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Mapping Radial Ocean Surface Currents in the Outer
Core of Hurricane Maria From Synthetic Aperture

Radar Doppler Measurements
Shengren Fan , Biao Zhang , Senior Member, IEEE, Vladimir Kudryavtsev , and William Perrie

Abstract—Spaceborne synthetic aperture radar (SAR) Doppler
shift measurements have been used for remote sensing of ocean sur-
face currents during nonstorm events. However, mapping strong
currents under storm conditions is still a challenging and unsolved
issue. In this study, we attempt to retrieve radial current velocities
from Sentinel-1A SAR Doppler shifts acquired over the outer core
regions of Hurricane Maria for the first time. In these areas, the
maximum wind speed is 28.7 m/s. Doppler shifts arising from the
scalloping effect are first calculated using a linear fitting method.
The nonzero Doppler shift measurements over the land within
SAR scenes are then used to estimate Doppler shifts caused by
antenna electronic mispointing and residual error. Finally, we com-
pute sea-state-induced Doppler shifts (wave Doppler) based on our
recently dual copolarization Doppler velocity (DPDop) model. The
retrieved radial current velocities are compared with collocated
high-frequency radar measurements, and show a bias of 0.02 m/s
and a root-mean-square error of 0.19 m/s. These results suggest
that it is possible to retrieve reliable radial current velocities under
high wind conditions, as the contributions of nongeophysical terms
and sea state to the Doppler shifts can be accurately estimated and
removed.

Index Terms—Doppler shift, hurricane, ocean surface current
(OSC), synthetic aperture radar (SAR).
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I. INTRODUCTION

HURRICANES transfer large amounts of kinetic energy
from the atmosphere to the upper ocean, which induces

strong vertical mixing in the ocean mixed layer. Thus, they
generate strong surface and subsurface currents, and impact
the atmosphere and marine boundary layer through air–sea
interactions, with feedbacks of moisture, momentum, mass,
and including climate-related greenhouse gases, such as CO2.
Various instruments have been used to measure ocean currents
during hurricanes, including airborne expendable current profil-
ers [1], electromagnetic autonomous profiling explorer floats
[2], underwater gliders and wave gliders [3], [4], uncrewed
surface vehicles (e.g., saildrone) [5], [6], and surface drifters
[7], [8]. These devices provide high-quality measurements of
near-surface currents, depth-average currents, and current pro-
files, even under extreme weather conditions. However, they
only provide measurements along the storm tracks. To better
understand the upper ocean response and feedback to hurricanes,
it is extremely desirable to acquire surface currents over large
areas, under high winds (>20 m/s).

Spaceborne synthetic aperture radar (SAR) is a unique mi-
crowave sensor for monitoring the dynamic ocean environment
due to its high-resolution, wide coverage, day and night, and
all-weather observational capabilities. SAR cannot only mea-
sure radar returns from the ocean surface but also Doppler shifts
associated with surface scattering facets. Envisat ASAR and
Sentinel-1 Doppler shift measurements have been widely used to
retrieve the radial ocean surface current (OSC) velocity [9], [10],
[11], [12] during nonstorm events. The retrieval results have been
compared with the collocated coastal high-frequency (HF) radar
and surface drifter observations [13]. The comparison showed
a bias of −0.08 m/s and a root-mean-square error (RMSE)
of 0.25 m/s for HF radar, and −0.02 m/s and 0.24 m/s for
drifter measurements, respectively. Under hurricane conditions,
extreme wave heights would occur in the right-front quadrant
of the storm because the waves are trapped in an “extended
fetch” when the group velocity of the waves is approximately
equal to the translation speed of the storm [14], [15]. Cross
swell dominates in the majority of hurricane regions [16], [17].
Moreover, the strongest current is observed to the right side of
the storm track [8], [18]. Thus, surface current retrieval under
hurricane conditions is a challenging task. A previous study
calculated the Doppler velocity under hurricane conditions using
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RADARSAT-1 SAR raw data and directly compared the results
with drifting buoy current measurements [19]. However, the
study did not estimate or remove the contributions of wave
motion to the Doppler velocity before conducting the validation.

