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Abstract: Spaceborne synthetic aperture radar (SAR) has been proven to be a useful technique for
observing the sea surface wind and current over the open ocean given its all-weather data-gathering
capability and high spatial resolution. In addition to the commonly used radar return magnitude
quantified by normalized radar cross section (NRCS), the Doppler centroid anomaly (DCA) has
added another dimension of information. In this study, we combine the NRCS and DCA for a joint
inversion of wind and surface current information using a Bayesian method. SAR-estimated Doppler
is corrected by a series of steps, including the removal of scalloping effect and land correction. The
cost function of this inversion scheme is constructed based on NRCS, DCA, and a background model
wind. The retrieved wind results show the quality of performance through comparison with the in
situ buoy measurements, showing a mean bias and a root-mean-square error (RMSE) of 0.33 m/s
and 1.45 m/s for wind speed and 6.94° and 35.74° for wind direction, respectively. The correlation
coefficients for wind speed and direction reach 0.931 and 0.661, respectively. Based on the obtained
wind field, the line-of-sight velocity of the sea surface current is then derived by removing the wind
contribution using the empirical model. The results show a consistent spatial pattern relative to
the high-frequency radars, with the comparison relative to the drifter-measured current velocity
exhibiting a mean bias of 0.02 m/s and RMSE of 0.32 m/s, demonstrating the reliability of the
proposed inversion scheme. Such results will serve as a prototype for future spaceborne sensors to
combine the radar return and Doppler information for the joint retrieval of wind vector and surface
current velocity. This technique could be readily extended to the radar configuration of rotating
beams for monitoring winds and current vectors.

Keywords: synthetic aperture radar (SAR); Doppler centroid anomaly; Bayesian method; wind and
current velocity inversion

1. Introduction

The dynamics of the atmosphere and ocean are significantly influenced by ocean
surface wind and currents. Ocean surface wind not only acts as a primary force driving the
creation of surface waves but also plays a pivotal role in shaping the broader patterns of
global ocean circulation. Concurrently, ocean currents serve as vital conduits, transporting
heat, salinity, and nutrients, thereby exerting a profound impact on both climate and marine
biology. Observations of sea surface current and winds are essential for understanding
the air—sea interaction [1,2]. Despite their high accuracy, in situ measurements are limited
by fixed spatial locations and by the great expenses and risks associated with the use of
the instruments [3]. Over the past decades, the great advancements in spaceborne remote
sensing have made it an invaluable source of measurements for the observation of the
geophysical variables across the global ocean. Among these, microwave active radars
have gained particular attention given their capability in collecting data under all kinds of
weather conditions during day and night.
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Wind field is the most basic atmospheric variable over the open ocean surface. The
spaceborne scatterometer is to date the most widely used instrument for observing the sea
surface wind. Such a radar measures the backscattering, often termed as normalized radar
cross section (NRCS and ¢ used interchangeably throughout the text), that is not only
related to radar configurations (radar wavelength, polarization, incidence angle), but also
to the sea surface state (wind, waves, temperature and current et al.) [4]. For an inversion
scheme of wind vector from the radar measurements, the empirical geophysical model
function (GMF) associating NRCS and the radar parameter as well as the surface states is
required. Note that each GMF is dedicated to a particular polarization and particular radar
wavelengths [5]. The typical configuration of a scatterometer with multiple fixed beams or
a rotating beam allows the sensor to independently resolve a unique wind vector based
on a Bayesian scheme. To date, scatterometer-retrieved wind fields have been reported
with an accuracy of 1.5 m/s and 20° for the wind speed and direction, respectively. These
wind products are now routinely distributed to help monitor the spatial pattern of ocean
winds, wave fields, weather forecasting, and ocean and atmospheric research, to name a
few. Yet, the relatively coarse resolution of the scatterometer wind data at around 12.5 to
25 km has significantly limited its application in fine-resolution scenarios, like the rapidly
changing winds across an atmospheric front or over coastal regions [6]. The other variable,
ocean surface current, is as yet unresolved from the point view of remote sensing [7].
Radar altimeters that measure the sea surface height are able to obtain current fields in
combination with geostrophic equilibrium relationships. This kind of technique is better
than the use of in situ instruments in terms of the extended coverage, high accuracy, and
shorter revisit period. It should be noted that the altimeter products are available at a spatial
scale larger than 100 km; they are incapable of resolving fine-scale geophysical processes.
In addition to that, the challenges of radar altimeters are the long revisit temporal period
and extended gap distance between adjacent tracks. However, such situations have been
alleviated by merging multiple altimeter satellites to achieve a relatively shorter revisit
time and greater coverage [8].

