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A B S T R A C T

The detectability of ocean surface currents in global navigation satellite system reflectometry (GNSS-R)
observations is analyzed. We use a large dataset of spaceborne GNSS-R measurements from NASA cyclone
GNSS (CYGNSS) mission. The data is collocated with ocean wind and near-surface current measurements. Our
analysis reveals clear responses of the GNSS-R 𝜎0 to the presence of currents. The response depends on the
wind conditions and is more prominent for wind speeds below 6 m/s. A current velocity of 0.5 m/s under
an opposing wind can, on average, suppress the GNSS-R 𝜎0 by 0.8 decibels for low incidence angles. The
interaction of the same current with a codirectional wind can enhance 𝜎0 by almost the same amount. This
enhancement is most visible at high incidence angles. We develop a model that improves the prediction of the
GNSS-R 𝜎0 in the presence of surface currents. The detected signatures of wind–current interactions highlight
the potential of GNSS-R sensors onboard small satellites for observing ocean surface currents.
1. Introduction

The earth-reflected signals of global navigation satellite systems
(GNSS) can be collected and processed in a technique known as GNSS
reflectometry (GNSS-R). Several remote sensing applications currently
use this relatively new technique. The potential of this technique in
combination with small satellite technology has led to the success-
ful launch and operation of the eight microsatellites of the Cyclone
GNSS (CYGNSS) mission, which have been producing continuous data
streams since March 2017. Currently, various geophysical parameters
on the Earth’s surface can be monitored through spaceborne GNSS-R
observations, with an average revisit time of approximately 7 h (Ruf
et al., 2018). This study introduces the potential of spaceborne GNSS-R
for a novel application, i.e. the detection of ocean surface currents at
scales smaller than those covered by radar altimetry.

The movement of water from one location to another is referred to
as oceanic currents, which are mainly driven by tides, wind, and ther-
mohaline circulation generated by density differences (NOAA). Oceanic
currents are known to alter ocean wave characteristics and influence
sea states. It has been shown that the wave height variations at scales
of 10–100 km mainly stem from the variations in the currents at the
same scales (Ardhuin et al., 2017). The idea of measuring currents
by utilizing the interaction between currents and gravity waves was
formulated and studied a few decades ago by Huang et al. 1972. In
that study, current-modified frequency and wavenumber spectra were
introduced based on the laws of energy conservation and kinematic
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wave conservation. The proposed spectra account for the current–wave
energy interchange that occurs in a particular frequency band when a
wave field enters a region with a current. Fig. 1(a–c) shows the modi-
fied wavenumbers for wind speeds of 5, 10, and 15 m/s under different
current conditions. This figure shows significant changes in the spectral
characteristics under the influence of a current. The changes for the
case of a 5 m/s wind speed include relatively significant changes in the
magnitudes and locations of the energy peaks. These variations in the
wavenumber spectrum can be translated into current-induced changes
in the ocean surface roughness as represented by the mean squared
slope (MSS). Within our analysis, we could not confirm that the changes
predicted by the Huang et al. 1972 model can adequately describe
the impact of surface currents on GNSS-R measurements. Therefore, to
predict the effects of currents on GNSS-R observations, we develop and
utilize an empirical model based on our numerical investigations and
an MSS model proposed by Katzberg et al. 2006, hereafter referred to
as the KZ model.

The KZ model relates the GNSS-R MSS measurements to the wind
speeds at 10-meter height (𝑈10) through the following equations:

𝜉
||

(𝑈10) = 0.45 (0.000 + 0.00316 𝑓 (𝑈10))

𝜉⟂(𝑈10) = 0.45 (0.003 + 0.00192 𝑓 (𝑈10))

𝜉𝑇 (𝑈10) = 𝜉
||

(𝑈10) + 𝜉⟂(𝑈10) (1)
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Fig. 1. Wavenumber spectra for wind speeds of (a) 5 m/s, (b) 10 m/s and (c) 15 m/s under different current conditions. The spectra were produced based on the wind–current
avenumber spectrum model of Huang et al. 1972. The spectra associated with counterwind currents have cutoff wavenumbers since the dispersion relationship is invalid beyond

hese cutoff thresholds.
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here 𝜉
||

and 𝜉⟂ are the MSS values parallel to and perpendicular to
he wind, respectively. 𝜉𝑇 is the total MSS in omnidirectional context
ccording to the definition suggested by Elfouhaily et al. 1997. The
iecewise function 𝑓 (𝑈10) is defined as follows:

