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Sea state impacts on wind speed retrievals from
C-Band radars

Justin E. Stopa, Alexis Mouche, Bertrand Chapron, and Fabrice Collard

Abstract—Scatterometers, a proven technology, provide ocean
wind speeds and directions that are essential in operational
forecasts, monitoring of the climate, and scientific applications.
While the missions and geophysical model functions are perform-
ing well, challenges remain. We analyze data from Advanced
SCATterometer (ASCAT) aboard MetOp-A and the Advanced
Synthetic Aperture Radar (ASAR) aboard Envisat, which both
operate in the C-Band, against in-situ buoy wind speeds. We
observe large variability in the wind speed residuals. Through
analysis of these residuals we find that they are related to sea
state effects and atmospheric stability. The sea state dependence
created by low frequency swells is more pronounced for the
lower incidence angles in ASCAT. In ASAR with a fixed angle
of 23°, the sea state dominates the wind speed errors and these
trends increase with the significant wave height. We observe that
wind speeds from ASAR and ASCAT have a close resemblance
which helps us extrapolate our findings. The synergy between
the two technologies can be further exploited to improve wind
speed retrievals. Future scatterometer missions, such as the
next MeTop, will operate with wider range of incidence angles
(including lower angles) to increase their coverage together, have
higher spatial resolution, and obtain measurements closer to the
coasts. In these cases high resolution SAR data can aide in the
understanding of the radar response.

Index Terms—ocean winds, synthetic aperture radar, scat-
terometer, sea-state bias, backscatter

I. INTRODUCTION

CTIVE microwave radars aboard space-borne satellites

are sensitive to the ocean surface roughness. The pri-
mary application of measured ocean surface roughness is the
estimate of near surface oceanic wind speeds at 10 m elevation
(hereafter U10). Typical errors on wind vectors obtained
from various missions such as QuikSCAT [1], the Advanced
SCATterometer (ASCAT) [2], and RapidSCAT (RSCAT) [3]
are 1 m/s for speed, less than 20° for directions and satisfying
mission requirements leading to other applications. In particu-
lar, remotely sensed oceanic wind speeds improved our ability
to forecast [4] and understand the climate [5], heat fluxes [6],
[7], and ocean mixing [8].

Geophysical model functions (GMF) which relate the nor-
malized radar cross section (o) to U10 have continuously im-
proved their performance to measure U10 [9], [10]. However,
despite the success of the scatterometer missions and GMFs,
improvements are certainly possible. In particular, areas with
atmospheric instability, strong ocean surface currents, extreme
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conditions with both high wind speed and large waves or low
wind speeds remain challenging [11], [12], [13]. Thanks to the
new capabilities of recent C-band SAR missions and the in-
creasing quantity SAR acquisitions, new opportunities such as
the use of cross-polarization or the Doppler centroid anomaly
have been proposed to improve wind speed retrieval in extreme
winds [14], [15] or decrease the weight of an a-priori solution
for wind direction [16]. This yielded significant changes in
the strategy for next generation of MetOp scatterometer [17]
to include cross-polarization [18] and proposition of new
concepts to take benefit of Doppler [19].

Besides the effects from atmospheric stability and surface
currents, the measured radar signal varies with the local slope
or tilt of the sea surface which is related to the wave steepness.
In practice it is difficult to describe the tilt effect because ocean
waves are random and the local wind field is often uncoupled
with wave field due to remotely generated swell and rapidly
turning winds. Furthermore contemporary satellite technolo-
gies do not directly measure the wave steepness. Therefore
we hypothesize that the tilt of the ocean surface influences
oo and the resulting U10 retrieval. This has been observed
by [20] using the scatterometer aboard ERS2. They found
that U10 dependencies to sea state reduce with increasing
incidence angle from 25 to 55°. For radars with large incidence
angles like SeaWinds on QuikSCAT (6=52°), U10 errors have
minimal effect from the sea state [1]. At the lower end of the
regime, between nadir and 20°, the impact of waves on the o
has been documented for Ku- and Ka-Band based on TRMM
[21], [22] and GPM missions [23]. Consequently, for (8 €20-
30), we also expect waves to have an impact on C-Band o
and U10. In this study we extend the analysis of [20] to the
Advanced Synthetic Aperture Radar (ASAR) aboard Envisat
and ASCAT aboard MetOp-A and describe the wave impacts
as a function of sea state. To date, these effects have not been
addressed in sufficient detail which is the purpose of our study.

