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Abstract— This letter investigates the sensitivity of the ocean
surface bistatic scattering cross section measured by the Cyclone
Global Navigation Satellite System (CYGNSS) to wind direction
using the kurtosis of the delay-Doppler map (DDM) samples
within a given area. The azimuthal dependence of the kurtosis is
modeled by a cosine expansion of the relative wind direction,
as is done in scatterometry for the radar cross section. The
harmonic coefficients of the model depend on wind speed and
incidence angle. Results show a coefficient of determination (R2)
between 0.6 and 0.9 for wind speeds between 4 and 10 m/s and
negligible sensitivity outside this range. This study opens the
door to the potential of using CYGNSS data for wind direction
estimation.

Index Terms— Cyclone Global Navigation Satellite System
(CYGNSS), Global Navigation Satellite System Reflectometry
(GNSS-R), wind direction.

I. INTRODUCTION

GLOBAL Navigation Satellite System Reflectometry
(GNSS-R) comprises a set of techniques that use the

reflected GNSS signals over the surface of the Earth for
remote sensing applications [1]–[3]. The combination of the
receiver and the GNSS satellite can be understood as a bistatic
radar (or multistatic if several GNSS satellites are used)
with forward scattering. The main observable in GNSS-R is
the delay-Doppler map (DDM), defined as the time cross
correlation between the reflected signal and a reference one for
different Doppler frequencies [1]. Two main techniques exist
depending on the reference signal. In conventional GNSS-R
(cGNSSR), the reference signal is a locally generated clean
replica of a transmitted signal. The interferometric (iGNSS-
R) technique uses as reference signal the direct one. In some
instruments, the cross correlation between the direct signal
and the clean replica is used as well for reference purposes.
Another common observable is the so-called waveform, which
is a delay cut of the DDM, usually, the one across the DDM
peak or across the specular delay [1].
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In December 2016, NASA’s mission Cyclone
GNSS (CYGNSS) constellation was launched with eight low
Earth orbit (LEO) microsatellites for sea wind mapping. Each
CYGNSS satellite has two down-looking antennas, which
allows each satellite the measurement of four simultaneous
reflections every second in total. This gives CYGNSS
constellation a better spatial and temporal resolution
than classical sensors (i.e., altimeters, scatterometers,
or radiometers). The CYGNSS on-board processors compute
incoherently averaged power DDMs using the cGNSS-R
technique with GPS L1 C/A signals. The coherent integration
time is 1 ms and the original number of incoherent averages
(and used for this study) was 1000. The current CYGNSS
receivers use 500 averages. Although the main goal behind
the CYGNSS mission is to measure wind speed in hurricanes,
it has been also used over land for soil moisture and flooding
applications [4]. This letter investigates the sensitivity of
CYGNSS data to wind direction over the sea surface.

Wind direction over the sea surface has been estimated
using spaceborne scatterometers from the late 1970s (e.g., [5])
and polarimetric radiometers from the middle 2000s (e.g., [6])
(although the first evidence using spaceborne radiometers was
already stated in the early 1990s [7]). Although polarimetric
radiometers obtain the wind direction from the Stokes para-
meters [6], [7], scatterometers relate the radar cross section
with the relative wind direction by using its Fourier cosine
series [5]

σ 0 =
n∑

i=0

Ai cos(i · WD) (1)

where WD is the relative wind direction, defined as the angle
formed by the wind direction vector with respect to the
geodetic north and the azimuthal angle of observation. The
coefficients Ai depend on the wind speed U10, incidence angle
θi , frequency, polarization, and other instrumental parameters.
Typically, the cosine series is truncated to the first three
coefficients [8, Ch. 20.2]

σ 0 = A0 + A1 cos(WD) + A2 cos(2WD) (2)

where A0 is the offset, or the mean value of σ 0 over the full
cycle of wind direction range; A1 is the upwind/downwind
modulation coefficient; and A2 is the upwind/crosswind coef-
ficient. The actual models used in scatterometers, further fit
these three coefficients by using more complex formulas with
additional coefficients. In general, A0 > A2 > A1, which
means that the maximum of σ 0 is found at the upwind
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direction and that the value at the downwind direction is a
little smaller because of the contribution of the A1 modulation.
For the very same reason, the minima are not exactly at the
crosswind directions, but slightly shifted.