(𝑈10) = 𝑈10 0.00 < 𝑈10 ≤ 3.49

(𝑈10) = 6 ln(𝑈10) − 4.0 3.49 < 𝑈10 ≤ 46.00 (2)

MSS estimates can be related to GNSS-R normalized bistatic cross
ection (NBRCS, 𝜎0) measurements through the following equation (Ruf
t al., 2016):

0(𝜃, 𝜀, 𝑈10) =
|𝑅(𝜃, 𝜀)|2

𝜉𝑇 (𝑈10)
(3)

here 𝑅 is the Fresnel reflection coefficient for GNSS-R cross-
olarization reflection (Cardellach et al., 2012), which is a function
f the incidence angle (𝜃) and the permittivity of seawater (𝜀). The
NSS-R observations of ocean surface roughness can also be affected
y several factors other than local winds, including surface currents,
urfactants, and swells not generated by the local wind (Ruf et al.,
016). Consequently, the following question arises: ‘‘Can GNSS-R mea-
urements of ocean surface roughness provide sufficient sensitivity
o detect surface currents?’’ The influence of currents on spaceborne
NSS-R observations based on the model of Huang et al. 1972 has been

imulated by Ghavidel and Camps 2016 and Li et al. 2020 for estimat-
ng electromagnetic bias and predicting delay-Doppler maps (DDMs)
n the presence of currents, respectively. Moreover, a study on the
ignatures of mesoscale ocean eddies in GNSS-R observations (Hoseini
t al., 2020) suggests that the interaction of the eddy surface current
ith the overpassing wind field can be one of the main reasons for the
bserved NBRCS anomalies over the eddies. However, the detectabil-
ty of ocean current signatures in real GNSS-R observations has not
eceived sufficient attention and requires numerical investigation.

. Data description

Our numerical investigation is based on GNSS-R measurements from
he eight CYGNSS microsatellites. We use the NBRCS measurements
rom the level 1 data products (version 3.0) covering three years from
anuary 2019 to December 2021. It should be noted that an earlier
ersion of the data (version 2.1) covering a more extended period
f about five years is also available. However, the newer version of
he data used in this study provides higher quality measurements
wing to an improved calibration process (e.g., Wang et al. 2021) and
esolving some of the issues found in the earlier version (e.g., Said et al.
018). The spatial coverage of the dataset includes latitudes between
pproximately 38◦S and 38◦N. The data is publicly available to users
2

hrough the physical oceanography distributed active archive center
PODAAC) website of the national aeronautics and space administration
NASA) (CYGNSS, 2018).

The NBRCS values are computed using the so-called clean-replica
pproach. In this approach, the received reflections from the Earth’s
urface are cross-correlated with the receiver-generated pseudorandom
oise (PRN) codes of global positioning system (GPS) satellites to
stimate the power of the reflected signals. Then, the estimated power
alues are calibrated for several influencing factors and normalized to
ield the NBRCS (𝜎0) measurements. More details on the CYGNSS data
roducts can be found in Ruf et al. 2016. The CYGNSS 𝜎0 samples are
ccompanied by quality flags. We filter out all the samples that are
arked with the flag 𝑝𝑜𝑜𝑟_𝑜𝑣𝑒𝑟𝑎𝑙𝑙_𝑞𝑢𝑎𝑙𝑖𝑡𝑦.

This analysis utilizes two ancillary datasets. The first dataset in-
cludes wind measurements from the European center for medium-range
weather forecasts (ECMWF) reanalysis 5 (ERA-5), with a temporal
resolution of one hour and a spatial resolution of 0.25 degrees (Hers-
bach et al., 2018). The ERA-5 global wind estimates are based on
the assimilation of ground-based and satellite-based observations. The
ocean surface current analysis real-time (OSCAR) dataset (ESR, 2018),
with a temporal resolution of five days and a spatial resolution of 0.33
degrees, is the second ancillary dataset. Due to the lower temporal
resolution of the OSCAR dataset, our analysis only considers the dates
on which the surface current measurements are available. Based on
this criterion, approximately 3.9 × 108 GNSS-R NBRCS measurements
distributed on 219 days (73 days per year) are obtained from the
CYGNSS dataset. The ERA-5 and OSCAR measurements are then used
in a spatial–temporal linear interpolation process to estimate the wind
speed and surface current at the GNSS-R reflection points.