Both the ASAR and ASCAT sensors use electromagnetic
waves in the C-Band and operate in VV-polarization. ASAR
has a near fixed incident angle of 23° while ASCAT has
a range of incidence angles from 25 to 64° and uses three
antennas. [15] found estimates of U10 and oy from SAR
and scatterometers are consistent; therefore, using these plat-
forms enables us to specifically address the incidence angle
dependence of the wind retrievals. ASAR’s lower near fixed
incidence angle in "Wave Mode” (acquisition mode operated
over oceans for swell retrieval), allows us to study the tilt
effects with a global coverage. To directly address the sea
state impact within op and U10 we use in-situ buoys from the
National Data Buoy Center (NDBC). In addition, we benefit
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60°N ,—,. v & ; 3 i i I A. Advanced synthetic aperture radar on Envisat
IQ, ) ASAR Vs NDBC : SARs make use of their platform displacement and the
ud ; b AR | phase of their emitted signal to capture high resolution ocean
360N|, 5 gr\ N=13503 ‘f scenes. Sea surface displacements introduce Doppler shifts
i ier : ‘ which distort the phases of returned radar signal and create
24°N !. ° el . | constructive or destructive effects. By taking advantage of the
120N| L “e o e @ constructive comp(?nents, ocean waves can be measuresl [24],
T A : 1 [25]. The destructive effects create an apparent blurring or
0° - T— distortion along the satellite path known as the azimuth cutoff
180 =W 120 20°W L [26], [27]. Here we focus on U10 computed from the mean
Color Denotes U10 Buoy (m/s backscatter estimated from the SAR imagettes.

0 2 4 6 8 10 12 14 16 18 20 The European Space Agency (ESA) Envisat satellite was
60°N _m EE.EEIF % I equipped with the the advanced synthetic aperture radar sensor
IE' ] ASCAT Vs NDBC (ASAR) and in orbit for nearly a decade (2002-2012). We
48°N - g 201008-201510 use data recorded from the "Wave Mode” which has the
360N| @ \ N=121441 spatial resolution and footprint size of 9x6 m and 10x7 km
2 , | respectively. ASAR uses microwaves in the C-band using
240N| . VV polarization with an incidence angle of approximately
o . . I 23°. During the 10 year mission several altitude changes
151 | occurred to help offset the decaying strength of the emitted
" 1 4 O U10>20m/s 4 electromagnetic signals. Therefore oy was calibrated in time
180°W 150°W 120° 90w GOW removing errors associated with Envisat’s shifts in orbit and
3 sensor power decay. Our analysis is based on observations
when the normalized variance of the imagette is less than
1.5 to exclude anomalous objects and slicks contained in the
ocean scenes. Otherwise all SAR imagettes are systematically

processed to derive the oy from the backscatter intensity.
The GMF of CMODSN by [28] is used to estimate U10

. 4 2 e, ) e -
120°E 180°W 120°W 60°W
Color Denotes Numberlof Co-locations
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Fig. 1. Co-locations between ASAR and NDBC (top), ASCAT and NDBC
(middle), and ASAR and ASCAT (bottom). The top two panels give an
indication of the wind speed and the bottom panels shows the number of
co-locations in 2° bins.

from the favorable orbits of ASCAT and ASAR to build a
match-up database for 2010-2012. This enables us to extend
our SAR analysis to higher incidence angles.