Another popular remote-sensing instrument to observe the sea surface wind and
current is synthetic aperture radar (SAR), which has a higher spatial resolution. In addition
to the traditional NRCS magnitude, it adds another dimension of Doppler information [9].
As with to the scatterometer, sea surface wind data can also be obtained from SAR ob-
servations. However, SAR has only one incident radar beam, making it difficult to attain
near-surface wind vectors without external inputs. A couple of methods have been pro-
posed to deal with the resolution of wind vectors independently from SAR observations.
Horstmann et al. [10] take advantage of the wind streak features directly extracted from
SAR images to approximate the wind direction for the inversion of the wind speed. How-
ever, not all SAR images are present with streaks [11]. In addition, the Doppler information
is used as an extra variable in the wind inversion scheme [12]. The Doppler centroid
anomaly (DCA) represents the difference in satellite-measured Doppler and the predicted
Doppler associated with the instrument attitude. This DCA, with a series of corrections,
corresponds to the geophysical sea surface motion. Such a principle was first demonstrated
in [13], exhibiting a simple model relating Doppler velocity to surface wind and current
velocity. The steps to correct the DCA to obtain the geophysical components are detailed
in [14] and later applied over the Agulhas Current region [15]. Kang et al. [16] analyzed
the DCA data based on Radarsat-2 wide swath under tropical cyclones, which shows that
DCA has positive and negative opposite values on both sides of the center of the tropical
cyclone. Ever since then, over the past years, the potential of DCA to obtain wind and
current velocity has gained growing attention [17,18].

Taking advantage of Sentinel-1 products acquired over the coastal regions, we explore
the capability of combining NRCS and DCA information to jointly retrieve sea surface
wind field and surface current velocity in this study. The correction algorithm of DCA from
Sentinel-1 level-2 products, including the scalloping effect, is detailed here. The rest of
this paper is organized as follows. Section 2 gives the data and method to implement the
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overall processing flow, along with the GMFs included in this paper. Section 3 presents the
processing chain and the inversion scheme as well as the validation of retrieved winds and
current velocity. The Summary follows in Section 4.

2. Data and Method
2.1. Sentinel-1

Sentinel-1 (5-1) is a part of the European Space Agency’s (ESA) Copernicus program,
dedicated to Earth observation. Sentinel-1 carries an advanced SAR system that provides
high-resolution radar imagery regardless of weather conditions or daylight. It is composed
of two satellites (A and B, launched in 2014 and 2016, respectively. The Sentinel-1B mission
ended in 2022), both operating at C band with a radar frequency of 5.405 GHz. S-1 is
designed to operate at four imaging modes: interferometric wide swath (IW), extra wide
swath, stripmap, and wave mode. IW acquisitions are mostly located along the coastal
regions, with a swath of 250 km at the spatial slant-range spacing of 2.5 m by 15 m (range
by azimuth) for the original single-look images.