The surface current data obtained from the OSCAR dataset and ERA-
5 wind measurements are provided in two components, i.e., eastward
and northward components. These components can be used to form
wind and current vectors at GNSS-R specular points. The current vector
can be decomposed into two orthogonal components based on the wind
vector direction. Our analysis utilizes the along-wind component of the
current vector shown in Fig. 2.

3. Signatures of ocean currents in spaceborne GNSS-R measure-
ments

The overall influence of ocean surface currents on the GNSS-R
𝜎0 measurements can be seen in the histograms in Fig. 3(a–f). The
distribution of 𝜎0 in the absence of ocean surface currents is shown in
Fig. 3(a) and repeated in panel (d). The NBRCS values represented by
red dashed line are based on the KZ model shown in (4) and can rea-
sonably well describe the distribution pattern. However, the accuracy
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Fig. 2. Decomposition of the surface current vector based on the wind vector direction.
Fig. 3. The distributions of the CYGNSS normalized bistatic radar cross section (NBRCS) measurements under (a)/(d) no surface current, (b) codirectional currents and winds, and
(e) counterwind currents are shown. Panels (c) and (f) show the difference between the histograms of codirectional currents with winds and counterwind currents with respect to
no current condition, respectively. The incidence angle histograms associated with the measurements are overlaid on the plots. The white dots overlaid on the histograms depict
a single level contour line retrieved from the current-free histogram in (a)/(d) and repeated in other panels for comparison purpose.
of the model predictions degrades in the presence of surface currents.
Fig. 3(b) shows a concentration of 𝜎0 values above the predicted values
when the currents and winds are codirectional. Panel (e) in this figure
additionally reveals a change in the 𝜎0 distribution under counterwind
currents, in which case the wind-only KZ model overestimates the 𝜎0
values. The histograms (c) and (f), which are calculated by subtracting
histogram (a/d) from the panels (b) and (c), respectively, highlight
the changes in the 𝜎0 concentration patterns during the wind–current
interactions.

The 𝜎0 measurements and corresponding MSS values grouped based
on various criteria are shown in the left and right columns of Fig. 4,
respectively. This figure highlights the clear responses of the NBRCS
measurements to ocean surface currents. In each panel of this figure,
the data are divided into three groups based on the current conditions.
The blue lines correspond to measurements collected under almost no
surface current, i.e., current velocities lower than 0.05 m/s. The green
and red colors correspond to measurements recorded under positive
3

and negative along-wind currents, respectively, with a velocity of ap-
proximately 0.5 m/s (±0.1 m∕s). The plots in the figure are split into
three rows for the cases of low, moderate, and high incidence angles.

Overall, Fig. 4 suggests that the suppressed 𝜎0 values and boosted
surface roughness observed under counterwind currents can be seen in
any of the three ranges of incidence angle. However, this effect is less
prominent for the grazing-angle measurements shown in Fig. 4(e) and
(f). An opposing current exerts its most significant impact on GNSS-
R observations at low to moderate incidence angles for wind speeds
below 6 m/s. At incidence angles of 0 to 10 degrees, the average 𝜎0
reduction due to a counterwind current with a velocity of ≈ 0.5 m∕s can
reach approximately 0.8 decibels (dB) at 2 m/s wind speed, gradually
declining to about 0.2 dB at 7 m/s wind. These values correspond to
the relative increase of approximately 23% and 5% in the MSS values,
respectively. The effect of a codirectional current with the wind on
the GNSS-R 𝜎0 measurements is also evident in all the incidence angle
ranges, although it is more pronounced for grazing-angle reflections
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Fig. 4. A numerical assessment of current–wind interactions based on spaceborne GNSS-R measurements. The plots in the left column represent NBRCS measurements recorded
under various current conditions, i.e., no surface current, a negative along-wind current (counterwind current) of 0.5 m/s, and a positive along-wind current (current codirectional
with the wind) of 0.5 m/s. The plots in the right column depict the MSS estimates associated with the NBRCS measurements shown on the left. The graphs presented in different
rows correspond to different ranges of incidence angles (𝜃), as noted on each plot. The histogram below each panel shows the numbers of observations used to calculate the
graphs.
shown in the third row. The smoothed ocean surface in the presence of
a +0.5 m/s along-wind current can elevate the average NBRCS value
by approximately ≈ 0.8 dB for 2 m/s wind speed at high incidence
4