The paper is organized as follows. The datasets are de-
scribed in section 2 with specific subsections that describe
SAR, scatterometer, buoy observations, and wind data from
reanalysis. In section 3, we inter-compare the ASAR and
ASCAT wind retrievals to the observed buoys wind speeds.
Our discussion and conclusions follow in sections 4 and 5.

II. DATASETS

This study is possible since multiple observing satellites
are in orbit during an overlapping period and fly overhead
NDBC buoys numerous times. The resulting crossover datasets
are sufficiently large and create statistically meaningful re-
sults. The following subsections describe the datasets and our
methodology.

from ASAR at 10x7 km resolution under neutral atmospheric
stability and represents a 8-10 minute average. CMODASN is
valid for C-band radars with incidence angles from 18 to
60°. The algorithm uses o, incidence angle (), and wind
direction relative to the satellite track (¢) as input. It was
developed to minimize U0 errors globally. U10 computed
using CMODSN for extreme winds in Hurricane Ivan showed
improved performance over its predecessor, CMOD4 [29]. In
all cases we use the wind direction (¢) derived from ASCAT
or measured by the buoy as input to CMODS5N.

B. Advanced scatterometer on MetOp-A

Scatterometers are radars that actively pulse microwaves
and record a backscatter mostly driven by the small-scales
(centimeters at C-Band) roughnesses from the sea surface. As
the wind blows over the ocean surface, it generates surface
roughness (capillary-waves) aligned with the wind and directly
related to the backscatter. The wind speeds and directions are
thus retrieved from the analysis of measured backscatter. The
wind direction is determined by multiple view angles but often
have a 180° ambiguity [2]. In this study we use the data from
the ASCAT instrument aboard MetOp-A, which uses the C-
band (5.2 GHz with 5.7 cm wavelengths). Microwaves from
the C-band are less influenced by water vapor in the atmo-
sphere and consequently perform better than Ku-band radars
when rain is present [30]. This mission covers approximately
97% of the oceans every 48 hrs.

ASCAT has three antennas on either side of the instrument
orientated at 45°, 90°, and 135° relative to the satellite



©CoO~NOUTA,WNPE

Page 4 of 10

JOURNAL OF KX CLASS FILES, JSTARS SPECIAL ISSUE: NEW CHALLENGES AND OPPORTUNITIES IN SCATTEROMETRY 3

heading. The incidence angles vary between 25-53° and 34-
64° for the mid and outer beams respectively. The sensors on
each side resolve a swath of 500 km with a separation of 360
km below the satellite. The surface resolution is approximately
12.5 km for each wind estimate. Comparisons to independent
buoy observations show ASCAT has root mean square wind
speed and direction errors less than 1.8 m/s and 20° [31],
[10]. To be consistent with ASAR, we use CMODASN of [28]
to estimate U10 for ASCAT.

C. Buoy observations from the National Data Buoy Network

Buoy data are essential in-situ observations used to assess
the wind speeds estimated from the ASAR and ASCAT. We
use quality controlled measurements from the National Data
Buoy Center (NDBC) network. The buoys are located in
various climates near Hawaii, Alaska, Northeast Pacific, Gulf
of Mexico, and the Northwest Atlantic (Figure 1). Most buoy
anemometers are 5 m from the ocean surface; therefore the
wind speed is converted to 10 m elevation assuming a neutrally
stable boundary layer. Most buoys provide information about
the environment like the atmospheric pressure, atmospheric
temperature, and sea surface temperature. Wind speeds are
computed using a 10-minute average and only buoys equipped
with concurrent wind and wave observations are used in the
analysis.