In this study, the level-2 ocean (OCN) products of IW mode are included to jointly
retrieve the sea surface wind and surface current velocity. This type of product is formatted
into three components: ocean wind (OWI), radial velocity (RVL), and ocean swell [19].
Specifically, radar NRCS from the OWI component at a spatial resolution of 1 km x 1 km is
used in the following analysis. The SAR-estimated Doppler centroid annotated in the RVL
group is also included, available at 1 km x 1 km resolution. The products acquired by both
satellites between January 2018 and December 2023 over the coast of North America are
explored, resulting in the acquisition of 407 images. Figure 1 presents the spatial coverage
of the S-1 IW products used in this study. Due to the revisit planning of S-1, all products
are acquired over the overlapping coverage as shown. It is of note that all products are
used for wind inversion and validation, while only SAR images over the Gulf Stream are
included for current validation.

45°N

42°N

39°N

v

78°W  75°W  72°W  69°W  66°W

Figure 1. Spatial coverage of SAR images included in this study and the buoy locations used for wind
inversion validation (marked by the red “x” with buoy ID annotated).

2.2. ECMWF Winds

The wind vector from the European Center for Medium-Range Weather Forecasts
(ECMWEF) is used as the background wind for inversion. This product has undergone
optimization through the assimilation of satellite observations and diverse observational
data [20]. The wind vector is available at a spatial resolution of 0.125° x 0.125° every
6 h. This precision ensures that the wind speed and direction can be monitored with high
accuracy at any location and time globally. In this study, the collocation criterion between
SAR and ECMWEF wind is the nearest in space and in time. It should be pointed out that
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we use the ECMWF winds annotated in the S-1 level-2 OCN products for simplicity in
this study.

2.3. Buoy Winds

In this paper, we use the wind vectors measured by the National Data Buoy Center
(NDBC) buoys as a reference data source to validate the retrieved winds from SAR observa-
tions. Note that the majority of NDBC anemometers record wind speeds at an elevation
of 2.5-4 m above the sea surface. In order to align with SAR-measured neutral winds at
10 m, all buoy wind speeds are converted to 10 m neutral winds. This conversion is carried
out using a log-profile relationship based on the assumption of a neutrally stable boundary
layer. The reference height is set as 10 m, and the sea surface roughness length is 0.0002 m
with a negligible temperature gradient. For the remainder of this paper, the wind speed
refers to the neutral wind speed at a height of 10 m unless explicitly stated and denoted as
Ujp. Given the limited coverage of SAR images, four buoys are finally chosen as shown in
Figure 1 to provide wind data for validation. The closest wind pixels to the buoy locations
are used in space, and the temporal collocation criterion is a duration of less than 30 min.

2.4. High-Frequency Radar

To further evaluate the performance of retrieved sea surface current velocity, the
current velocity obtained by high-frequency radar (HF radar) is chosen as a reference
dataset. The observational accuracy of HF radar has been reported to be in the order of
10 cm/s for the speed and 10 degrees for the direction. In this study, we used the HF radar
products distributed by the National Oceanic and Atmospheric Administration (NOAA).
The velocity field is available on an hourly basis with a spatial spacing of 6 km. The HF
radar measures the average velocity within the upper 10 cm below the sea surface, which
can be considered approximate to the SAR-observed radial current velocity at the very
surface. The collocation criterion between the HF radar products and SAR observations is
a duration of 3 h in time for qualitative comparison.

2.5. Drifter Current Velocity

In addition to the HF radars, we also included the current velocity measured by the
surface drifters obtained within the framework of the global drifter program (GDP). De-
tails can be found on the website https:/ /www.aoml.noaa.gov/global-drifter-program/
(accessed on 10 November 2023) and products are introduced in [21]. Drifters measure
surface current velocity through the principle of Lagrangian drift. As the drifter moves
with the ocean currents, its trajectory and speed are tracked via satellite-based positioning
systems. By analyzing the drifter position changes over time, the surface current velocity
and direction are then deduced. This Lagrangian approach offers a unique perspective, di-
rectly measuring the water movement rather than inferring it from Eulerian measurements
at fixed locations. In this study, we use the 1-hourly interpolated ocean current velocity
provided by the GDP products. The collocation criteria between SAR observations and the
drifter measurements are a distance of 1 km in space and a temporal duration of 3 h.