angles of 60 to 70 degrees. This effect corresponds to a decline of
approximately 18% in the MSS value. At these incidence angles, the
effect of the codirectional current remains visible for even higher wind
speeds. At 10 m/s wind, the average NBRCS increase is about 0.4 dB

corresponding to %8 decrease in the corresponding MSS value.
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The GNSS-R 𝜎0 change rates for a range of −1.25 to +1.25 m/s
along-wind current at different incidence angles under 2 to 8 m/s wind
speeds are depicted in Fig. 5. As can be seen in the figure, the rate of
change in all of the incidence angles are gradually decreased with the
increase of wind speed.

4. A wind–current model for GNSS-R measurements

The MSS models that are functions of solely wind speed can, in
particular, miss a significant contribution to the MSS value from the
larger wavenumbers close to the right tail of the spectrum in Fig. 1(a–
c). This contribution corresponds to short waves and is known to be
mainly influenced by two processes: the wind-generated surface stress
and the short-wave – current interaction (Plant, 1982; Phillips, 1984).
We develop a model to predict spaceborne GNSS-R 𝜎0 measurements
in the presence of surface currents. This model uses the KZ empirical
model for the initial estimation of the MSS. A least-squares refit of the
KZ total MSS model based on the CYGNSS dataset under no-current
condition is as follows:

𝜉𝑇 (𝑈10) = 0.45 (0.00312 + 0.00417 𝑓 (𝑈10)) (4)

with the function 𝑓 (𝑈10) defined in (2). Using (3) and (4), the GNSS-R
𝜎0 in dB scale can be calculated by:

𝜎0 𝑑𝐵 = 10 log10
(

|𝑅|2

𝜉𝑇

)

= |𝑅|2𝑑𝐵 − 𝜉𝑇 𝑑𝐵 (5)

here |𝑅|2𝑑𝐵 and 𝜉𝑇 𝑑𝐵 are the squared Fresnel reflection coefficient
nd the total MSS value in dB scale, respectively. The wind-only model
4) together with (5) can be used to predict the 𝜎0 values based on
ifferent wind speeds. The 𝜎0 values predicted by this model exhibit a
ias pattern shown in Fig. 6.

The bias patterns shown in Fig. 6 are calculated under different sur-
ace current conditions. In all the three panels of this figure, the NBRCS
easurements associated with high incidence angles under wind speeds

elow 6 m/s show significant enhancements. The enhancements can be
ssociated with the presence of the coherent reflection component in
5

he received signals. The enhancements can be further amplified where d
here are codirectional currents and winds (Fig. 6(b)). In contrast,
ounterwind currents can suppress such enhancements and shift the
attern towards negative values indicated by the blue color (Fig. 6(c)).
herefore, the model is required to account for the combined effects
f wind, surface current, and incidence angle. For developing such a
odel, we first reformulate the KZ total MSS model in terms of the

ollowing rational function:

𝑇 (𝑈10)𝑑𝐵 = −
𝑃 (𝑈10)
𝑄(𝑈10)

= −
𝑛2 𝑈2

10 + 𝑛1 𝑈10 + 𝑛0
𝑈2
10 + 𝑑1 𝑈10 + 𝑑0

, 𝑈10 ≤ 46 m∕s (6)

𝑛2 = 13.481

𝑛1 = 104.988

𝑛0 = 135.721

,
𝑑1 = 4.347

𝑑0 = 4.834

0 𝑑𝐵 = |𝑅|2𝑑𝐵 +
𝑃 (𝑈10)
𝑄(𝑈10)

(7)

The reformulated KZ model offers a unified equation, in contrast to
the piece-wise function described by (1) and (2). The quadratic single-
variable function 𝑃 (𝑈10) in (6) can be extended to a multi-variable form
to include the effects of surface current and incidence angles as well:

𝜉𝑇 (𝑈10, 𝑈𝑐 , 𝜃)𝑑𝐵 = −
𝑃 (𝑈10, 𝑈𝑐 , 𝜃)

𝑄(𝑈10)
(8)

𝜎0 𝑑𝐵 = |𝑅|2𝑑𝐵 +
𝑃 (𝑈10, 𝑈𝑐 , 𝜃)