The buoys accurately resolve wave energy up to 0.04 Hz
[32]. For frequencies larger than 0.04 Hz we assume the
wave energy cascades with the parametric shape of 5. The
power -5 is created by the balance between wave breaking and
growth and is applicable for a large range of sea states [33].
The contribution from the higher frequencies plays a role in
the azimuth cutoff [27]. The significant wave height (Hj) is
calculated from wave spectrum FE(f):

Hy =4,/ Mgy, (1)

where M), represents the p-th moment of the wave spectrum

M, = [ rpyE(r @

H, is proportional to the zeroth moment of the wave spectrum
and gives a magnitude of the sea state mixing all wave frequen-
cies. However, it does not provide detailed wave information
that might be more important for remote sensing applications.
Therefore, we analyze other wave parameters including the
swell wave height (Hg), average wave period (1'm02), az-
imuth cutoff (\.), mean squared acceleration (M SA), and
wave age (W A) are defined as:

0.08

fm=4/ E(f)df 3)

0

_ My

Tm02 = M, “)

R
Ao = ﬂ'vx/ Mo 5
MSA =M, 6)

WA=C,/U10 (7

where R/V is the range to platform velocity ( 120 s for
Envisat), and C), is the group velocity of the dominate waves.

D. The Climate Forecast System Reanalysis CFSR

Wind information from the Climate Forecast System Re-
analysis (CFSR) provides a complementary source of infor-
mation. The NCEP CFSR provides wind speeds from 1979-
present [34], [35]. The important advancements of CFSR with
respect to its predecessors Reanalysis I and II consist of
coupling between the ocean, atmosphere, land surface, and
sea ice model, increased horizontal and vertical resolution in
the atmospheric model, and assimilation of satellite radiances.
The atmospheric model has a resolution of approximately 0.3°
(37 km) and now 0.2° (22 km) and assimilates data in three
dimensions. CFSR assimilates scatterometer wind data so it
is not an entirely independent data source. CFSR is available
hourly and U10 is linearly interpolated in time and space to
match the satellite observations.

E. Co-locations

This study is based on the co-locations between ASAR and
the NDBC buoys, ASAR and ASCAT, and ASCAT and the
NDBC buoys. ASAR/NDBC are limited to 100 km in space
(dx<100 km) and equate to time differences less than 30
minutes. The ASAR/ASCAT and NDBC/ASCAT match-ups
are limited to 13 km in space and 30 minutes in time. Figure
1 shows the co-locations for all datasets. In total there are
approximately 1.3x10%, 1.2x10° and 1.6x10° data pairs for
ASAR/NDBC, ASCAT/NDBC, and ASAR/ASCAT covering
a large range of sea state conditions. In the ASAR/NDBC and
ASCAT/NDBC datasets, most wind speeds range from 1 to
20 m/s with only 44 and 131 instances larger than 20 m/s.
The ASAR/ASCAT dataset provides comprehensive coverage
with the majority of the 2° grid cells having larger than 20 data
pairs. This dataset has 297 (0.1%) events with U10 larger than
20 m/s. Therefore the majority of our results are valid within
the range 1 to 20 m/s.

III. ASAR AND ASCAT WIND RETRIEVAL COMPARISON

It is our goal to assess Ul0Q errors and investigate the
differences in the co-located datasets. Figure 2 presents scat-
terplots of the three datasets with standard error metrics given
in the top left corners. We calibrated oy from ASAR to
obtain zero U10 bias with the buoys when dx<30 km (top
left panel). Notice that the error dispersion is roughly 1.5
m/s about the least-squared linear regression line (dashed
lines). The top right panel shows ASAR/NDBC data when
dx<100 km. By relaxing the distance requirement, the error
dispersion increases to 3 m/s; but the overall error metrics
are similar. ASAR has a small U10 bias of +20 cm/s and
when U10 is larger than 15 m/s. The bottom left panel shows
the ASAR/ASCAT comparison. The linear regression line is
nearly one-to-one demonstrating a close resemblance of the
C-band satellite datasets and the dispersion is roughly 1 m/s
about the one-to-one line. Similar to the buoy comparison,
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Fig. 2. Wind speed comparisons between NDBC and ASAR when distances
are less than 30 km (top left), NDBC and ASAR (top right), ASCAT and
ASAR (bottom left), and NDBC and ASCAT (bottom right). The red line
represents the least squared regression and the dashed red lines contain 95%
of the data points. The colors represent the number of observations on a
logarithmic scale (log10(N)) using 0.25 m/s and 0.1 m/s bins for the top and
bottom panels respectively.

