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Abstract A new method to determine near-surface vertical current shear from noncoherent marine X-
band radar (MR) data is introduced. A three-dimensional fast Fourier transform is employed to obtain the
wave number-frequency spectrum of a MR image sequence. Near-surface currents are estimated from the
Doppler-shifted surface gravity wave signal within the spectrum. They represent a weighted mean of the
upper ocean flow. The longer the ocean waves on which the current estimates are based, the greater their
effective depth. The novelty lies in the wave number-dependent retrieval method, yielding �100 independ-
ent current estimates at effective depths from �2 to 8 m per �12 min measurement period. First, MR near-
surface vertical current shear measurements are presented using data collected from R/V Roger Revelle dur-
ing the 2010 Impact of Typhoons on the Ocean in the Pacific experiment in the Philippine Sea. Shipboard
acoustic Doppler current profiler (ADCP) and anemometer measurements as well as WAVEWATCH III (WW3)
model results are used to demonstrate that results are in accord with physical expectations. The wind and
wave-driven Ekman flow is obtained by subtracting ADCP-based background currents from the radar meas-
urements. At �2 m, it is on average �1.6% of the wind speed and �38.98 to the right of the wind. With
increasing effective depth, the speed factor decreases and the deflection angle increases. Based on WW3
results, the MR-sensed Stokes drift speed is �50% of the Ekman flow at �2 m and �25% at �8 m. These
findings are consistent with previous observations and Ekman theory.

1. Introduction

Near-surface currents are important for multiple reasons. Many key processes controlling climate change
occur at the air-sea interface, where the ocean exchanges heat, mass, and momentum with the atmosphere.
The wave and wind-driven near-surface currents affecting these processes are still incompletely understood.
Accurate near-surface vertical current shear measurements are likely to shed new light on air-sea momen-
tum fluxes. On ships, knowledge about near-surface currents stands to improve operational safety, e.g.,
when navigating narrow harbor entrances. It may also prove invaluable during search-and-rescue activities,
or when monitoring floating pollutants such as oil slicks. Lastly, an accurate understanding of near-surface
currents is vital when predicting storm surges, or assessing the hydrodynamic forces acting on offshore plat-
forms. Despite the importance of near-surface currents, measurements are scarce [Yoshikawa and Masuda,
2009]. Traditional in situ measurements are difficult to make, and have significant errors due to surface grav-
ity waves and associated mooring motions [Beardsley et al., 1981; Richman et al., 1987]. Modern acoustic
Doppler current profiler (ADCP) measurements get contaminated by bubbles, which tend to be present
near the surface, especially when wave breaking occurs [Beal et al., 2008; Firing et al., 2012]. Shipboard
ADCPs generally do not measure currents in the upper �20 m of the ocean, since the first few range cells
tend to be biased [Firing and Hummon, 2010]. Marine X-band radar (MR) data can be analyzed to yield near-
surface current information. Shipboard MR currents have the potential to fill the near-surface gap of data,
supplementing ADCP measurements.

MR near-surface current retrieval is based on the surface wave signatures within a sequence of backscatter
intensity images. The grazing incidence X-band radar return from the sea surface is less well understood than
the backscatter at moderate-to-large incidence angles [e.g., Plant, 2003]. However, it is generally accepted to be
due to a combination of Bragg scatter from centimeter-scale roughness elements [Barrick, 1968; Wright, 1968]
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and so-called sea spikes from wave breaking at multiple scales [Trizna et al., 1991]. The MR imaging mecha-
nisms for surface gravity waves (here >21 m wavelength) are shadowing (no radar echoes from areas behind
wave crests), hydrodynamic modulation (radar scatterers are roughened by wave-induced converging currents
and flattened by diverging ones), and tilt modulation (the waves modulate the local incidence angle, which
affects backscatter intensity) [Alpers et al., 1981; Wetzel, 1990; Nieto Borge et al., 2004].

A new method to retrieve near-surface vertical current shear from MR backscatter data is introduced. Near-
surface current vectors can be determined from the Doppler shift that is observed in the wavefield’s phase
velocities when a current is present. To retrieve near-surface current shear, we exploit the fact that the cur-
rents’ effective depth increases with the length of the associated waves, as will be explained in the follow-
ing section. Existing methods yield only a single current vector that, as Young et al. [1985a] argue, is
representative of the upper �6 m of the ocean. The promise of MR near-surface vertical current shear meas-
urements has recently been demonstrated in conference proceedings [Campana et al., 2015; Lund et al.,
2015a], but not yet in a peer-reviewed journal. A number of multifrequency high-frequency (HF) radar-
based studies to measure upper ocean shear have been conducted [e.g., Fernandez et al., 1996; Teague
et al., 2001]. MRs have the advantage that they sample the ocean wave spectrum over lengths from �20 to
several 100 m, whereas HF radars sense-specific wave numbers depending on their operating frequencies.