𝑄(𝑈10)
(9)

with 𝑈𝑐 being the along-wind current velocity. The extended quadratic
function reads:
𝑃 (𝑈10, 𝑈𝑐 , 𝜃) = 𝑛9 𝑈

2
10 + 𝑛8 𝑈

2
𝑐 + 𝑛7 𝜃

2+

= 𝑛6 𝑈10 + 𝑛5 𝑈𝑐 + 𝑛4 𝜃+

= 𝑛3 𝑈10 𝑈𝑐 + 𝑛2 𝑈10 𝜃 + 𝑛1 𝑈𝑐 𝜃 + 𝑛0

(10)

ith {𝑛0,… , 𝑛9} and {𝑑0, 𝑑1} being the unknown coefficients of our
ind–current model. The incidence angle (𝜃) in (10) is in radian. We
ivide the collocated dataset into two parts for model training and
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Fig. 6. The bias between the observed and predicted NBRCS measurements under (a) no current condition, (b) currents of 0.5 m/s codirectional with wind field, and (c) currents
of 0.5 m/s opposing to the wind. The predicted NBRCS is calculated using the KZ model shown in (4).
Fig. 7. Predicted 𝜎0 values using the developed wind–current model at different incidence angles (𝜃). The solid and dotted green lines represent currents with speeds of 0.5 and
1 m/s, respectively, which are codirectional with the wind. The solid and dotted red lines represent counterwind currents with speeds of 0.5 and 1 m/s, respectively. The blue
line corresponds to the zero-current condition, and the dotted black line corresponds to the wind-only KZ model.
validation purposes. The first part consists of two years worth of data,
including the GNSS-R measurements in 2019 and 2020, which are used
for the calculation of the coefficients in (10). The remaining one-year
data in 2021 is used for the performance assessment. The 12 coeffi-
cients {𝑛0,… , 𝑛9, 𝑑0, 𝑑1} are estimated through iterative minimization
of the root mean square error (RMSE) of the predicted 𝜎0 with respect
to the observed values. The initial estimates of the coefficients used in
the calculation are provided from the reformulated KZ model in (6).
The calculated coefficients of the model are listed as follows:
⎧

⎪

⎨

⎪

⎩

𝑛9 = 17.425

𝑛8 = 4.886

𝑛7 = 26.040

,

𝑛6 = −63.641

𝑛5 = 12.838

𝑛4 = 10.456

,

𝑛3 = 0.381

𝑛2 = −3.139

𝑛1 = −0.170

,

𝑛0 = 447.705

𝑑1 = −2.797

𝑑0 = 18.718

(11)

Fig. 7(a-d) shows the predicted 𝜎0 values using the developed model
at four incidence angles under different wind speeds and current veloc-
ities. The black dotted line in each panel corresponds to 𝜎0 calculated
using the wind-only KZ model in (4). The predictions of the modified
model in Fig. 7 show that the impact of surface currents is better visible
at low wind speeds, while the accumulated impact of the bias and
current effects is significant at high incidence angles.

The performance of the KZ wind-only model described by (4) and
the developed model is represented in Fig. 8(a) and (b), respectively. In
these maps, the color of each pixel represents the regional correlation
between the actual GNSS-R 𝜎0 observed by CYGNSS in 2021 and the
model-predicted counterparts. A performance comparison of the two
6

models is presented in Fig. 8(c), where the improvement of the corre-
lation coefficient is shown. The figure highlights that the wind–current
model proposed in this study has an improved prediction capability
by including the role of ocean surface currents. This improvement is
noticeable over the regions associated with strong ocean currents; it
can reach to 6% for equatorial currents, while for the California current
and the Gulf Stream, lower level of improvement is observed. However,
there are also some regions where slight performance degradation of
about -1% can be seen, e.g., in the Indian Ocean or the middle of the
Pacific Ocean.