2.6. CMOD7 and CDOP

Developed for global applications and implemented on the C-band advanced scat-
terometer (ASCAT), the empirical GMF known as CMOD? has surpassed its predecessor
CMODA5.N with higher wind retrieval accuracy [22]. This model covers a valid incidence
angle range from 18° to 60°, well consistent with the incidences of S-1 IW images. CMOD?
establishes a relationship between NRCS, incidence angle, wind speed, wind direction
(relative to radar line of sight), and polarization under neutral atmospheric stability, as
defined by the following equation:

0” = Bo[1 4 Bycos(¢) + Bycos(2¢)] (1)
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where ¢ represents the wind direction concerning the antenna look angle. By determines
the NRCS level for a specific wind speed, while By and B describe the upwind/downwind
and upwind/crosswind asymmetry of NRCS, respectively. All these three terms can be
expressed as functions of incidence angle, wind speed, and wind direction [22].
Assuming corrected DCA information after a series of steps, the geophysical DCA can
be still considered as the combination of sea state and sea surface current [13]. As such, the
sea-state contribution should be removed to obtain a clean current velocity. The C-band
Doppler model (CDOP) is designed to achieve such a purpose by building the relationship
of DCA with respect to the radar configuration and sea surface wind field [12]. This model
takes the form of
fPA = CDOP(Uy, ¢u, 6, pol) )

where Ujg and ¢y, are the wind speed and direction (relative to the radar looking direction)
at a height of 10m, respectively, 6 is the incidence angle, and pol is the polarization mode of
radar. The function form and values of each coefficient are detailed in [12].

2.7. Method

SAR-estimated Doppler centroid fp. provided in the level-2 OCN product is associated
with the relative motion between the radar sensor and the target. In the case of sea surface,
fpc is influenced not only by the relative motion between the Earth and the satellite, but
also by the surface currents and wind and wave fields. It can be decomposed into the
following components:

ch:po JFfem +fsca +fcur+fw (3)

where fp, is the predicted (geometric) Doppler frequency, fe, is the antenna electronic
miss-pointing term, fsc, is the scalloping signal term, fy, is the current term, and f, is
wind-wave term. OCN RVL products contain the fp. term and the fp, term. The result
obtained by subtracting fp, from fp. is the Doppler centroid anomaly fp,. To obtain the
geophysical components, the additional components of the non-geophysical Doppler term
need to be removed first. The flowchart to correct DCA and the subsequent inversion is
detailed in Figure 2. Each step is described in the next section.

r—-————~>~"7" T T T T = | - - - --T-T-T-TT-TTTTT == |
I , _ | [ I
| Estimated Doppler Predicted Doppler | | SAR NRCS ECMWF |
| Centroid Frequency f”( Frequency f,)p | | |
| | | |
| | | |
| | | |
! Doppler, Centroid l l Cost-function |
| Anomaly f,., | | |
| | | |
| | | |
| X | | . Buoy |
| De-scalloping | | Wind Vector |
| | | |
[ | P | |
| oy - | | |
I an orrection | | S I
Sea State

| of foea | | S |
| l | - - _____ L
| |

| Geophysical |

| Doppler Shift f, |

. ] I Up=— 7o
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Radial Current HF Radar,Drifter
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Velocity Ub

Figure 2. Flowchart of DCA correction and inversion of wind and current velocity as well as
the validation.

3. Results and Discussions
3.1. DCA Correction

Figure 3 displays a SAR image acquired in the Gulf of Maine on 10 August 2019, by
S-1A. In Figure 3a, the NRCS acquired by VV polarization is depicted, while Figure 3b illus-
trates the estimated Doppler centroid frequency. This image is collected by the ascending
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orbit with the satellite flying from the south to the north, and a detrend pattern of NRCS is
clear from the left (near-range) to the right (far-range) of this plot. It exhibits a complex
ocean scene, particularly close to the land. For instance, dark spots corresponding to low
radar backscatter are observed in the upper left corner of the image, possibly due to an
oil spill or a low-wind area. A cluster of bright targets is observed near the Grand Manan
Island at longitude of 67.5° W and latitude of 44.5° N. In addition to NRCS, the Doppler
centroid annotated in the S-1 level-2 product is given in Figure 3b. The value of the Doppler
centroid over the sea surface differs from that over the land. A couple of outlier patterns
are clear, including the periodic band along the flight direction and the non-zero values
over the land.