This article is organized as follows: much of the theoretical background for this work was developed in the
1970s and 1980s, when first attempts were made to measure near-surface vertical current shear using HF
radar [e.g., Stewart and Joy, 1974; Ha, 1979]. Section 2 builds on these findings, as it explains how MR currents
can be decomposed into filtered Stokes and quasi-Eulerian components. It also defines the effective depth of
the radar-derived currents, and reviews the existing literature on wind and wave-driven flow. This study uses
data that were collected from R/V Roger Revelle during the Impact of Typhoons on the Ocean in the Pacific
(ITOP) field campaign in 2010. Section 3 gives an overview of the ITOP data set, and discusses the wave mod-
eling techniques employed to support our results. The near-surface vertical current shear retrieval methodol-
ogy is introduced in section 4. It focuses on the newly developed processing steps necessary for determining
shear, and discusses similarities and differences with the standard single current vector retrieval technique by
Young et al. [1985b] and Senet et al. [2001]. Section 5 presents first MR near-surface vertical current shear
measurements. Results are put in context with the wind and wave forces driving the shear, as well as the
large-scale upper ocean circulation in the area. The section also provides evidence of near-surface Ekman
dynamics, which is compared with drift parameters (i.e., speed factor and deflection angle) from the scientific
literature. The article closes with conclusions and directions for future research (section 6).

2. Background

2.1. Filtered Stokes and Quasi-Eulerian Currents From Radar
To retrieve the near-surface current from MR backscatter data, one must measure the phase velocity of the
imaged surface gravity waves. That measurement’s deviation from the still water dispersion relationship
yields the desired current vector. A measure of the same parameter is obtained with a pair of HF radars. The
Doppler frequency shifts of the dominant peaks within a HF radar sea echo spectrum yield the phase speed
of the Bragg-resonant ocean waves moving toward or away from the radar. (At grazing incidence, the Bragg
waves have half the wavelength of the radar electromagnetic waves—for example, a 12.4 MHz system
senses Bragg waves with a length of 12.1 m.) In order to obtain the total current vector, two spatially sepa-
rated HF radar units must be employed [Barrick et al., 1977]. To determine an accurate current vector, both
radar systems require significant directional wave spreading, which is generally fulfilled under natural sea
states [e.g., Rogers and Wang, 2007]. The theoretical background that has been developed for HF radar cur-
rents thus equally applies to MR.

Following Ardhuin et al. [2009], the radar-derived current URðkDÞ can be represented as a superposition of a
quasi-Eulerian current UEðkDÞ [Stewart and Joy, 1974; Kirby and Chen, 1989] and a wave-induced current USf ðkDÞ:

URðkDÞ5UEðkDÞ1USf ðkDÞ: (1)

The radar-derived current is always a function of the ocean wave number kD from which it is derived, but to
simplify notation the variable will be omitted in what follows. USf is due to a nonlinear correction term to
the linear wave phase velocity [Weber and Barrick, 1977] that can be interpreted as a filtered surface Stokes
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drift [Ardhuin et al., 2009]. UE is a combination of tidal currents, pressure-driven (geostrophic) currents, iner-
tial motions, and wind drift. From the nonlinear correction term given by Weber and Barrick [1977], it has
been shown [Broche et al., 1983; Ardhuin et al., 2009] that the filtered Stokes drift affecting the radar-derived
currents can be approximated by:

USf ðkD; hDÞ ’ USSðfDÞ � ehD 14pkD

ð1
fD

ð2p

0
f cos ðh2hDÞEðf ; hÞdhdf ; (2)

where hD and fD are the direction and frequency of the ocean waves on which the estimates are based, and
ehD is the unit vector directed toward hD. The expression is dominated by USS, which is the Stokes drift vec-
tor for waves with frequencies up to fD:

USSðfDÞ54p
ðfD

0

ð2p

0
f kðf ÞEðf ; hÞdf dh: (3)

Here E(f,h) is the directional wave spectrum and k the wave number vector. According to the linear disper-
sion relationship for deep water waves, the latter is given by ð2pf Þ2=g, where g is the acceleration due to
gravity. While the expression for USf ðkD; hDÞ cannot be exactly given by the projection of a vector USf in
direction hD, Ardhuin et al. [2009] argue that this is a reasonable approximation.

2.2. Effective Depth of Currents
The effective depth of the quasi-Eulerian current UE was first investigated by Stewart and Joy [1974] using
linear wave theory. Assuming deep water and a current that is small compared with the wave phase speed,
they found that:

UEðkDÞ52kD

ðh

0
UðzÞexp ð22kDzÞdz: (4)

Here U(z) is the vertical current profile with z positive downward and h is the water depth. The solution
shows that UE represents a weighted average of the current from the surface down to the penetration
depth of the wave, which is approximately half the ocean wavelength kD5 2p

kD
sensed by the radar [Dean

and Dalrymple, 1991]. The relative contributions to UE are greatest at the surface and decrease exponentially
with depth as exp ð22kDzÞ. As a result, the effective depth of UE increases with kD. For the special case of a
linear current profile, it can be shown analytically that the radar-derived current corresponds to an effective
depth of 7.8% of kD [Ha, 1979]. For a logarithmic profile, the effective depth is 4.4% of kD. A finite water
depth counterpart to equation (4) has been found by Kirby and Chen [1989].

The present study exploits the fact that longer ocean waves are affected by currents at greater depths than
shorter waves. Since our MR data were acquired in deep water (see section 3 for details), it is based on Stew-
art and Joy’s [1974] solution (equation (4)). Since their theory neglects higher-order terms, the filtered
Stokes drift USf needs to be subtracted from the radar-derived UR to determine UE. This requires knowledge
of the directional wave spectrum E(f,h) (see equations (1) and (2)). When assigning an effective depth to our
measurements, we assume a linear current profile. This assumption is common in the literature [e.g., Ullman
et al., 2006], but it is of course a simplification. For a general current profile, the effective depth of the radar
measurements depends on both the current profile’s shape and kD. Thus, determining the near-surface cur-
rent profile U(z) would require the inverse solution of equation (4). Ha [1979] proposed a stabilized numeri-
cal inversion method that yielded reasonable results for HF radar observations, although sensitive to
measurement noise. He concluded that results could be improved if a larger number of radar frequencies
were available, since that would reduce random errors in the measurements. The numerical inversion of MR
currents to obtain U(z) will be addressed in a future work.