SAR-measured Doppler shifts consist of both geophysical and
nongeophysical components. The geophysical term relates to
ocean surface motion induced by the sea state and underlying
surface currents. The nongeophysical term is associated with
antenna electronic mispointing, satellite attitude variation, the
scalloping effect, and residual error. Therefore, the accuracy
of the SAR radial OSC velocity retrievals relies on the precise
estimation of Doppler shifts arising from sea state and nongeo-
physical terms. To obtain reliable measurements of radial current
velocity, several empirical geophysical models (e.g., CDOP3S,
CDOP3SX, and CDOP3SiX) have been proposed to estimate the
contribution of sea state to the SAR Doppler shift [12], [20]. Re-
cently, we have developed a dual copolarization Doppler veloc-
ity (DPDop) model [21]. We have demonstrated that this model
can be used to estimate sea-state-induced Doppler shifts (here-
after referred to as wave Doppler) with relatively higher accuracy
compared with the empirical models mentioned earlier. Based
on the DPDop model, we have implemented wave Doppler cor-
rection and derived radial OSC velocities from Sentinel-1 SAR
Doppler shifts. The SAR retrievals are in good agreement with
HF radar measurements, with a bias of −0.04 m/s and a RMSE
of 0.15 m/s [22]. In addition to wave Doppler, nongeophysical
Doppler shifts are also very important for radial current retrieval
and need to be accurately calculated [11], [23], [24].

Although SAR Doppler shift measurements have been used to
retrieve radial OSC velocity during nonstorm events, no relevant
investigations under hurricane conditions have been reported.
In this study, for the first time, we aim to address this issue by
retrieving radial OSC velocities from Sentinel-1 SAR Doppler
shifts acquired over the outer core regions of Hurricane Maria.
The results of the radial current retrieval are evaluated using HF
radar measurements. Note that the radial velocity (RVL) is only
one component of the OSC.

The rest of this article is organized as follows. The datasets
are described in Section II. The details of radial current retrieval,
results and validations are presented in Section III. Finally,
Section IV concludes this article.

II. DATASETS

To retrieve and evaluate radial OSC velocities under high
wind conditions, we collected a Sentinel-1A (S-1A) SAR image
acquired over Hurricane Maria in the Atlantic Ocean. Moreover,
we also obtained HF radar-measured surface currents over the
area of SAR imaging.

A. S-1A Level-1 and Level-2 Data

S-1A Level-1 data are a dual-polarization (VV, VH) SAR
image acquired in interferometric wide (IW) swath mode. It
is freely available at the Copernicus Open Access Hub.1 The
swath width is 250 km, and the spatial resolution in the range and

1[Online]. Available: https://scihub.copernicus.eu

Fig. 1. (a) C-band S-1A VV-polarized SAR image acquired in IW swath mode
over Hurricane Maria on 26 September, 2017 at 22:57 UTC. The colorbar denotes
the normalized radar cross section at VV-polarization, in units of dB. Blue plus
sign (+) represents the locations of the three NDBC buoys (#44009, #44014,
and #41025). Red dots depict the geographic locations of the HF radar. Red
and black arrows denote azimuth and range directions, respectively. (b) S-1A
SAR-measured Doppler shifts from level-2 ocean (OCN) product. The colorbar
represents the Doppler shift, in units of Hz. (c) Geographic location of the SAR
image (red rectangle).

azimuth directions for the IW mode are 5 and 20 m, respectively.
The incidence angles over the three continuous subswaths are
between 30o and 36o (near-swath), 36o and 42o (mid-swath), and
41o and 46o (far-swath). As shown in Fig. 1(a), the peripheral
regions of Hurricane Maria were intercepted by S-1A on 26
September, 2017 at 22:57 UTC. In the SAR imaging area, there
are three National Data Buoy Center (NDBC) buoys (#41025,
#44014, and #44009) off the east coast of the USA. In this
study, we extracted the RVL from the S-1A Level-2 ocean
(OCN) product and converted RVL into the Doppler shift using
the formula fdc = −krUrvl/π. Here, kr is the electromagnetic
wavenumber (for the C-band, kr= 112 rad/m), and Urvl is RVL.
Fig. 1(b) illustrates S-1A SAR-measured Doppler shifts over
Hurricane Maria.