A result of the model given in (2) is that there is an
ambiguity when retrieving the wind direction, as up to four
different wind direction values translate into the same σ 0.
Scatterometers address this issue by using simultaneous or
almost-simultaneous observations of the same point but with
different observation angles and polarizations.

There are two main differences between scatterometers and
GNSS-R instruments. First, scatterometers measure backscat-
ter, which is resonant with the capillary waves formed
over the ocean surface [2, Ch. 11.3]. This phenomenon,
known as Bragg resonance, allows the estimation of the local
wind speed. In contrast, the GNSS signals measure forward
quasi-specular scatter, which does not experience Bragg res-
onance and is sensitive to a wider range of wave scales.
Second, scatterometers use linear polarization (either VV, HH,
VH, HV, or a combination of them). In the case of GNSS-R,
the reflected signal over the ocean is mostly left-hand circular
polarized (LHCP), although some power is reflected with the
right-hand circular polarization (RHCP) (e.g., [9], [10]). In any
case, the circular polarizations have in principle less sensitivity
to wind direction [8, Ch. 11.5].

This work relates the kurtosis of the DDM samples with the
wind direction using the same approach done with scatterome-
ter meaurements of the radar cross section. The kurtosis of the
DDM samples tells you how the power is spread around its
mean in the power domain. Thus, the kurtosis is, in principle,
more robust to instrument parameters (either of the transmitter
or the receiver) than the peak power, average power, or similar
metrics.

This letter is organized as follows: Section II summarizes
previous research done in the GNSS-R field involving wind
direction estimates; Section III presents the results from this
study conducted on CYGNSS data; and finally, conclusions
are given in Section IV.

II. RESEARCH DONE IN GNSS-R

Few studies have approached the sensitivity of GNSS-R
signals to wind direction. The first set of works modeled the
impact of the wind direction on the waveform shape. In [11],
simulated airborne waveforms with θi = 45◦, U10 = 8 m/s and
h = 10 km, have shown a difference of up to 3 dB between
upwind and crosswind directions at a distance of 12 chips
from the peak of the waveform derivative. A similar difference
was obtained in [12], also with simulated airborne waveforms,
but with θi = 37◦, U10 = 9 m/s, and h = 1.5 km. The
work done in [13], estimated the mean square slope (MSS) by
fitting waveforms obtained from an airborne experiment to a
geometric optics model. In [14], simulated airborne waveforms
with h = 10 km presented similar results. Additionally, it also
analyzed the reflected RHCP component and showed that the
RHCP and LHCP waveforms present different trailing edges.
The difference between both decreases when increasing the
incidence angle. However, the RHCP power was about 10 dB

below that of the LHCP at the delay gates where the sensitivity
to wind direction is larger.

Other works have also investigated the relationship between
wind direction and the peak of the DDM or the DDM
average (DDMA) and by using the model given in (2). In [15],
real airborne waveforms obtained from several satellites were
combined in order to estimate the wind direction. The observ-
able was the total reflected power obtained by integrating each
waveform. In [16] and [17], the theoretical sensitivity from a
spaceborne instrument was studied by using the small slope
approximation (SSA) scattering model, and the Elfouhaily
and Plant spectral models. Results have shown that sensitivity
exists when the scattering direction is away from the specular
direction. A dynamic range in azimuthal variability of the
scattering cross section of about 2 dB was obtained with
θi = 45◦ (the wind speed was not stated). The latter works
also analyzed the reflected RHCP component and found that
the power is about 25 dB below that of the LHCP for low
incidence angles. In [18], the CYGNSS end-to-end simulator
(E2ES) was used for the same purposes. The simulator is based
on the KA-GO scattering model and used the Katzberg model
[19] to compute the MSS. The results have shown that the
dependence was almost unimodal (i.e., A2 � A1), and that
the dynamic range was below 0.1 dB for U10 = 5–7 m/s and
θi = 36.5◦. Different results were obtained in [20], were the
dynamic range of simulated DDMAs in a spaceborne scenario,
and were between 6 dB (U10 = 2 m/s and θi = 25◦) and
2 dB (U10 = 10 m/s and θi = 25◦). Finally, in [21], real
TDS-1 spaceborne data were analyzed and it was observed
that the dependence of the DDM peak to wind direction was
unimodal, as the opposite to the bimodal behavior described
in (2). Nevertheless, the dynamic range was smaller than 1 dB
for a U10 = 9–10 ms/s and θi = 20◦–25◦.