2.3. Wind and Wave-Driven Currents
Ekman’s [1905] theory explains steady wind-driven currents in an infinite homogeneous ocean. It assumes a
momentum balance between the Coriolis force due to the Earth’s rotation and the shear stresses exerted
by the wind on the ocean. The downward transfer of momentum is achieved by a turbulent stress, for
which a constant eddy viscosity is assumed. Ekman theory predicts a surface current that is proportional to
the wind stress and lies 458 to its right (in the Northern Hemisphere, assumed throughout). With increasing
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depth, the current rotates to the right and its speed decreases. The resulting vertical velocity profile has a
spiral structure (the so-called Ekman spiral).

However, Ekman’s theory does not account for the presence of surface waves, which profoundly modify the
ocean surface layer [e.g., Sullivan et al., 2007; McWilliams et al., 2012; Tamura et al., 2012]. Lewis and Belcher
[2004] show that the wave-induced Stokes drift is key to understanding near-surface current profile obser-
vations. The Stokes drift is strongly sheared, decaying rapidly away from the surface. It is dominated by the
high-frequency part of the wave spectrum, which is due to the fk term in equation (3). Hence, the relatively
short wind waves generally have a greater influence on the Stokes drift than long swell. Based on 12.5 MHz
HF radar measurements off the west coast of France and WAVEWATCH III (WW3) modeling results, Ardhuin
et al. [2009] find that USf is on the order of 0.5%–1.3% of U10, generally exceeding the wind drift which is on
the order of 0.6% of U10. A common Stokes depth scale (i.e., the depth down to which the Stokes drift
remains important) is 5 m [Polton et al., 2005]. This is significantly shallower than the typical Ekman layer
depth scale of 30 m [Price et al., 1987].

While surface flow to the right of the wind has been observed, its structure is complex and rarely consistent
with Ekman’s predictions [e.g., Schudlich and Price, 1998; Ralph and Niiler, 1999; Yoshikawa et al., 2007]. This
is because the real (i.e., nonidealized) near-surface current profile U(z) depends on a host of spatially and
temporally varying factors, including wind stress, diurnal heating and cooling, and surface waves. Based on
long-term time-averaged observations, Lewis and Belcher [2004] list three main features of the steady state
mean current: (1) a surface current at an angle of 108–458 to the right of the wind; (2) at depths from �5 to
20 m, currents are deflected by �758; (3) the magnitude of the current rapidly attenuates below the surface.
In the present paper, we will compare our MR near-surface vertical current shear observations with these
general characteristics.

3. Data Overview

The results presented here are based on measurements that were made during an extensive field campaign
in the Philippine Sea in 2010, as part of the ITOP program [D’Asaro et al., 2014]. Our focus lies on MR data
that we collected from R/V Roger Revelle during four separate cruises (RR1010, RR1012, RR1014, and RR1015)
covering a total of 26 days, spanning from August to October 2010. Figure 1a shows a map of the study
area with cruise tracks and bathymetry [IOC et al., 2003]. During ITOP, the Revelle was based in Kaohsiung,
Taiwan. As part of the program, two Air-Sea Interaction Spar (ASIS) and Extreme Air-Sea Interaction (EASI)
buoy pairs were deployed east of Taiwan, at 21.288N, 126.888E (in 5450 m depth) and 19.688N, 127.388E
(5500 m) [Graber et al., 2000; Drennan et al., 2014]. Figure 1b shows a picture of the Revelle with an ASIS-
EASI buoy pair in the foreground.

The Revelle is equipped with two 9.4 GHz (X-band) HH-polarized (i.e., horizontal transmit and receive) nonco-
herent MRs, a standard navigational one and a dedicated science system. Both are located on the ship’s main
mast, operating at grazing incidence. The science MR is a Furuno FAR2117BB with an 8 foot antenna (i.e., a
horizontal beam width of 0.758), an antenna rotation period of �1.4 s, and a pulse repetition frequency of
3 kHz. It was set to operate at a pulse length of 0.07 ms (i.e., a range resolution of 10.5 m). The MR is connected
to a computer with a Wave Monitoring System (WaMoS) by OceanWaveS. WaMoS digitizes the logarithmically
compressed video signal from the radar, keeping track of the antenna look direction for each sampled pulse.
The radar images are analyzed in near-real time to provide wave and current information [Dittmer, 1995;
Ziemer, 1995]. WaMoS was set to store the radar return from the sea surface over a range from 247.5 to
2152.5 m at a sampling frequency of 20 MHz (i.e., a range cell size of 7.5 m). On average, WaMoS sampled�1/
3.5 microwave pulses, resulting in an azimuth cell size of �0.38. (It would have been preferable if the system
had sampled all pulses, but this was not possible at the time due to hardware limitations, an issue that has
since been resolved by OceanWaveS.) The radar return measured by WaMoS is not radiometrically calibrated,
with backscatter intensity values ranging from 0 to 4095 (i.e., a 12 bit image depth).