68°W

66°W 65°W . 68W 67°W 66°W 65°W

Figure 3. Map of an SAR image acquired over the Gulf of Maine on 10 August 2019 for (a) NRCS at
VV polarization and (b) SAR-estimated Doppler centroid.

Figure 4a presents the predicted (geometric) Doppler frequency. After subtracting
the predicted Doppler frequency from the SAR-estimated Doppler frequency, the outliers
possibly caused by environmental factors still persist. To mitigate the impact, we initially
employ the 3c method to identify and eliminate these anomalies along both the azimuth
and range directions for each swath. The 30 method, as defined in Equation (4), flags a
pixel as an outlier when its value deviates from the median by more than three standard
deviations (with the median and standard deviation calculated in either the range or
azimuth directions). For each pixel in the image domain, it is considered as an outlier if
satisfying the following condition:

|x — %ra| > 307vq 07 |x — Xpz| > 3002 (4)

where ‘x” denotes the SAR-estimated Doppler centroid, % is the median value, and ‘c” is the
standard deviation along the range or azimut direction, respectively. The Doppler centroid
values of the outlier pixels are replaced by the average over the surrounding 25 x 25 pixels.

Figure 4b exhibits the Doppler centroid anomaly after the removal of outliers.

The undulating pattern observed in each sub-strip in Figure 4b, known as a burst, is
called fscq, and it exhibits distinct periodic changes in the azimuthal direction. There are
currently two methods: (1) removing trend signals in the spatial domain; (2) removing
them in the frequency domain through Fourier transform [23]. This study uses the first
method. Each sub-strip is first averaged in the range direction (the solid blue line in
Figure 5a), and the trend in the azimuth signal is removed by fitting and subtracting a
third-order polynomial (the dashed blue line in Figure 5a), and a periodically changing
signal is then obtained (the solid black line in Figure 5a). We assume that this is the
scallop signal, and then have it removed from fs¢, for each sub-swath. Figure 5b shows
the Doppler centroid anomaly after scalloping correction. Notably, since 24 June 2020, the
5-1 Instrument Processing Facility version 3.30 (IPF) incorporates an azimuth scalloping
correction, resulting in a threefold reduction in modulation [24]. We have checked that the
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44°N+

Doppler Centroid Anomaly [Hz]

products collected after this IPF mostly have a subtle scalloping effect. Nevertheless, the

above mentioned algorithm is consistently implemented for all products despite the fact
that this procedure might have a negligible impact on the scalloping removal.

[Hz] [Hz]
FE 5

0

(b)

)

45°N

44°N+

68°W

67°W

66°W 65°W 68°W 67°W 66°W 65°W

Figure 4. Map of (a) the predicted (geometric) Doppler centroid and (b) the obtained Doppler centroid
anomaly after subtracting the predicted Doppler centroid and the suppression of outliers.

[Hz]

50
40
i 30
45°N 20
10
0
-10
44°N —20
—Mean of fpeq —30
- - Fitting Curve —40
—Scalloping Trend

50

100 150 200 250
Azimuth Pixel

Figure 5. (a) Demonstration of de-scalloping of DCA. The solid curve in blue denotes the averaged
DCA along the azimuth direction, and the dashed line in blue is the third-order polynomial fit. The
black solid curve is the scalloping signal to be removed for each sub-swath. (b) The map of DCA
after scalloping corrections.