Our investigation shows that despite the improved performance of
the developed model compared to the wind-only KZ model, the effect
of surface currents could be underestimated in our model. The reason
for this issue can be associated with the utilized wind measurements
from the ERA-5 dataset. Scatterometric wind speed retrievals as one of
the observation sources assimilated into ERA-5 (Hersbach et al., 2020)
is based on the wind-generated surface stress, which is a measure of
the relative wind speed with respect to the ocean surface velocity (Seo
et al., 2016). The surface stress can be estimated by (Seo et al., 2016):

𝜏 = 𝜌𝑎 𝐶𝐷 (𝑈10 − 𝑈𝑐 ) |𝑈10 − 𝑈𝑐 | (12)

with 𝜏 being the surface stress, 𝜌𝑎 the density of air, and 𝐶𝐷 the
drag coefficient. According to (12), a current codirectional with wind
can reduce the magnitude of the surface stress, and a current in the
opposing direction with respect to wind can increase the magnitude
of surface stress. Therefore, scatterometric wind measurements with
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Fig. 8. Correlation maps between the observed GNSS-R NBRCS measurements from the CYGNSS mission and the predicted values from (a) the KZ model as a function of wind,
and (b) the model developed in this study as a function of wind and current. Panel (c) shows the improvement in the correlation coefficient between the observed and modeled
NBRCS values when the surface current is included in the model. The maps are created using one year of the CYGNSS level-1 data in 2021. Panel (d) is a global average map of
current velocity based on the OSCAR dataset.
the signatures of currents could have affected our analysis. In order
to improve the performance of the developed model, we repeat the
modeling process using a subset of the training dataset. The subset
includes samples at which along-wind currents and MSS anomaly,
defined as follows, have the same sign.

𝛥𝑀𝑆𝑆 = 𝑀𝑆𝑆
𝑈𝑐=0

−𝑀𝑆𝑆𝑜𝑏𝑠 (13)

where 𝛥𝑀𝑆𝑆 is the MSS anomaly, 𝑀𝑆𝑆
𝑈𝑐=0

is the predicted MSS value
when the along-wind current is zero, i.e., using the model in (4), and
𝑀𝑆𝑆𝑜𝑏𝑠 is the observed MSS value from GNSS-R 𝜎0 observations. The
observations in the training subset will fulfill the condition:

𝑈𝑐 . 𝛥𝑀𝑆𝑆 > 0 (14)

with 𝑈𝑐 being the along-wind component of the surface current. The
selected observations in the training subset use the following ratio-
nale. Let us consider a region where MSS is mainly governed by the
local wind and its interaction with a surface current. Over such a re-
gion, an observed larger MSS value compared to wind-only conditions,
i.e., 𝛥𝑀𝑆𝑆 < 0, is associated with the counterwind component of the
current (𝑈𝑐 < 0). In contrast, a 𝛥𝑀𝑆𝑆 > 0 will be due to the positive
along-wind component of the current (𝑈𝑐 > 0). These effects can be
confirmed by the theoretical model shown in Fig. 1, and the observed
signatures in Fig. 4 and Fig. 5.

For the performance assessment purpose, we apply the same selec-
tion criterion to the measurements in 2021 to form the corresponding
evaluation subset. The new estimations of the model coefficients in (9)
and (10) based on the described training subset are:

⎧

⎪

⎨

⎪

⎩

𝑛9 = 16.20

𝑛8 = −13.44

𝑛7 = 19.52

,

𝑛6 = −18.33

𝑛5 = 56.74

𝑛4 = −11.14

,

𝑛3 = 4.95

𝑛2 = 0.44

𝑛1 = 12.63

,

𝑛0 = 336.40

𝑑1 = −0.94

𝑑0 = 13.33
∀ |𝑈𝑐 | < 1.5

(15)
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Using these coefficients we can reproduce the graphs shown in
Fig. 7(a-d). Fig. 9(a-d) shows the predicted 𝜎0 values using the new
estimation of the coefficients. In contrast to Fig. 7, all the panels
of Fig. 9 show more pronounced current effects. The corresponding
correlation maps shown in Fig. 10 confirm that the predicted GNSS-R
𝜎0 values based on the coefficients in (15) provide significantly better
performance. The improvement map shown in Fig. 10(c) highlights
improvements exceeding 20% and exhibits a clear correspondence with
the average current velocities depicted in Fig. 10(d).

The performance of the developed model compared to the KZ model
can also be evaluated by the RMSE values shown in Fig. 11 and Table 1.
The results confirm that the developed wind–current model provides an
improved overall performance. The overall RMSE values of the wind-
only and wind–current models for the evaluation subset over 2021 are
1.63 and 1.38 dB, respectively, which highlights 15.3% improvement.
It should be highlighted that for strong counterwind currents with ve-
locities larger than 1 m/s, the predicted 𝜎0 values using the developed
model performs worse. The GNSS-R observations under these strong
counterwind currents account for a minimal data share of about 0.05%
(Table 1). This can be one of the factors contributing to the lower
level of performance. Another contributing factor could be possible
insufficient model flexibility to capture anomalies associated with the
strong negative along-wind currents. However, Table 1 confirms that
the developed model can effectively predict GNSS-R 𝜎0 over 99.95% of
the observations.