Here the WaMoS raw polar radar images were postprocessed using IDL-based software developed at the
University of Miami, but shipboard analysis in near-real time is possible. The analysis was carried out on a
computer equipped with 48 GB memory and eight 2.8 GHz processors. An example of a MR image from the
Revelle is shown in Figure 1c. An aft portion of the radar field of view (FOV) has reduced backscatter due to
the main mast’s shadow. This region will be disregarded in the following analysis.
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We use shipboard ADCP data as a reference for our MR measurements. The Revelle has two ADCPs mounted
on its hull, an Ocean Surveyor 75 kHz (OS75) and a Narrowband 150 kHz (NB150), both manufactured by
Teledyne RD Instruments. Here we use the NB150, which is better suited for upper ocean studies. Depend-
ing on its mode of operation, NB150s depth bins range from 21 to 413 m in 8 m increments or from 19 to
215 m in 4 m increments. The University of Hawaii Data Acquisition System (UHDAS) acquires the ADCP
data and processes them using the Common Ocean Data Access System (CODAS) [Firing and Hummon,
2010].

Accurate heading information that is correctly aligned with the current sensor is key to reliable shipboard
current measurements. This is well established within the shipboard ADCP community [Firing and Hummon,
2010], but has only recently been demonstrated for MR current retrieval from ships [Lund et al., 2015b]. A
bias of only 18 in the ship heading puts an error of 1.7% of the ship speed in the current estimate’s cross-
track component, i.e., an error of 0.10 m s21 at the Revelle’s transit speed of 6.0 m s21. To minimize ship
motion related errors, heading information is obtained from both a Sperry MK 37 MOD D/E gyro compass
and an Ashtech ADU-2, a multiantenna carrier-phase differential GPS (offering a heading accuracy of 1

Figure 1. Map of R/V Roger Revelle cruise tracks and bathymetry from the GEBCO Digital Atlas. The black dots on the tracks indicate the
passage of 1 day. (a) ASIS-EASI mooring sites are given by white crosses. (b) Picture of the Revelle during ITOP with an ASIS-EASI pair in the
foreground. Radar image acquired from the Revelle on 29 October 2010, 08:00 UTC. (c) The gray image slice marks the area that is shad-
owed by the ship’s main mast.
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mrad). A Trimble GPS receiver provides ship position data. For details on the MR heading correction and
‘‘calibration’’ technique, the reader is referred to Lund et al. [2015b].

To determine how the near-surface vertical current shear is affected by the wind, we use measurements
from two shipboard anemometers. The primary wind sensor is a R.M. Young Ultrasonic 85000 in a well-
exposed location on the meteorological mast on the bow of the ship at a height of 17 m. The secondary
wind sensor is a R.M. Young 5300 ‘‘airplane,’’ located on the main mast at a height of 25 m. The primary sen-
sor failed during RR1014 on 22 October 2010, around 23:00 UTC, and remained nonfunctional throughout
RR1015. An iterative approach was used to correct the wind speeds to 10 m above sea surface (U10), with
friction velocity and drag coefficient computed according to Smith [1980], assuming neutral conditions.

A third-generation wave model, WW3 version 3.14 [Tolman, 2009], is used to evaluate the influence of the
Stokes drift on our measurements. We employed a nested model domain for grid resolutions of 0.38 (outer
nest) and 0.18 (inner nest). The outer nest covers the Pacific excluding the polar regions (668S–69.38N and
98.58E–293.28E). The inner nest is used to investigate the wavefields in the northwestern Pacific (11.68S–
41.58N and 98.78E–130.58E). The hindcast was performed over the entire year of 2010 for the outer nest, and
from July to November for the inner nest. The wave model is driven by 6 hourly surface winds from the
National Centers for Environmental Prediction/Climate Forecast System Reanalysis (NCEP/CFSR) product
[Saha et al., 2010]. Equation (2) is used to determine the filtered Stokes drift from WW3 directional wave
spectra. (To validate the WW3 model results, they were compared with Stokes drift estimates from the EASI
buoy wave measurements. To this end, we followed Ardhuin et al. [2009] by computing the nondirectional
Stokes drift USSndðfDÞ52ð2pÞ3m3fD=g for both model and buoys. The third moment of the wave spectrum is
given by m35

Ð fD

0 f 3Eðf Þdf . At both buoy locations, the correlation coefficient is 0.91, the standard deviation
�0.03 m s21, and WW3 is biased high by �0.03–0.04 m s21, suggesting an overall good WW3-EASI agree-
ment. For details on EASI wave measurements refer to Collins et al. [2014].)

4. Methodology

4.1. Backscatter Ramp Correction
The MR backscatter ramp represents the mean radar return as a function of range and antenna look direc-
tion. The mean backscatter intensity, essentially a measure of the sea surface roughness, strongly correlates
with the wind speed [Lund et al., 2012]. For HH-polarized systems as used here, a single backscatter intensity
peak is observed upwind. The backscatter intensity furthermore exhibits a rapid decay with range. Accord-
ing to theory, the radar return should be inversely proportional to the third power of range R. But because
the video signal passes through a logarithmic amplifier before it is captured by WaMoS, and the exact form
of the Furuno amplification function is unknown, the R23 proportionality is not strictly valid [cf. Gommen-
ginger et al., 2000].