B. HF Radar Data

HF radars are shore-based microwave sensors that have been
widely used to measure coastal surface current fields over a
large region (∼300 km) in near real-time. HF radar transmits
HF (3–50 MHz) electromagnetic waves that propagate along
the ocean surface beyond the horizon and are backscattered
by resonant waves known as “Bragg waves,” which have a

https://scihub.copernicus.eu
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Fig. 2. Doppler shift profiles extracted from S-1A SAR IW scene acquired over Hurricane Maria on 26 September, 2017 at 22:57 UTC: Azimuth (along-track)
Doppler shift profiles from observations (blue solid line), mean of the observations (red solid line), differences (observations—mean) (black solid line), and Doppler
error due to the scalloping effect, estimated from a linear fit method (green dashed line), for (a) near-swath, (b) mid-swath, and (c) far-swath, respectively.

Fig. 3. Range (across-track) Doppler shift profile from observations (blue
solid line) over the land within the SAR scene, and Doppler error (red dashed
line) due to the antenna electronic mispointing and residual error estimated from
the linear fit method for near-, mid-, and far-swaths, respectively.

wavelength half that of the radar wavelength. The displacement
of the Bragg peaks in the Doppler spectrum from their expected
positions is related to the surface current [25]. The accuracies
of the HF radar current measurements typically range between
5 and 20 cm/s [26], [27], [28]. In this study, we use surface
current measurements from the HF Radar Network (HFRNet)2

2[Online]. Available: https://hfrnet-tds.ucsd.edu/thredds/catalog.html

to validate SAR-retrieval radial current velocities. The temporal
and spatial resolutions of HF radar current products are 1 h
and 6 km, respectively. The geographic locations of HF radar
are shown in Fig. 1(a). As an essential component of Integrated
Ocean Observing System, HF radars deployed on the East Coast
of the United States provide OSC products with spatial resolu-
tions of 1, 2, and 6 km. However, there is a tradeoff between
spatial resolution and swath. A higher resolution (1 km) of OSC
corresponds to a smaller observation area (45 km) of HF radar.
There are only a few HF radar measurements available with
a resolution of 1 or 2 km in the SAR acquisition. Therefore,
in order to conduct a statistical validation, we compared the
SAR-retrieved radial OSC with HF radar measurements at a
resolution of 6 km.

III. RESULTS AND VALIDATION

A. Nongeophysical Doppler Shifts

SAR-measured instantaneous Doppler shifts (fdc) are com-
posed of various contributions, as expressed by

fdc = fatt + felec + fsca + fosc + fss +Δf (1)

where fatt is the Doppler shift caused by the satellite attitude vari-
ation, felec is the Doppler shift arising from antenna electronic
mispointing, fsca is the Doppler shift related to the scalloping
effect in the azimuth direction. fosc and fss are Doppler shifts
induced by surface current and sea state, respectively. Δf is
the total residual error and other unknown biases. Detailed
descriptions of each component of (1) can be found in [12].

https://hfrnet-tds.ucsd.edu/thredds/catalog.html
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Fig. 4. (a) S-1A SAR-measured Doppler shifts over Hurricane Maria on 26 September, 2017 at 22:57 UTC, after removing the Doppler error due to the satellite
attitude variations. (b) Doppler shifts after removing Doppler error due to the scalloping effect. (c) Doppler shifts after removing Doppler error caused by the
antenna electronic mispointing and residual error. The colorbar represents the Doppler shift, in units of Hz.

In order to obtain a reliable estimate for the OSC velocity,
the nongeophysical Doppler shifts (fatt+felec+fsca) need to be
accurately estimated and eliminated. Note that fatt has been
involved in the S-1A Level-2 ocean (OCN) product. Fig. 2(a)–(c)
shows azimuth Doppler shift profiles (blue solid lines) from
observations for near-, mid-, and far-swaths, respectively. These
observed Doppler shifts in the azimuth direction exhibit sig-
nificant deviations from the “expected value” (0 Hz). These
deviations are caused by the scalloping error associated with
the antenna sweep motion in the S-1A TOPSAR acquisition
mode. We first estimate the mean values (red solid lines) using
adjacent Doppler shifts at peak and trough locations. Then,
the differences (black solid lines) between observations and
averages are calculated. Finally, we use a linear fitting method
to estimate the Doppler shifts arising from the scalloping effect
(fsca, green dashed lines) for each pixel in the azimuth direction.
Fig. 3 illustrates the range Doppler shift profiles (blue solid line)
obtained from observations over the land for the three swaths. As
shown in Fig. 3, distinct Doppler shift undulations (5.5–19.5 Hz)
exist in each subswath and notable “jumps” are found between
subswaths. The nonzero Doppler shifts over the land are related
to antenna electronic mispointing and residual error. In this
study, we use fitted Doppler shifts (red dashed line) over the
land area within the SAR scene to estimate felec and Δf .