Fig. 12 illustrates the effects of currents on the GNSS-R 𝜎0 through
three exemplary cases for negative and positive along-wind currents.
The first example, shown in Fig. 12(a), is related to a CYGNSS track
passing over the western Indian Ocean close to the southern coasts
of Mozambique. The colored specular points in Fig. 12(a1) show the
variation in 𝜎0 values. The specular points are overlaid on light blue
points with different sizes as indicators of the surface current strength.
A profile representation of the track is shown in Fig. 12(a ). The time
2
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Fig. 9. Predicted 𝜎0 values using the developed wind–current model at different incidence angles (𝜃) based on the coefficients in (15). The solid and dotted green lines represent
currents with speeds of 0.5 and 0.75 m/s, respectively, which are codirectional with the wind. The solid and dotted red lines represent counterwind currents with speeds of 0.5
and 0.75 m/s, respectively. The blue line corresponds to the zero-current condition, and the dotted black line corresponds to the wind-only KZ model. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 10. Correlation maps between the observed GNSS-R NBRCS measurements from the CYGNSS mission and the predicted values from (a) the KZ model as a function of wind
and (b) the model developed in this study as a function of wind and current. Panel (c) shows the improvement in the correlation coefficient between the observed and modeled
NBRCS values when the surface current is included in the model. Panel (d) is a global average map of current velocity based on the OSCAR dataset.
series of NBRCS values are aligned with the wind speed and the along-
wind component of the surface current in Fig. 12(a3). The track passes
over a region with wind speeds varying between about 5 to 8 m/s.
The highest wind speed occurs at the middle of the track where a
codirectional current with a velocity of 1 m/s exists. Interestingly, the
fluctuations of the GNSS-R 𝜎0 profile reflect both effects of wind and
current very well. When the track passes over the region with the
surface current, the NBRCS profile rises by about 1 dB. The wind-only
8

model shown in the dotted gray line in Fig. 12(a2) completely misses
the increase of observed GNSS-R 𝜎0 (brown line) due to the presence of
current. In comparison, the developed wind–current model represented
by a solid dark gray line provides better predictions of the 𝜎0 values.

Fig. 12(b) is related to the second exemplary case in the middle of
the Pacific Ocean. The specular points over the equatorial current of
about 1.2 m/s experience prominently higher 𝜎0 values by about 5 dB
compared to the rest of the track. The lower wind speeds in this region
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c

Fig. 11. Root mean square errors (RMSE) of the predicted GNSS-R 𝜎0 using (a) the KZ wind-only model based on (4) and (b) the developed wind–current model based on the
oefficients shown in (15). The parameter 𝑈𝑐 refers to the along-wind current velocity.
Table 1
A performance overview of the predicted GNSS-R 𝜎0 using the KZ wind-only model based on (4) (entries with white
background) and the developed wind–current model (entries with gray background) based on the coefficients shown in (15).
The table entries are the root mean square errors of the model-predicted values with respect to the observed 𝜎0 from the
CYGNSS mission. The parameter 𝑈𝑐 refers to the along-wind current velocity.

Wind (m/s) Along-wind current velocity (m/s)

(−1.5,−1) (−1,−0.5) (−0.5,0) |𝑈𝑐 | ≤ 0.05 (0,+0.5) (+0.5,+1.0) (+1.0,+1.5)

0–2 3.31 3.27 3.01 3.17 3.41 3.94 4.18
4.66 2.05 2.89 2.92 2.60 2.13 2.91

2–4 2.07 2.03 1.82 2.45 2.96 3.65 4.12
3.63 1.52 1.93 2.25 2.27 2.18 2.57

4–6 1.28 1.28 1.19 1.44 1.67 2.02 2.33
2.54 1.15 1.18 1.35 1.32 1.33 1.78

6–8 1.07 1.03 1.00 1.07 1.15 1.30 1.44
1.81 0.86 0.93 1.03 0.99 0.88 1.15

8–10 0.92 1.02 0.94 0.99 1.04 1.17 1.09
1.17 0.76 0.90 0.97 0.92 0.78 0.86

Data share 0.05% 0.61% 40.95% | 56.60% 1.64% 0.14%
can partially justify the elevated NBRCS values. The dotted gray line
(the wind-only model) in Fig. 12(b2) describes the role of the lower
wind. However, the predicted 𝜎0 profile shown by the dark gray line
(the wind–current model) highlights that the inclusion of the current
effect is required to describe this track’s NBRCS variations.