Subtracting the radar backscatter ramp from a sequence of radar images is equivalent to demeaning and
detrending the data, which prepares them for the subsequent Fourier analysis. Traditionally, the near-
surface current analysis is performed over windows covering only a small portion of the radar FOV (e.g., 128
3 128 pixels with 7.5 m resolution). Within such windows, the variability of the backscatter intensity with
range and azimuth is limited. Hence, the usual approach is to simply subtract the overall spatiotemporal
mean from the radar image sequence [e.g., Nieto Borge and Guedes Soares, 2000]. But here the entire FOV is
analyzed, which is why we need to account for the radar return’s range and azimuth dependency. The main
reason for analyzing the entire FOV is to remove biases toward waves traveling along the line of sight
between radar and analysis window [Lund et al., 2014]. Analyzing the entire FOV improves current retrieval
results by making waves detectable over a broader range of directions.

Since the response of the MR backscatter ramp to changing wind conditions (and other environmental
parameters) is still incompletely understood, we define the ramp empirically. To this end, a sequence of MR
images is temporally averaged and downsampled (in range and azimuth). The temporal mean image could
carry a signal (albeit weak) that interferes with the wave signatures. Therefore, we define a ‘‘smoothed’’
ramp by least squares fitting a Fourier series to the backscatter dependency on azimuth. This is done
repeatedly for all ranges. The advantage of a Fourier fit over a sliding window average is that it allows us to
disregard shadowed antenna look directions without having to address edge effects. The backscatter ramp
is built from the best fit, employing interpolation techniques to recover the original range resolution.
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Figures 2a–2c illustrate the radar back-
scatter ramp correction for 12 min of
data collected from the Revelle on 29
October 2010, starting at 06:20 UTC.
Over this period, the ship anemometer
measured a mean wind of 9.0 m s21

coming from 128. The range decay and
upwind peak are evident in Figures 2a
and 2b, which show the mean radar
return and the corresponding fitted
backscatter ramp, respectively. Figure
2c shows the difference between the
mean image and its ramp. The differ-
ence image is much more homogene-
ous, revealing linear features (curved
in polar coordinates) that may be due
to the converging and diverging sur-
face currents associated with Langmuir
cells. Figures 2a and 2c have reduced
backscatter at antenna look directions
greater than �1608 and less than
�21408. This is the shadow due to the
main mast. Less pronounced shadows
can be observed at 108 (due to the
meteorological mast) as well as around
1158 and 2958 (due to communication
and navigation antennas).

4.2. Pulse-by-Pulse Georeferencing
and Trilinear Interpolation
The standard MR current retrieval
method treats individual radar images
like photographic ‘‘snapshots,’’ essen-
tially assuming that both radar plat-
form (in our case the Revelle) and
target (the sea surface) are stationary
during one antenna rotation period
[Young et al., 1985b; Senet et al., 2001].
This is reasonable if the analysis is lim-
ited to a small window within the radar
FOV. Here we analyze the whole FOV,
and the snapshot simplification would
ensue significant mapping errors. This

is because waves may move across several WaMoS range resolution cells during the �1.4 s it takes to
acquire a radar image. Horizontal ship motion and heading changes would add errors. For example, a 18

heading change during an antenna rotation would lead to a mapping error of 37.6 m at maximum range.
Another issue with the standard MR current retrieval method concerns its use of platform-based coordi-
nates, i.e., on ships the analysis windows are positioned at a constant range and angle relative to the bow.
A change in ship speed or direction during a measurement period will smear the spectral wave signal, rul-
ing out an accurate current retrieval.

To eliminate the aforementioned problems, we forgo both the snapshot simplification and the platform-
based reference frame. Instead, we georeference our radar backscatter data on a pulse-by-pulse basis, i.e.,
we estimate the antenna look direction and horizontal ship position associated with every single radar
pulse. To this end, we use high-resolution (1 s) position data from the ship’s GPS receiver, as well as heading

Figure 2. (a) Radar image in polar coordinates, averaged over 12 min, collected
from the Revelle on 29 October 2010, starting 06:20 UTC. (b) Corresponding radar
backscatter ramp, obtained by fitting Fourier curves to the mean radar return. (c)
Image of the homogenized, ramp-subtracted mean radar return. The dashed lines
delineate the shadowed portion of the radar FOV.
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measurements from the gyro com-
pass and the more accurate Ash-
tech system [Lund et al., 2015b]. For
each antenna rotation, WaMoS
stores a single time stamp that cor-
responds to the first radar pulse.
We use linear interpolation techni-
ques to first estimate the time at
which each radar pulse was
acquired, and then the correspond-
ing ship heading as well as position.
(The heading of each radar pulse
relative to the ship is obtained from
the binary bearing signal reported
by WaMoS.) Equipped with this
information, we trilinearly interpo-
late the raw polar backscatter data
to Cartesian coordinates, account-
ing for each polar grid point’s geo-
graphic location and time. The
output grid size, we chose for this
operation matches the WaMoS

range resolution in space and the mean antenna rotation period in time. In the future, we also plan to
account for the ship’s pitch and roll, which could be done using a conventional inertial measurement unit
[Hill, 2005].