The error in antenna electronic miss-pointing fe,, arises from the radar antenna’s
directional deviation and orbital information discrepancies, leading to a deviation between
the actual and theoretical beam-pointing angles. Typically, land is employed as reference
data for correcting the DCA of 0. This correction is achieved utilizing the pixel points on
land as shown in Figure 6a. The averaged DCA along the range direction is illustrated
in Figure 4b for each sub-swath. Upon subtracting this component, what persists is the
geophysical Doppler shift. After eliminating the non-geophysical factors, the remaining
(geophysical) Doppler shift is directly linked to the ocean surface velocity. This velocity
is primarily influenced by the orbital velocities of sea surface waves, establishing the
connection between the Doppler shift and surface wind [13], as well as surface currents [15].
Consequently, it becomes essential to eliminate this sea-state influence f;, to extract the
current-related velocity.
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Figure 6. (a) Land coverage in the Gulf of Maine (red mask for land covered area); (b) radial variation
of Doppler centroid anomaly on land; (c) land-corrected Doppler anomaly.

3.2. Wind Retrieval and Validation

Bayesian methods were initially introduced and applied for scatterometer measure-
ments [25]. The utilization of a variational approach for SAR wind field inversion was
first suggested by [26], wherein the NRCS is employed alongside external wind speed and
direction, typically acquired from numerical weather prediction (NWP) or reanalysis, as
prior information. The reference [12] emphasized that incorporating Doppler shifts, in
addition to backscatter and background winds, enhances inversion outcomes compared to
Bayesian methods that solely consider NRCS. This improvement is particularly notable in
cases where the background wind vector deviates from the actual wind vector, leading to a
significant enhancement in wind direction accuracy.

The inversion scheme used in this study is based on the premise that these three
variables are weakly correlated [27], and can be applied independently to each wind
cell. It is assumed that the background wind vector and the true wind vector errors
follow a Gaussian normal distribution and are uncorrelated. Here, we combine NRCS, the
background wind field, and the Doppler information to construct the cost function of SAR
sea surface wind retrieval algorithm, as in Equation (5), and the sea surface wind vector
solution is calculated by searching for the minimum value of the cost function.

o(1,0) — 0ps \ 2 U=\ 0 — 0y \? o — fom \*
= () ) () <P o
where (u,v) is the wind vector space, o(u,v) is the predicted NRCS using CMODY for a
given (1,v). 0,ps is SAR-observed NRCS. (i, vy, ) is the a priori wind vector. fp is the
SAR-observed DCA, and fp,, is the prediction of the CDOP for a given (u,v). Au, Av
are the Gaussian standard deviation errors for model wind vector, and Ao, Afp are the
Gaussian standard deviation errors for the NRCS and the Doppler shift.

To demonstrate the contribution of each term in the cost function, we assume a true
wind speed of 7 m/s at a wind direction of 60°, an incidence angle of 30°, and an a priori
wind speed of 12 m/s with a wind direction of 30°. The Gaussian standard deviation errors
for each term are considered as constants based on the radiometric accuracy of the S-1 SAR,
with values of Ac = 0.10ys and Af, = 10 Hz and Au = Av = \/3m/s, respectively.
Substituting these terms into the cost function, a space of wind speed (0—40 m/s) and
wind direction (0-360°) are calculated. The cost function results are influenced by the
NRCS term, Doppler term, and a priori model term as shown in Figure 7. The dark color
indicates a lower cost function value, suggesting a more likely wind vector solution. When
considering only NRCS or DCA for the cost function, multiple minima (black curves)
indicate an under-constrained problem. The red ‘0" represents the true wind vector, while
‘%’ marks the local minima of the cost function. When accounting for the NRCS term and
the background wind vector term as in Figure 7d, the inversion results for wind speed and
wind direction are 6.8 m/s and 41°, respectively. With the addition of Doppler information,
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the inversion yields a wind speed of 7.2 m/s and a wind direction of 54°, signifying a
significant improvement in direction accuracy, as shown in Figure 7f.