ASAR overestimates the largest wind speeds. Results obtained
with NDBC/ASCAT co-locations are given in the bottom right
panel. These datasets are highly correlated and have a small
bias of 0.5 m/s that is apparent for the most common wind
speeds of 6 to 8 m/s. When the wind speed is low (< 5 m/s),
there is larger variability in the biases. Some of this variability
can be attributed to random errors in the buoy wind speeds
[36]. In addition, the wind variability introduces errors if not
considered [37]. Also notice that wind speeds larger than 15
m/s follow the observations much better than ASAR. In sum-
mary, the wind speed errors from ASAR and ASCAT obtained
with CMODASN are comparable to the buoy observations but
with significant error dispersion. The error dispersion is larger
for winds derived with ASAR. The following deals with the
analysis of this error dispersion.

We explore the relationship of the residuals by computing
correlation coefficients with geophysical parameters measured
by in-situ buoys. The results are given in Figure 3 for
both ASAR (top) and ASCAT (bottom). There is a negative
correlation between ASAR U10 residuals and the buoy wind
speed. This can be explained by the top panels of Figure
2 where there is an overestimation when UlO is less than
5 m/s and the trend decreases with increasing wind speed.
There is no relationship with the buoy depth suggesting that
the ASAR provides consistent observations in both deep and
shallow water environments, which is important for practical
ocean engineering applications. In the bottom panel, as for

Fig. 3. Correlation coefficient between U10 errors (U10454r—U10NnDpBC)
(top) U10ascaT — Ul0NpBc) (bottom) and various in-situ buoy obser-
vations. A red ”*” denotes statistical significance at the 95% level.

ASAR, the ASCAT residuals have a negative correlation with
U10 consistent with the small negative linear regression line
in the bottom panel of Figure 2. In this case there is negative
bias with the buoy depth. As the buoy depth decreases the
U10 errors increase suggesting larger errors for shallow water
locations and hence nearshore environments. The atmospheric
stability effects seen by the correlation coefficients from air
pressure, sea surface temperature, air temperature, and air-
sea temperature difference all have a negative correlation with
the residuals from both ASAR and ASCAT. Therefore low
atmospheric pressures with colder temperatures, which are
located in higher latitudes, tend to have larger errors. The
correlation coefficients of the atmospheric stability variables
are more pronounced in the ASCAT data than in the ASAR
data. C-band radars are insensitive to changes in sea surface
salinity, therefore we did not consider their effects. Only over
major river plumes will sea surface salinity affect the radar
cross section [38].

All the wave parameters have positive relationships with
the residuals. The H,; and azimuth cutoff have the largest
correlation coefficients for the wave quantities in both datasets.
Notice that the magnitudes of the correlation coefficients are
larger for ASAR compared to ASCAT. It should be noted
that the overall mean radar cross section is conserved after
the SAR processing. Accordingly, the mean o0 should be
comparable for ASCAT and ASAR at a given incidence angle
[15]. In addition, U10, H,, and the azimuth cutoff are all
inter-related making it difficult to separate their dependencies
[39], [26]. In the ASCAT data, the correlation coefficients for
T'm02 are reduced compared to the other wave parameters. In
both cases the wave age, and indicator of swell, has reduced
correlations coefficients in relation to the H,. H, mixes all
wave scales and results in the strongest relationship with the
U10 residuals. This parameter is strongly related to U10 itself
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and less intuitive of the physical processes than other wave
parameters. Here we use all of the ASCAT data where the
mid beam incidence angle is 25 — 53° while ASAR is near
fixed at 23°. The radar sensitivity to the ocean surface depends
on the incidence angle, thus the sea state impact is expected
to vary with incidence angle.