A different approach was done in [22] by analyzing the
impact of the wind direction on the symmetry of the DDM.
A new pair of observables was used. The first, defined as the
angle formed by the peak and the center of mass within a given
region. The second, defined as the angle between the center
of mass and the DDM skirt and defined as the region whose
power is within a certain ratio to the DDM peak. A cosine
dependence model different from the one in (2), showed a
dynamic range of about 30◦. The model was then used in
a real airborne campaign. These two observables have also
been applied in [23] but by using simulated TDS-1 scenarios.
However, the dynamic range of those angles decreased to
below 2◦. The simulator was also based on the KA-GO and
Katzberg models [24]

All the works referred to in this section used GPS L1 C/A
signals and the cGNSS-R technique. Finally, it is worth
stating here that the retrieval problem has been theoretically
investigated in [20] and [25] by combining observations from
different satellites and by using multibeam antennas.

III. ANALYSIS USING CYGNSS DATA

The common conclusion of the works described in
Section II is that the sensitivity of GNSS-R signals to wind
direction is not found at the peak of the DDM but away
from it, which then includes nonspecular reflection geometries.
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Fig. 1. Sensitivity of kurtosis to wind direction for different wind speeds
and incidence angles. Wind direction of ±180◦ and 0◦ refers to upwind and
downwind, respectively.

In this letter, the analyzed observable is the kurtosis of the
DDM samples within a given area near the specular point. The
kurtosis is usually interpreted as a measure of the peakedness
or tailedness of a distribution. However, a more general
concept is that the kurtosis measures the location of the center
of mass [26]. More specifically, the kurtosis measures if the
mass power is concentrated around the mean or at around the
tails. The kurtosis is defined as the fourth central standardized
moment as follows:

κ = E
[
(x − μx)

4
]

σ 4
x

(3)

where x is the vectorization of the DDM, obtained by stacking
one of the two dimensions on top of one another. The fact
that kurtosis is a standardized moment, helps the present
research as it reduces the impact of calibration and instrument
parameters when combining results obtained with different
CYGNSS and GPS satellites.

Following the approach outlined for scatterometry, the
relationship between kurtosis and wind direction has been
modeled for CYGNSS data as in (2):

κ̂ = A0 + A1 cos(WD) + A2 cos(2WD). (4)

The kurtosis values have been obtained from global L1 cal-
ibrated DDMs over a six month period (August–December,
2018) [27]. The DDMs are obtained using the cGNSS-R
technique using GPS L1 C/A signals and are incoherently
averaged over 1 s. The DDM area used to compute the kurtosis
is given by ±1500 Hz (three Doppler bins) and ±0.75 C/A
chips (three delay lags) referred to as the DDM peak. The
fitting model has been applied to kurtosis values averaged
in wind direction bins of 0.5◦ and in cells of θi = 5◦ and
U10 = 2 m/s. Finally, modeled ocean surface wind speeds and

directions output from the WAVEWATCH III (WW3) model
[28] with input wind forcing from the European Center for
Medium Range Weather Forecast [29] were used as reference
data for the wind speed and direction.

Fig. 1 shows some results for wind speeds between 4 and
12 m/s and for the whole range of CYGNSS incident angles
(0◦–60◦). The bimodal dependence can be clearly seen in all
cases, as opposed to the results with unimodal dependence
obtained when using the DDM peak or DDMA in [18]
and [21]. The azimuthal dependence of the kurtosis exhibits a
notch in the downwind direction, which is more noticeable
for large wind speeds and for large incident angles. This
behavior has not previously been observed in the scatterometry
or GNSS-R literature. The fitting coefficients are presented
in Fig. 2. Except for the A0 coefficient, there is not a clear
common behavior in the curves of each coefficient that could
lead to a unified function to fit all of them. Thus, a lookup table
is suggested in order not to further increase the overall fitting
error. It can be observed that the offset A0 decreases with
increasing incidence angle. The amplitude (mainly given by
A2) increases first with increasing incidence angle up to ≈45◦
and then decreases. Similarly, the amplitude increases first
with increasing wind speed up to ≈10 m/s and then decreases.

The dependence of the kurtosis on wind direction has
also been investigated with the kurtosis computed over a
larger DDM area away from the specular point. Contrary
to what could be expected from the previous theoretical
studies, the results show a decrease in sensitivity to the wind
direction. This may be caused by the general decrease in
bistatic scattering cross section as the measurement geometry
deviates more from the specular condition, resulting in that
the directional signal, although present, becomes too weak to
be observed.

