposed method shows better per-
formance in calculation accuracy.

According to the distribution of the RMSE between the wind-
induced emissivity calculated from the model and observations
in different wind directions, the proposed method based on
NRCS measurements has relatively low accuracy for roughness
correction in crosswind directions. In future satellite design,
high-frequency radiometers or scatterometer observations with a
90° azimuth observation difference may be more suitable for cor-
recting wind-induced roughness.
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Fig. 4.     RMSE of wind-induced emissivity calculated by NCEP
wind speed (a), HHwind speed (b), and HHHwind speed (c) at
three incidence angles and two polarizations (RMSEs are calcu-
lated in a 0.5 m/s bin).
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Fig. 5.   Comparison of simulated TB and the Aquarius TB observations from the ocean surface.

Table 2.   Statistics of calculated brightness temperature (TB) compared with measured TB of different methods

Beam and polarization
HH+NCEP (MLE1) HH+NCEP+RAD (MLE2) V5 model-HHwind V5 model-HHHwind

Bias/K RMSE/K Bias/K RMSE/K Bias/K RMSE/K Bias/K RMSE/K

Beam-1 V 1.31×10–2 2.34×10–1 2.34×10–2 2.08×10–1 –3.41×10–2 2.43×10–1 –7.64×10–3 2.13×10–1

Beam-2 V 1.23×10–2 2.36×10–1 1.36×10–2 2.14×10–1 –3.27×10–2 2.58×10–1 –2.39×10–2 2.20×10–1

Beam-3 V 1.65×10–2 2.32×10–1 2.01×10–2 2.13×10–1 –4.15×10–2 2.42×10–1 –3.04×10–2 2.23×10–1

Beam-1 H –2.28×10–2 2.37×10–1 –2.85×10–2 2.11×10–1 –4.31×10–2 2.63×10–1 –3.45×10–2 2.02×10–1

Beam-2 H –1.65×10–2 2.41×10–1 –2.51×10–2 2.19×10–1 –1.60×10–2 2.78×10–1 –5.25×10–2 2.04×10–1

Beam-3 H 2.57×10–3 2.76×10–1 –1.78×10–2 2.47×10–1 –1.16×10–2 2.79×10–1 –4.41×10–2 2.10×10–1
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