Fig. 4(a) shows the SAR-measured Doppler shifts after re-
moving the contribution caused by the satellite attitude variation.
Distinct scalloping patterns in the azimuth direction are clearly
present. After subtracting the Doppler error due to the scalloping
effect, no prominent stripes are visible, as shown in Fig. 4(b).
Yet, there are still abnormal Doppler shifts with large values
present in both the land area and the offshore region. These

shifts are associated with changes in the antenna beam pattern
and the residual error. Fig. 4(c) presents the Doppler shifts after
removing contributions from antenna electronic mispointing and
the residual error.

B. Wave Doppler

Under hurricane conditions, strong winds generate wind
waves and associated swells with significant orbital motions.
High sea states can significantly contribute to the Doppler shift,
in addition to the underlying surface currents. Therefore, we
need to accurately estimate wave Doppler (fss) and eliminate
this component from the SAR measurements.

Fig. 5(a) shows the retrieved wind speeds using the S-1A
dual-polarization SAR image of Hurricane Maria, based on
the algorithm proposed in [29]. The spatial resolution of the
retrieved wind speeds is 1 km. S-1A Level-2 OCN product
provides wind directions from both SAR retrieval and ECMWF
reanalysis. In this study, we use wind directions from ECMWF
instead of SAR because the former is more accurate. Although
the S-1A SAR image only captured a peripheral area of Hur-
ricane Maria’s structure, high winds (>20 m/s) are observed
to the east of Hatteras Island (Latitude: 35°24’17.99“ N, Lon-
gitude: −75°29’7.79” W), with a maximum wind speed of
28.7 m/s. Fig. 5(b) presents the significant wave heights of
Hurricane Maria derived from WAVEWATCH III (WW3) on
26 September, 2017 at 23:00 UTC. The spatial resolution of
the WW3 simulation for the significant wave height is 1/15o.
As shown in Fig. 5(b), large significant wave heights (6–8 m)
are clearly shown in the high wind region. The blank area
in Fig. 5(b) represents the missing significant wave heights
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Fig. 5. (a) Ocean surface wind field retrieved from S-1A dual-polarization
(VV, VH) SAR image acquired in IW swath mode over Hurricane Maria on
26 September, 2017 at 22:57 UTC. Black arrows represent ECMWF wind
directions. The colorbar represents the wind speed, in units of m/s. (b) Significant
wave height of Hurricane Maria derived from WAVEWATCH III (WW3) on
26 September, 2017 at 23:00 UTC. Black and red arrows denote the ECMWF
wind directions and WW3 wave directions, respectively. The colorbar represents
the significant wave height, in units of m. (c)–(e) Are directional wave spectra
measured by NDBC buoys [#44009, #44014, and #41025 as shown in Fig. 1(a)]
on 26 September, 2017 at 23:00 UTC. Black arrows in (c)–(e) represent the
average wind direction measured by the buoy over an 8-min period. kx and ky
stand for azimuth and range wavenumbers, respectively.

of WW3. Moreover, we also observe significant differences
between wind directions (black arrows) and wave directions (red
arrows), indicating the prevalence of swell or mixed sea states.
This is confirmed by the directional wave spectra measured by
three NDBC buoys, as shown in the Fig. 5(c)–(e). Tri-, bi-, and
mono-modal spectra are explicitly exhibited for buoys #44009,
#44014, and #41025, respectively. Black arrows in Fig. 5(c)–(e)
represent wind directions, which show notable deviations from
the peak wave directions, particularly for buoys #44014 and
#41025. As shown in the Fig. 5(c)–(e), the wind directions mea-
sured by three NDBC buoys (#44009, #44014, and #41025) are
22°, 24°, and 355°, respectively. The wind directions from SAR
are 48°, 37°, and 354°, and from ECMWF are 45°, 20°, and 349°,
respectively. Compared with buoy measurements, the RMSEs
of wind direction are 7.7° and 9.4° for ECMWF and SAR,
respectively. Recent studies have shown that wind directions
can be directly estimated from dual-polarization (VV + VH)
SAR images acquired during hurricanes, using either the Hann
window function [30] or the local gradient method [31]. The
RMSEs of wind direction derived from these two methods are
20.24° and 13.30°, respectively. In general, ECMWF reanalysis
data or a high-resolution limited area model provide background

information for SAR wind speed retrieval. It should be noted
that SAR has the potential to derive the background field. For
example, we can use cross- and dual-polarization SAR images
to generate initial estimates of the u and v wind components.