To further explore the dependence between ASCAT resid-
uals with incidence angle we compute the correlation coeffi-
cients for each wind vector cell. The results are displayed in
the Figure 4 with the x-axis representing the approximate inci-
dence angle of the mid-beam. To avoid statistical errors, each
bin has the same number samples (2000) that are randomly
chosen from the entire population. The wind retrieval algo-
rithm takes into account the radiometric performance, which
is worse for higher incidence angles. However the loss of
radiometric resolution at high incidence angles is compensated
by the fact that the sea surface roughness is more sensitive
to changes in near surface winds. At lower incidence angles
the wind speed has a larger negative correlation with the U10
residuals and creates a significant relationship. The correlation
with depth (not shown) is nearly zero at low incidence angles
and has increasing negative correlation coefficients as the
incidence angle increases and is consistent with the ASAR
results that have a slight positive correlation when 6 = 23°.
Buoy depth can be used as a proxy for distance to shore,
therefore shallow water regions with large incidence angles
have higher U10 errors. The air temperature has a negative
correlation for all incidence angles and there is a larger
influence at higher incidence angles. This is an expected
result for C-band radars with VV polarization since Bragg
scattering enhances the centimeter-scale ocean roughness at
higher incidence angles. The correlation coefficients with H
and Hg, in the top center and right panels show that the sea
state dependence decays with increasing incidence angle. This
relationship is more pronounced in the swell wave heights.
The average wave period has correlation coefficients less than
0.15 but has a significant negative trend that decreases with
increasing incidence angles. The wave age shows a clear
relationship with the incidence angle. In summary, the ASCAT
U10 residuals and incidence angle dependence based on the
given sea state parameter vary in magnitude. The atmospheric
stability strongly influences the errors and is more pronounced
at higher incidence angles. The results consistently show that
the swells, with larger wave ages, which are less dependent
on high frequency motions, have a stronger relationship with
the U10 residual at low incidence angles.

To further document the sea state impact on ASAR winds
we compute least squared Ul0 linear regression lines for
various wave height increments using ASAR (dx<30 km) in
Figure 5. It is common to have taller wave heights coupled
with stronger wind speeds and the precision of the buoy
observations could be affected. To avoid this issue, we use
Ul0 from CFSR to represent an independent data source
(left panel). At low wind speeds there is an overestimation
for all sea states, otherwise the influence from the waves
is minimal within CFSR and the linear regression lines are
within close proximity. This is not the case for the ASAR
comparison shown in the right panel. There is a clear sea

U10 CFSR (m/s)
U10 ENVISAT ASAR (m/s)

—&— 05m<Hs< 1.5m
—A— 15m<Hs< 25m
¥— 25m<Hs< 35m
35m<Hs< 45m
45m<Hs< 55m
55m<Hs< 65m

5 10 12 14 16 16 20 0 2 4 6 8 10 12 14 16 18 20
U10 Buoy (m/s) U10 Buoy (m/s)

0 2 4 6

Color denotes Hs (m)
T T T ]
00 05 10 15 20 25 30 35 40 45 50 55 60

Fig. 5. Least squared linear regression between wind speeds: NDBC vs CFSR
(left) and NDBC vs ASAR (right) as a function of H. Each linear regression
line represents a range of significant wave heights and the colors denote H.

Sl =24.42% - Sl =24.42%

‘Wind Speed Residual (ASAR-Buoy) (m/s)

Lin. Reg. Slope= -0.07

Lin. Reg. Slope= 0.32

Number of Data Entries ,
8

" d"ﬂm-l-l-l-"mnnm\
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0

10 15 50 1 2 3 4 5 6 7 8
Buoy Wind Speed (m/s) Significant Wave Height (m)
Color denotes data density
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Fig. 6. Wind speed residuals (U10454Rr — U10py0y) as a function of buoy
U10 (left) and H (right). The error bars represent 1 standard deviation about
the average (black dots) and the red line represents the least square linear
regression. The colors in the top panel denote data density and the bottom
panels display the histograms with 0.75 m/s and 0.25 m bins respectively.

state dependence in ASAR using these triple co-locations. The
U10 errors increase with H, and this explains some of the
error dispersion we observed in Figure 2. We must emphasize
that these linear regressions depict average conditions and not
instantaneous errors, which might be larger and are displayed
in the background scatter plots.