The third exemplary case, presented in Fig. 12(c), depicts a track
passing over the Kuroshio current close to the coast of Japan. A
prominent enhancement of GNSS-R 𝜎0 by about 0.8 dB is seen in the
beginning part as the track enters the strong current region with a
positive along-wind component. As the dotted gray line in Fig. 12(c2)
shows, the KZ wind-only model follows the wind speed, which has
almost the highest speed of the profile (≈13 m/s) at the beginning of
the track. The wind effect alone fails to justify the elevated values of the
NBRCS over the beginning part of the track. In contrast, a significant
improvement by our developed model can be observed in this region
(the solid gray line in Fig. 12(c2)). The developed model shows another
improvement in the middle part of the track when a counterwind
current of about 0.5 m/s flows. Over this region, the GNSS-R NBRCS
profile manifests enough sensitivity to detect the interaction of the wind
9

and current and shows a reduction of about 0.5 dB.
5. Discussion and conclusions

The effects of ocean surface currents on spaceborne GNSS-R 𝜎0
measurements are numerically investigated. An empirical model is
developed and evaluated based on a large number of observations from
the CYGNSS mission during 2019–2021. In the analysis, the signatures
of current-induced changes in the MSS, as an indicator of sea surface
roughness, are detected.

We find that low wind speeds below 6 m/s can provide favorable
conditions for observing the signatures of surface currents. GNSS-R
NBRCS measurements at different incidence angles exhibit slightly
different sensitivities to currents that are in the same and opposite
directions with respect to the wind. Currents codirectional with the
wind can significantly suppress the surface roughness, leading to an
augmented 𝜎0. This effect is more pronounced at high incidence angles.
In contrast, counterwind currents boost the MSS value, resulting in a
reduced 𝜎0. The NBRCS difference between the two cases, i.e., positive
and negative along-wind currents, can exceed 1.5 dB for a current
velocity of approximately 0.5 m/s.

The model developed in this study, which accounts for the combined
effects of wind and currents, shows improved performance in predicting
the GNSS-R NBRCS, particularly over regions associated with stronger

surface currents. The correlation of the predicted GNSS-R 𝜎0 by the
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Fig. 12. Illustration of the impact of ocean surface currents on spaceborne GNSS-R measurements. The colored scatter plots in (𝑎1), (𝑏1) and (𝑐1), with the corresponding color
bars on the right, show the evolution of the GNSS-R NBRCS when the tracks pass over different surface currents. The size of the light blue circles overlaid on the ocean reveals
the strength of the surface currents. In (𝑎2), (𝑏2) and (𝑐2), the light and dark brown graphs are related to the original and smoothed NBRCS values, respectively, and the solid
and dotted gray graphs correspond to the KZ wind-only model and the wind–current model introduced in this study, respectively. Panels (𝑎3), (𝑏3) and (𝑐3) present the collocated
wind and ocean current information, with separate y-axes on the left and right, respectively.
developed model with the observed 𝜎0 is noticeably higher compared
to the wind-only counterpart over the equatorial regions with high-
velocity currents. Moreover, the overall RMSE of the wind–current
model is about 15% lower compared to the wind-only model. The
results of our analysis suggest that GNSS-R sensors onboard small
satellites can provide sufficient sensitivity to detect the interaction of
ocean surface currents with the overpassing wind fields.

It should be noted that besides the interaction of winds and currents,
several other factors, including swells, surfactants, and precipitation,
can alter the spaceborne GNSS-R 𝜎0 observations. The influence of these
factors can affect the accuracy of GNSS-R wind speed measurements.
For example, a surface current opposing the wind field can lead to a
larger MSS value, which will be translated to an overestimated wind
speed. This overestimation can also be observed when a non-locally
generated swell enters the region and increases the surface roughness.
On the other hand, the suppressing effect of surfactants on the ocean
surface roughness can also result in an underestimation of the wind
10
intensity. Further studies are encouraged to develop a combined model
that simultaneously accounts for the described affecting factors.
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