25 2

(b) ©

270 360 0 % 180 270 360 0 90 180 270 360

270 360 0 % 180 270 360 0 920 270 360

]
0 05 1

Figure 7. Illustration of contribution of each term in the cost function. (a) NRCS term; (b) a priori
(model) term; (c) Doppler term; (d) NRCS and model; (e) NRCS and Doppler; (f) NRCS, Doppler,
and model. ‘0'indicates the true wind and “x” indicates the local minima for cost function.

According to Equation (5), we combine radar NRCS, background wind field, and
Doppler information into the cost function. Figure 8 shows the comparison between the
retrieved wind vector with DCA and the wind vector measured by buoys. The incorpo-
ration of the Doppler centroid anomaly significantly enhances the accuracy of both wind
speed and direction, although the standard deviation remains unchanged (see Table 1).
This might be attributable to the fact that the CDOP was developed using global sea sur-
faces, primarily encompassing open oceans. In these open oceanic regions, the influence
of ocean currents on Doppler centroid anomalies is notably smaller compared to that of
winds. However, in coastal areas, where currents and waves play a more substantial role in
Doppler centroid anomalies relative to winds, the improvement in wind field inversion
results is not as pronounced. A comparison with in situ data underscores the Bayesian
method’s consistency and practical efficacy in wind field inversion.

The retrieved wind speed gives an overall good performance with a correlation
coefficient of 0.931, a mean bias of 0.33 m/s, and a root-mean-square error (RMSE) of
1.45 m/s. For the wind direction, the overall correlation coefficient of wind direction
reaches 0.661 with a bias of 6.94° and a RMSE of 35.74°. The empty circles correspond
to the cases where the wind speed is lower than 4m/s. It can be clearly seen that when
the wind speed is lower than 4 m/s, the error of the wind direction increases significantly,
which might be due to the weaker sensitivity of GMF to low wind speed. The scatter index
(SI) also greatly decreases at higher wind speeds. These metrics improve greatly when
calculating the deviation and standard deviation of wind direction excluding the cases of
wind speeds of less than 4 m/s as annotated. By comparison, the performance metrics of
wind retrieval based on NRCS plus model winds without input of Doppler information is
listed in Table 1. The bias is 0.34 m/s and 7.25° for wind speed and direction, respectively,
with the RMSE values being 1.45 m/s and 35.84°. While the improvement may not be
substantial, the slightly improved bias and RMSE still suggest a degree of accuracy in our
wind retrieval.
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Figure 8. Comparison of retrieved winds and buoy-measured winds for (a) wind speed and (b) wind
direction. The performance metrics are annotated in each plot. The metrics in red in subplot
(b) correspond to the results for wind speed higher than 4 m/s. The empty dots correspond to the
points of wind speed lower than 4m/s.

Table 1. Performance comparison of different cost functions.

Variable Metrics NRCS + Model NRCS + Model + Doppler
Wind Bias [m/s] 0.34 0.33
speed RMSE [m/s] 145 145
Wind Bias [°] 7.25 6.94

direction RMSE [°] 35.84 35.74

3.3. Current Retrieval and Validation

As introduced above, Doppler shift can be viewed as the radar’s movement relative
to the sea surface, composed of the platform motion, the sea surface wind field, and the
motion induced by waves, as well as the influence of currents. The total contribution can
be formulated as

fcur:fD_fw (6)

where f.,;; denotes the residual Doppler shift associated with the surface radial current
velocity. fp is the geophysical Doppler shift after correction, which is used for wind
retrieval in Equation (5). fy is the sea-state contribution that needs to be removed from the
corrected geophysical Doppler to obtain the surface current component. f, is estimated
using the retrieved wind speed and direction with the CDOP model. The surface current
velocity is related to the residual Doppler shift by

us f cur
Up = i sind @
where k, is the incident radar wavenumber. Up is assumed to be the line-of-sight velocity
of the ocean surface current.