To complement Figure 5, Figure 6 illustrates the ASAR U10
residuals (dx<30 km) as a function of U10 and H,. The left
panel shows that larger U10 errors occur at low and high wind
speeds; however, the overall slope of the least squares linear
regression line is negligible. The negative slope is caused by
the wind speeds less than 3 m/s, where there is an average
bias of 1.5 m/s. These errors are expected to be related to
the presence of swell or poorly contrasted images. Notice
that wind speeds larger than 10 m/s have increased variability
and biases. The right panel shows a distinct relationship
between the Ul0 residuals and the sea state through H,.
This relationship demonstrates that as the H increases the
U10 residuals increase proportionally. In conclusion, the U10
residuals in the ASAR dataset have the strongest relationship
with the sea state compared to the wind speed itself.

The relationship between o, U10, and H, is explored using
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Fig. 4. Correlation coefficients between U10 residuals (U10a4scAT — U10py0y) and in-situ buoy observations: U10 (top left), significant wave height (top
center), swell wave height (top right), mean squared acceleration (bottom left), average wave period (bottom center), and wave age (bottom right) as a function

of incidence angle.

the ASAR/NDBC dataset. To help explain the impact of wind
and waves on oy we develop GMFs using neural networks to
relate U10 to o¢ (0p = F1(U10)) and then UI0 and H; to
oo (00 = F5(U10, Hy)). We create GMFs using a multilayer
perceptron (MLP) with back propagation and segment the data
into equal halves for training and validation [40]. To directly
assess the U10 variability with the sea state we remove the
effects from the wind direction by limiting the directions to
small directional bandwidths for cross-wind (¢ € (80°,100°))
and up-wind (¢ € (—10°,10°)). The results are given in
Figure 7 for the buoy observations (left), F} (center), and F5
(right).

Buoy observations in the top left panel show that in cross-
wind conditions when the wind speed is small (<5 m/s), o has
a large variance. The backscattered intensity appears to satu-
rate at -4 dB. The H; (colors) explains some of the variations
in U10 denoted by the H gradient that increases with U10.
F1(U10) given in the top center panel shows the general trend
that og increases with U10, but cannot explain the variance
of the observations. The top right panel shows F»(U10, Hy),
which captures some of the o( variability. However, this
function is not able to explain the small o9 (<-10 dB) and
it is expected the function will overestimate og. The bottom
panels explore the up-wind conditions. Buoy observations in
the bottom left panel show a similar relationship as the cross-
wind conditions but the saturation level is much higher and o
increases beyond -4 dB. F} (U10) in the bottom center panel
matches the buoy curve but cannot explain the variability as
well as F5(U10, Hy). This demonstration supports that the sea
state influences the radar cross section and consequently the
resulting wind speed retrievals.

IV. DISCUSSION

The high number of co-locations between the buoys, En-
visat/ASAR, and MetOp-A/ASCAT allowed a detailed de-
scription of the UlQ errors derived from the ASAR and
ASCAT sensors. CMODSN is found to be a robust estimator
of U10 and both ASAR and ASCAT match the in-situ buoy
observations well. However, large error dispersion remains,
most notably in the ASAR/NDBC dataset. The comparison
of U10 residuals with in-situ observations including sea state
parameters and atmospheric stability variables show that both
have small but measurable impacts. The atmospheric stability
and sea state are often interrelated and swell has been docu-
mented to affect the lower atmosphere [41], [42]. The ASAR
errors are strongly related to the sea state conditions shown by
the correlation coefficients with U10 errors and various wave
parameters including the wave age and swell wave height.
The U10 sea state dependence is included in oy shown by the
GMFs developed in Figure 7.