The root mean square error (RMSE) and the coefficient of
determination (R2) metrics, defined as

RMSE =
√∑n

i=1(κ̂i − κi)
2

n
(5a)

R2 = 1 −
∑n

i=1(κi − κ̂i)
2∑n

i=1(κi − κ̄i)
2 (5b)

are presented in Fig. 3. The model predicts the wind direction
dependence with a small error for wind speeds between 4 and
12 m/s. Wind speeds outside this interval show little sensitivity
to the wind direction. For low wind speeds, the sea state
is calm and the reflection is mostly specular, and thus, less
sensitive to the wind direction. For large wind speeds, there
are less measurements and they are noisier due to the nature of
forward scattering, hence, the direction signal is less evident.
Less sensitivity is also observed for small incident angles.
An explanation for this can be drawn from [8, Ch. 11.5], where
it is shown that the vertical and horizontal polarizations have
the same behavior for low incident angles, and thus reducing
the sensitivity of the circular polarization. In addition, nadir
or quasi-nadir measurements are always less sensitive to the
wind direction. Although it is true that the error is smaller for
wind speeds between 4 and 12 m/s, it is also true that it is
the wind speed region with a larger number of observations
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Fig. 2. (Top row) Fitting coefficients shown for different incidence angles and (Bottom row) for different wind speeds.

Fig. 3. Fitting error metrics: (Top) rmse and (Bottom) r-square.

(see Fig. 4), and thus where more robust estimates could be
obtained.

A general, qualitative comparison can be made with the har-
monic coefficients in the CMOD5 model [30], developed for
use with the European Remote Sensing (ERS) and Advanced
Scatterometer (ASCAT) C-band scatterometers. The A0 coef-
ficient in CMOD5 also reduces when increasing the incidence
angle and exhibits a saturation point with respect to the wind

Fig. 4. Number of observations for different wind speeds and incidence
angles over a six month period.

speed, which is near 20 m/s. The A1 coefficient shows a
similar dependence with the incidence angle but with a change
of sign. In both models, there is an inflection point at an
incidence angle near 40◦. Also in both models, the curvature is
more pronounced as the wind speed increases. Finally, the A2

coefficient shows a very similar trend with respect to the wind
speed, with its leading edge sharper than the trailing edge, and
with a maximum near 10 m/s in both models. Also in both
models, the coefficient increases with increasing incidence
angle. However, in the model presented here, it decreases again
near 45◦.

IV. CONCLUSION

This work has highlighted the sensitivity of CYGNSS
data to wind direction, paving the way for potential wind
direction estimation from CYGNSS data in the future. The
kurtosis of the DDM samples around its peak shows a bimodal
dependence on the relative wind direction, and it has been
modeled as the cosine series of the relative wind direction.
The model depends on the wind speed and on the incidence
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angle. Results show that the model agrees well for wind speeds
between 4 and 10 m/s and for incident angles larger than 5◦,
with an R2 value between 0.6 and 0.9. The best fitting is
obtained for wind speeds between 8 and 10 m/s and incidence
angles between 30◦ and 35◦.

The cosine dependence translates into ambiguity in the
wind direction retrieval. The ambiguity can be reduced and
eventually resolved, by combining measurements over the
same area and within a short time window, but obtained
from different incidence and azimuthal angles. This could
be performed by using coincident observations from different
CYGNSS satellites.

In principle, the ambiguity could also be reduced by com-
bining measurements obtained with the reflected LHCP and
RHCP components if the receiver is capable of receiving both
polarizations, which is not the case of the CYGNSS satellites.
However, a high directive dual-polarization antenna with large
cross-polarization isolation would be needed. In order to give
context to the reader, the work done in [10] combined GPS
L2C data obtained with the V and H polarizations of the
Soil Moisture Active Passive (SMAP) radiometer to form
LHCP and RHCP cGNSS-R DDMs (4 ms coherent integration
time and five noncoherent averages). Results showed that the
DDM peak of the RHCP return was 26 dB below that of
the LHCP. Also, the polarization purity of the transmitted
GNSS signals should be considered. As a matter of example,
the GPS polarization purity degrades (becomes more elliptical)
away from the transmitter antenna boresight. In terms of
CYGNSS coordinates, the purity is highest for measurements
at the lowest incidence angles and degrades at higher incidence
angles.
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