Figure 9a depicts the radial current velocity of the SAR scene acquired on 26 September
2019. The red region in the figure represents surface velocity directed towards the satellite
range line, indicating the current flowing northeastward. Beyond the Gulf Stream, the
current velocity appears relatively uniform, ranging from 0.1 to 0.5 m/s, while within the
Gulf Stream, velocities generally exceed 1 m/s. To validate the currents obtained through
the above method, the spatial map of surface currents observed by HFR is plotted for
comparison. In Figure 9b, the currents observed by HFR at 23:00 on the same day are
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presented, revealing a distribution similar to the SAR-retrieved radial current velocity. Both
images capture the Gulf Stream, where current velocities can reach 1.5 m/s. Figure 9c
illustrates the comparison between the observed currents from the drift buoy projecting
onto the radial direction of SAR observations and the inverted currents. In most cases,
there is a strong consistency between the two datasets. However, due to potential sig-
nificant variations in currents throughout the day, some outliers may be present. The
overall correlation coefficient is 0.87, and after excluding individual outliers, the correlation
coefficients and the metrics improve greatly. For example, the bias between the two sets
of data is approximately 0.02 m/s. Another point worth noting is that the abnormally
larger current velocity reaching up to 2 m/s observed by the drifters might be due to errors
in the products. The overall RMSE of 0.32 m/s cannot be ignored; this might be due to
the relatively long collocation time window of a duration within 3 h. Assuming a current
velocity of 0.5 m/s, it will propagate out a distance of 5.4 km, which is larger than the
spatial collocation criteria. To diagnose the potential uncertainty, we divided the data points
into two groups: one with a collocation time within 1 h and the other with a collocation
time longer than 1 h. The respective RMSEs of the retrieved current velocity component
for these two groups are 0.28 m/s and 0.33 m/s, implying the impact of collocation time.
Note that the drifter current measurements are available every 6 h, which may also induce
additional uncertainties.
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Figure 9. Comparison of retrieved oceanic current with reference dataset. (a) SAR-derived radial
current velocity on 26 September 2019 overlapped with the trajectory of drifters (solid line in red).
(b) Sea surface current velocity vector observed by HF radar on 26 September 2019. (c) Pointwise
comparison of drifter measured radial velocity versus SAR-derived current velocity with the compar-
ison metrics annotated in the plot. Note that all the collocation pairs between SAR and drifters are
included in panel (c) to generate the scatter plot.

4. Summary

In this study, we take advantage of multiple SAR images over the North Atlantic
to investigate the joint retrieval performance of wind vector and line-of-sight current
velocity using a Bayesian approach. To achieve this purpose, the NRCS and Doppler
information of SAR images, representing backscattering magnitude and phase of radar
return, are combined in the inversion scheme, along with a priori wind information. A
series of correction steps are first carried out to obtain the geophysical component of the
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Doppler centroid from SAR estimates. This includes the removal of scalloping effect and
antenna miss-pointing based on land coverage. The performance of the inversion scheme
combining NRCS, DCA, and the model winds is then evaluated with respect to in situ buoy
measurements. The metrics indicate a slight improvement in comparison to the inversion
results with the input of Doppler information.

For sea surface current inversion, the study introduces the use of the CDOP model
to estimate and correct Doppler frequency shifts induced by sea surface wind and waves.
This correction mechanism is found to enhance the accuracy of ocean current inversion.
The results highlight the consistency of velocities obtained through S-1 inversion with
high-frequency ground-based radar observations. Furthermore, the spatial distribution
characteristics of ocean currents can be effectively derived through this innovative integra-
tion of S-1 data, offering valuable insights into oceanographic dynamics.

The Doppler information of SAR images can certainly play a role in relevant geophysi-
cal fields [27]. However, there are some deviations in certain regions that can be attributed
to a couple of reasons. For example, the partial land coverage across the swath width may
result in inconsistency in Doppler corrections. In addition, the DCA included in the cost
function of the inversion scheme combines the wind and current contribution, which might
lead to a bias in the retrieval results. Thus, how to take into account this combination and a
possible extension over the polar regions will be the focus of our following work [28].
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