Figure 3 illustrates a sequence of 16 ramp-corrected radar images after pulse-by-pulse georeferencing and
trilinear interpolation, collected on 29 October 2010, 06:20 UTC when the Revelle was at station. In transit
(i.e., traveling at �6.0 m s21), the Revelle may cover a distance of �4.3 km over one measurement period
(here 512 complete scans of the sea surface, or �12 min). In such case, the radar FOV from the beginning
and end of a measurement period will barely overlap geographically. To address this issue, we use images
of 1024 3 1024 pixels (i.e., 7.68 3 7.68 km; the maximum range of the MR data used here is �2.15 km), cen-
tered around the ship’s position in the middle of each measurement period. Data points that lie beyond
radar range are filled with zeros. Thus, when interpreting our near-surface vertical current shear results, it is
worth noting that they are spatiotemporal averages covering areas that are larger when the ship is under-
way than when it is stationary.

4.3. From Three-Dimensional Spectral Density to Signal-to-Noise Ratio
A three-dimensional fast Fourier transform (3-D FFT) is employed to convert the georeferenced and trili-
nearly interpolated �12 min long image sequences (covering the whole radar FOV) to the wave number-
frequency domain. The wave signal within the positive frequencies of the 3-D power density spectrum (or
periodogram) is located on a surface that resembles an inverted cone, the dispersion shell. It is defined by
the linear dispersion relationship:

x5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gk tanh kh

p
1 k � U; (5)

where x is the angular frequency and k5jkj the wave number magnitude. For an illustration of the 3-D dis-
persion shell refer to, e.g., Lund et al. [2015b].

The MR near-surface vertical current shear retrieval hinges on the identification of the surface wave signal
within the wave number-frequency spectrum. The goal is to identify the wave signal over a broad range of
frequencies and directions h5arctan ðky ; kxÞ, where kx,y are the wave number’s x and y component. The
standard method to accomplish this involves a power threshold [Senet et al., 2001]. All spectral coordinates
that have power above the threshold are attributed to the waves. Under the assumption of a vertically uni-
form near-surface flow, a single current vector is obtained by minimizing the dispersion shell’s distance

Figure 3. Example of ramp-corrected and interpolated radar backscatter intensity
data in space-time coordinates. The figure covers 16 full scans of the sea surface that
were collected from the Revelle on 29 October 2010, starting 06:20 UTC.
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from these coordinates [Young et al., 1985b]. Best results are obtained through an iterative approach that
accounts for higher harmonics and temporal aliasing [Senet et al., 2001].

The disadvantages associated with using a simple power threshold to identify the wave signal are twofold:
(1) the selected spectral coordinates tend to cluster around the peak wave signal, with relatively little spread
in direction and frequency; (2) they are biased toward low wave numbers and frequencies, which is due to
the background noise characteristics (see below). Here these issues are circumvented by converting the 3-D
power density to a signal-to-noise ratio (SNR) spectrum.

To this end, we must quantify the background noise. In the standard method (which uses small rectangular
analysis windows at fixed locations relative to the ship), this has been hindered by its complicated elliptical
shape, depending on h, k, and x. The h-dependency is due to the fact that the range resolution (here
10.5 m) is typically higher than the azimuthal resolution (0.758, e.g., �28 m at maximum range) [Seemann
et al., 1997]. As a result, the spectra have greater variance in range than in azimuth. By analyzing the whole
radar FOV, all directions face the same measurement constraints. The background noise thus becomes a
function of k and x only, facilitating our task considerably.

We proceed as follows: first, the iterative least squares regression algorithm by Senet et al. [2001] is
employed to obtain an estimate of the mean near-surface current U (representative of the upper �6 m,
according to Young et al. [1985a]). With this knowledge at hand, we repeat the pulse-by-pulse georeferenc-
ing and trilinear interpolation outlined in the previous subsection, but now the reference frame moves with
velocity U. If the near-surface flow is vertically uniform, the surface wave signal, once transformed to wave
number-frequency space, will lie on the perfectly symmetric still water dispersion shell. The moving refer-
ence frame has the advantage that it reduces aliasing, which may lead to ambiguities in the selection of
spectral coordinates for the current estimates. It also facilitates the current shear retrieval in that it keeps
the wave energy at any given frequency within a narrow range of wave number magnitudes (see section
4.4). Second, we transform the 3-D spectrum to polar form and integrate over the half of the spectrum (in
terms of h) which is characterized by the lowest standard deviation over k. This is done to minimize wave
contributions and associated nonlinearities. The background noise’s dependency on k and x is obtained
from a filtered (and smoothed) version of this integral. The fundamental mode wave energy located along
the dispersion curve, as well as spectral coordinates near the zero-frequency and wave number, are masked
and filled by interpolation from neighboring data points.

To illustrate this process, Figures 4a and 4b show diagrams of mean spectral density as function of k and x
for �12 min of data (collected on 29 October 2010, starting 06:20 UTC). The former corresponds to the half
of the spectrum with the highest standard deviation over k, the latter represents the half with the lowest
standard deviation. Figure 4a shows prominent peaks along the still water fundamental mode dispersion
curve (equation (5)), first, and second harmonic, as well as the so-called group line [e.g., Smith et al., 1996].
(The higher harmonics appear mainly due to the nonlinearity of the MR imaging mechanism, especially
shadowing effects, with nonlinearities of the sea state itself playing only a secondary role [Seemann et al.,
1997]. The physical origin of the group line is not yet clear, but it has previously been attributed to wave
groups [Smith et al., 1996] and breaking waves [Stevens et al., 1999].) In Figure 4b, no higher harmonic or
group line contributions can be discerned, i.e., they are limited to the high-standard-deviation half of the
spectrum. The fundamental mode energy is greatly reduced, but still clearly present. This indicates that the
wave energy spreads over more than 1808. Figure 4c shows the background noise. It is essentially a filtered
version of Figure 4b. The background noise can be seen to decrease with both increasing frequency and, to
a greater extent, wave number (note the logarithmic color scale). The SNR that results if we divide the unfil-
tered power density (Figure 4a) by the background noise is shown in Figure 4d. The fundamental mode
wave signal stands out much more clearly in the SNR than in the power density diagram. In addition to the
first and second harmonic, we can also identify a third harmonic contribution, though barely.