We calculate wave Doppler based on our recent model, the
DPDop model [22]. The DPDop model can estimate each com-
ponent of Doppler velocity, including the velocities of resonant
Bragg waves and breakers, as well as the contributions of tilt
and hydrodynamic modulations due to long surface waves to
the Doppler velocity. The DPDop model development was not
based on the assumption of a fully developed wind-wave, a pure
swell, or hybrid wave systems. Therefore, it has the capability of
yielding wave Doppler caused by a mixed sea state, given the sur-
face wind field, characteristic wave parameters (e.g., significant
wave height, mean wave direction, and mean wavenumber), or
2-D wave spectra, and radar configurations. The upper limit on
the wind speed in the DPDop model is 30 m/s. Thus, this model
can be used to estimate the contributions of orbital motions of
the waves to the Doppler shift, at least for the case of Hurricane
Maria. The inputs of the DPDop model are ocean surface wind
fields, characteristic wave parameters (significant wave height,
mean wave direction, and mean wavenumber) from WW3, and
radar parameters (incidence angle and radar look direction).
DPDop model outputs Doppler shifts induced by wind waves
and swell, as shown in Fig. 6(a). Fig. 6(b) presents the Doppler
shifts after removing the sea state effect using the DPDop model.
Note that the Doppler shifts shown in Fig. 6(b) are only related to
OSC because the effects of nongeophysical terms and sea state
have been removed.

C. Radial Current Retrievals and Validations

As the current-induced Doppler shift (fosc) is derived, we
estimate the radial OSC velocity (Urvl) via the following formula:

Urvl = − πfosc

krsinθ
(2)

where kr is the electromagnetic wavenumber, and θ is the radar
incidence angle. Note that Urvl is positive or negative when the
scattering facets on the ocean surface move away from or toward
the radar, respectively. The retrieved radial OSC velocities on
26 September, 2017 at 22:57 UTC, with a resolution of 1 km,
are shown in Fig. 6(c). The strong radial currents appear in
high-wind areas with a maximum of 0.66 m/s. To evaluate
the radial surface currents retrieved by SAR, we collected the
HF radar current measurements (with a resolution of 6 km) on
26 September, 2017 at 23:00 UTC. These measurements were
then projected into the radial direction, as shown in Fig. 6(d).
Prior to evaluation, we resample the spatial resolution of SAR-
derived currents to 6 km to ensure consistency with that of HF
radar-measured currents. Fig. 7 presents comparisons of SAR-
retrieved radial OSC velocities and HF radar measurements, both
without and with the removal of wave Doppler. As shown in
Fig. 7(a), significant errors in the retrieved OSC velocity occur
when the effects of sea state on Doppler shift are not eliminated.
In contrast, as displayed in Fig. 7(b), the bias and RMSE decrease
significantly after eliminating the influence of sea state using the
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Fig. 6. (a) Estimated wave Doppler using DPDop model, (b) S-1A SAR Doppler shifts over Hurricane Maria on 26 September, 2017 at 22:57 UTC, after removing
sea state effect (wave Doppler correction) using the DPDop model. The colorbar in Fig. 6(a) and (b) represent the Doppler shift, in units of Hz. (c) Retrieved radial
surface current velocities from Doppler shifts as shown in Fig. 6(b), and (d) HF radar-measured radial surface current velocities on 26 September, 2017 at 23:00
UTC. The colorbar in Fig. 6(c) and (d) represent the radial surface current velocities, in units of m/s.

Fig. 7. Comparisons of SAR-retrieved radial OSC velocities and collocated
HF radar measurements: (a) Without removal of wave Doppler, (b) with removal
of wave Doppler using DPDop model, and (c) with removal of wave Doppler
using CDOP model. The color bar represents the density of the point distribution.