In the case of ASCAT the sea state impact on U10 is less
pronounced. This is because the ASCAT wind vectors are
derived from the combination of three antennas while ASAR
has only one. The procedure of merging of the three o(’s ob-
tained from different azimuth look angles and incidence angles
mitigates the sea state impacts because the tilt modulation is
azimuth angle dependent. This explain why these errors are
often overlooked. However, we still observe that the ASCAT
U10 residuals have stronger correlations with significant wave
height from swell and wave age for lower incidence angles
in agreement with [20]. The analysis in Figure 4 consistently
shows that swells are expected to influence the U10 residuals
supporting our hypothesis that the tilting effect from remote
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Fig. 7. Relationship between U10 Buoy, Hs (color), and sigmag from ASAR (left), predicted using a neutral network using ¢,U10 as input (center), and
predicted using a neutral network using ¢,U10,H as input (right) to cross-wind (top) and up-wind (bottom) conditions.

swells can modify the oy. We expect the impact of sea state
to be more important on oy before the oy’s are merged and
comparable to the ASAR results for low incidence angles. This
could be verified from ASCAT’s o from the Level-1 product
instead of using U10.

EUMETSAT is planning to launch a scatterometer aboard
MetOp-SGA/B in 2021/2 that will operate with lower inci-
dence angles (6p;;p = 20°) to extend the spatial coverage
by reducing the nadir gap. Based on our results we expect
larger sea state effects on the wind speed retrievals at these
lower incidence angles and further research will be needed
to thoroughly assess this impact. An interesting aspect of this
mission is the possible use of cross-polarization to improve
the wind retrieval in extreme wind conditions. Extremes winds
are often coupled with large values of H and the impact of
waves on o is very relevant. Our analysis mostly focused
on moderate sea states and it is expected that the sea state
impact on o¢ is enhanced at larger significant wave heights
(Hs > 8m) as Figures 5 and 6 suggest.

When the incidence angles, emitted electromagnetic fre-
quency, azimuth look angle, and resolution are equivalent the
SAR and scatterometer backscatter should behave the same.
This is supported by the close match between the sensors in
Figure 2. SAR’s high spatial resolution can be used to provide
a reference for scatterometers as higher resolution products
are being developed [43], [44]. SAR technology can aide in
the interpretation of the spatial variability associated with the
observed backscatter as well as validation of scatterometer
measurements in the coastal areas. Even older missions like
ERS2, which was equipped with both a scatterometer and
SAR, may provide insights to the expected backscattered
responses by comparing both sensors. Furthermore, the sea
state dependency in the SAR could be corrected using the
derived wave properties. Since SAR has high resolution and

captures concurrent wave information it is possible to obtain
higher U10 accuracy. With the increased data availability from
the Sentinel-1 A and B missions, SAR data could provide
a sufficiently large data source of Ul0 to train GMFs for
scatterometer applications.

V. CONCLUSION

As we seek new methods to improve our ability to measure
oceanic winds, it becomes increasingly important to accurately
measure secondary response, such as sea tilt. From theory
and observations we know that the measured backscattered
response of sensors with smaller incidence angles are more
influenced by the slope of the sea surface. The tilt is directly
related to the presence of waves and our results demonstrate
that the largest errors from ASAR are related to sea-state
parameters. The same pattern is found in ASCAT but the
effect is reduced since three radar cross sections from different
incidence angles and azimuth look angles are used to estimate
a single U10. By including sea state parameters in a GMF
for SAR, we could improve U10 retrievals. We conclude that
at smaller incidence angles (< 40°) the sea-state impacts
U10 measurements if not directly addressed. While our results
were limited to ENVISAT ASAR and MetOp-A ASCAT, it
is expected that Ul0 errors exist in other satellite datasets.
Future studies should consider tilt effects from the sea state
to improve U10 estimates.
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