In the following, we divide our 3-D power density spectra by the (azimuthally invariant) background noise,
determined for each individual spectrum as described above. The resulting 3-D SNR spectra are used to iso-
late the wave signal, which is key to retrieving current shear. We use the same data as in Figure 4 to exem-
plify how the use of SNR improves the separation of signal from noise. Figures 5a and 5b show the 3-D
spectral coordinates associated with the wave signal as determined by power and SNR thresholding,
respectively. Traditionally, the power threshold is set to some fraction of the maximum spectral energy
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[Senet et al., 2001]. Here it was set to 0.001. Though subjective, we believe that this threshold value was opti-
mally chosen in that it maximizes the number of spectral coordinates located on the dispersion shell while
keeping group line or nonwave-related contributions at a manageable level. The SNR threshold was set to a
conservative value of 5. The advantages of the SNR-based detection of the wave signal are evident in that it
spans over a much greater range of frequencies and directions. Also, group line contributions are less
prominent.

4.4. Current Shear Retrieval
To retrieve near-surface vertical current shear from MR image sequences, we exploit the fact that the long
ocean waves sense the current at a greater effective depth than the short ones (see section 2.2). This
requires a small but significant departure from the standard method by Young et al. [1985b] and Senet et al.
[2001]. Instead of using all spectral coordinates attributed to the surface waves, covering a broad range of
wave numbers, we perform the current analysis as a function of wave number. The standard method yields
a single current vector per measurement period (�12 min), ours produces multiple (here, of the order of
100) independent estimates.

The analysis starts with a 3-D SNR spectrum, obtained as explained in the previous subsection. Remember
that the frame of reference of the image sequence used to produce the SNR spectrum moves with the
radar-derived mean current U. Hence, any deviation of the wave signal from the still water dispersion rela-
tionship suggests the presence of vertical current shear. The shear retrieval’s greatest challenge lies in iden-
tifying the wave signal over the widest possible range of wave numbers and directions. To this end, we
transform our 3-D SNR spectrum from kx ; ky ;x

� �
to k; h;xð Þ. (This step is also used by Shen et al. [2015]

within their MR mean current retrieval algorithm.) For any hh;xi pair, just one k value may be associated
with the surface waves, according to the linear dispersion relationship (equation (5)). We determine the
wave number that has the highest SNR for all directions and frequencies, keeping only spectral coordinates
where the signal lies significantly above noise level, and that are within a reasonable distance from the dis-
persion shell (i.e., unrealistic Doppler shifts are discarded). A more precise wave number is estimated from

Figure 4. Directionally averaged 3-D spectra obtained from 12 min of Revelle data, acquired on 29 October 2010, starting 06:20 UTC. Spec-
tral halves with (a) greatest and (b) lowest frequency-averaged standard deviation of spectral density over k. (c) Background noise esti-
mated from spectral half with lowest standard deviation. (d) SNR obtained by dividing the spectral half with the greatest standard
deviation by the background noise estimate. The color scale shown in Figure 4b also applies to Figures 4a and 4c; note that both scales
are logarithmic.
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the peak of a parabola that is
fitted through the SNR maxi-
mum and the two values on
either side of it. (In the future,
we plan to further improve the
localization of low-wave num-
ber components by imple-
menting Bell and Osler’s [2011]
phase locked loop algorithm.)
This approach represents
another departure from the
standard method, which uses
all coordinates indiscriminately,
making the implicit assumption
that the waves’ spectral coordi-
nates are evenly distributed
around the dispersion shell.
Here a current vector is deter-
mined for each frequency slice
containing sufficient wave
information using Senet et al.’s
[2001] iterative least squares
regression algorithm. Each
spectrum has 257 frequency sli-
ces, �100 of which typically
yield a reliable current. We also
retain a mean SNR (obtained
by averaging the SNR along the
dispersion curve, accounting
for the measured Doppler shift)
and wave number (obtained by
averaging the wave number
magnitude of all coordinates
used in the current fit’s final
iteration) value associated with
each current vector.