DPDop model. The bias is 0.02 m/s, and the RMSE is 0.19 m/s.
When the radial OSC velocities are larger than 0.2 m/s, the bias
and RMSE are −0.07 m/s and 0.21 m/s, respectively. Compared
with Fig. 7(b), the bias and RMSE of the retrieved radial OSC
velocities in Fig. 7(c) are much larger, with values of 0.09 and
0.33 m/s, respectively. This is because the CDOP model ignores
the contribution of swell to the Doppler shift [32]. Therefore, the

Doppler shift induced by sea state needs to be precisely estimated
and corrected in order to obtain reliable radial OSC velocity,
especially under high wind conditions. The differences between
SAR retrievals and HF radar measurements are likely related
to inaccurate Doppler shift corrections for nongeophysical and
geophysical terms, as well as uncertainty estimates for HF radar
current observations.

IV. DISCUSSION AND CONCLUSION

This is the first attempt to retrieve radial OSC velocities in
the outer core regions of Hurricane Maria using the Doppler
shifts in a S-1A SAR image. Prior to retrieving radial surface
currents, we estimate the Doppler shifts caused by the scalloping
effect, the antenna electronic mispointing and residual error, and
sea state. These estimates, along with those related to satellite
attitude variation, are eliminated from the observed Doppler
shifts. We compare SAR-retrieved radial OSC velocities with
HF radar measurements. The bias and RMSE are 0.02 and 0.19
m/s, respectively.

The errors in radial OSC retrieval are largely attributed to
potentially inaccurate estimates of nongeophysical and geo-
physical Doppler shifts. For example, the imprecise satellite
attitude and orbit parameters can potentially lead to unreliable
estimates of geometric Doppler shift (fatt). Moreover, an inac-
curate antenna model may also result in an incorrect Doppler
shift (felec) associated with antenna electronic mispointing. Al-
though the biases caused by inaccurate geometry and electronic
mispointing can be corrected using the nonzero Doppler shift
measurements over the land area within SAR images, residual
error may still exist. In this study, we apply the DPDop model to
estimate wave Doppler using the surface wind field, character-
istic wave parameters, and radar configurations. The potential
errors in SAR-retrieved wind speeds, ECMWF wind directions,
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and WW3 model-simulated significant wave heights are likely
to affect the accurate prediction of geophysical Doppler shift
caused by wind waves and swells. Moreover, uncertainties in the
HF radar current measurements may also lead to discrepancies
in current comparisons. Radial surface current velocities derived
from SAR and HF radar observations include the contribution of
the wave-induced Stokes drift. Yet, the magnitude of Stokes drift
is discrepant due to different current measurement depths for
SAR (<0.01 m) and HF radar (1–2 m). The difference between
SAR current retrievals and HF radar measurements is partly
related to the Stokes drift.

Under extreme weather conditions, high sea states (wind
waves and swells) can cause significant contributions to Doppler
shifts. Therefore, Doppler shifts arising from the sea state need
to be accurately estimated and eliminated. In this study, we use
the DPDop model to correct the wave Doppler in the outer core
regions of Hurricane Maria. In these areas, the maximum wind
speed is 28.7 m/s. Note that the upper limit for wind speed in the
DPDop model is 30 m/s. This suggests that the DPDop model is
applicable to correct wave Doppler for weak storms (≤30 m/s).
In the future, we plan to expand the wind speed range of this
model and calculate wave Doppler in the eyewall region of strong
hurricanes. As such, strong radial surface currents (∼2 m/s) may
be derived from SAR Doppler shift measurements. Note that the
S-1A SAR intercepted Hurricane Maria in the coastal region.
Thus, we can use land cover data in this SAR image to correct
the bias linked to nongeophysical Doppler shifts (fatt + felec)
and residual error (Δf ). For SAR scenes acquired in land-free
open ocean areas, obtaining reliable radial OSC velocities from
SAR-measured Doppler shift is challenging. A recent study
has presented an approach to estimate felec in land-free SAR
images by analyzing seasonal Doppler shift variations using
multitemporal SAR images acquired in the same region [33].
The feasibility of this method needs further evaluation. We will
also continue to explore radial OSC measurements using SAR
observations acquired under storm conditions and in open ocean
areas.
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