As an example, Figure 6 shows
MR currents as a function of
wave number and effective
depth (assuming a linear pro-
file, see section 2.2). They are
based on �12 min of data col-
lected from the Revelle on 29

October 2010, starting 06:20 UTC. The currents were rotated into the wind, which was coming roughly
from north (118) with a speed of 7.5 m s21. At the time, the shipboard ADCP’s 101 m bin registered a cur-
rent of h0:35; 0:17i m s21 in wind and cross-wind (positive direction to the left) direction, respectively. This
current is assumed to be the background (i.e., tidal and geostrophic) flow and was subtracted from the
radar measurements. The figure also includes the corresponding SNR values, a fifth-order polynomial fit to
the MR currents, as well as the WW3-based filtered Stokes drift. The following observations can be made:
(1) the assumption of a uniform near-surface flow is indeed, at least in this case, inaccurate. The current
speed from the largest to the smallest wave number (i.e., from the shallowest to the greatest effective
depth) is reduced by �25% from 0.32 to 0.24 m s21. This reduction in speed is accompanied by a clockwise
(CW) rotation from 298 to 428 (to the right of the wind). These trends are consistent with what has been
reported in the literature (see section 2.3). (2) The filtered Stokes drift, though weaker than the MR

Figure 5. 3-D spectral coordinates associated with surface waves identified by (a) power
and (b) SNR thresholding. Coordinates plotted in black-magenta lie on the group line, in
yellow-red on the fundamental mode dispersion shell, and in turquoise-green on the first
harmonic. The corresponding MR images were acquired from the Revelle over �12 min on
29 October 2010, starting 06:20 UTC.
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currents, follows a similar trend in
terms of speed, decreasing from 0.14
to 0.07 m s21. It is in a direction
slightly to the left of the wind, chang-
ing only minimally from 2158 to 2178.
(3) The quasi-Eulerian flow that is
obtained by subtracting the filtered
Stokes drift from the MR currents has
very limited shear. Its speed decays
from 0.24 to 0.21 m s21 and its deflec-
tion angle (relative to the wind)
increases from 538 to 578 with increas-
ing effective depth. Most of the
observed near-surface vertical current
shear is thus due to the wave-induced
Stokes drift. (4) The mean SNR decays
exponentially from low to high wave
numbers, which is related to the wave
energy density spectrum. (The exact
form of the transfer function from SNR
to wave energy density is unknown.)
But even at the largest wave number,
which corresponds to the shortest
wave we can measure (the minimum
wavelength is 21 m, i.e., twice the
radar’s range resolution), the mean
signal is still 4 times greater than the
noise floor. The limited scatter in the
current estimates from the upper
wave number end indicates that an
accurate retrieval remains possible
despite the relatively low SNR. (5) The
MR current estimates for the very low

wave numbers exhibit the most scatter. This is due to their reduced sensitivity toward currents, as demon-
strated below.

Figure 7 illustrates the accuracy limits of the MR near-surface vertical current shear retrieval. The figure
shows the number of wave number resolution cells by which the wave signal gets Doppler shifted for all
possible frequencies (from 0 to xNy) and current speeds up to 1.0 m s21. Analyzing the entire radar FOV
leads to a finer wave number resolution, improving the method’s sensitivity to small current changes. As
expected, the Doppler shift is most pronounced for high frequencies and large currents. This is reflected in
our results (see Figure 6), which exhibit increased scatter at wave numbers under �0.06 rad m21 (i.e., an
angular frequency of 0.77 rad s21). In the following, we will limit our analysis to wave numbers above this
threshold. In other words, effective depths greater than 8 m will be disregarded. On the high wave number
end, SNR may become a limiting factor, especially under low wind and wave conditions. To err on the con-
servative side, we exclude effective depths shallower than 2 m (in our example, the SNR at 2 m effective
depth is �10). (During the four ITOP cruises reported here, there was a generous supply of swell, hence the
low-wave number signal was usually significantly above noise level.)

5. Results and Discussion

5.1. Near-Surface Current Shear Measurements
The quantitative response of the upper ocean flow to wind and wave forcing is still relatively poorly under-
stood. In areas where tidal and geostrophic currents are important, the near-surface and subsurface flows are
highly correlated. Elsewhere, surface velocities are largely defined by winds and waves [Ardhuin et al., 2009].

Figure 6. Example of MR near-surface vertical current shear measurements (black
points) with corresponding WW3-based filtered Stokes drift estimates (red lines)
as a function of wave number and effective depth (assuming a linear current pro-
file). The graph also includes the quasi-Eulerian current (blue points; obtained by
subtracting the filtered Stokes drift from the MR results). Data were acquired from
the Revelle over �12 min on 29 October 2010, starting 06:20 UTC. The top plot
gives the mean SNR along each current estimate’s dispersion curve. The middle
and bottom plots correspond to the flow components in wind and cross-wind
direction, respectively. The black and blue lines give the results of fifth-order poly-
nomial fits to the MR-based currents.
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The Philippine Sea has strong baroclinic
tides [e.g., Jan et al., 2008]. Furthermore,
typhoons frequently occur in the area,
triggering inertial motions. The impor-
tance of baroclinic and inertial currents
in our study area is evident in current
measurements we made at the south-
ern ASIS buoy as well as in a JCOPE-T
ocean circulation model study we con-
ducted, which are beyond the scope of
this paper. (For details on JCOPE-T, refer
to Miyazawa et al. [2009] and Varlamov
et al. [2015].) We therefore expect our
MR currents to be controlled by the
large-scale circulation, which presents a
challenge for isolating the wind and
wave-driven components.

Figure 8 shows a time series of MR
(0.25 rad m21, or an effective depth of
2 m) and ADCP (21 m) currents cover-
ing all four Revelle cruises. The currents
are highly variable, manifesting multi-

ple CW rotations and at times exceeding 1 m s21. As expected, the correlation between the near-surface
and subsurface flow is excellent. For 26 days’ worth of data (2580 data points), the correlation coefficient
and standard deviation between the shipboard MR and ADCP current speeds are 0.94 and 0.07 m s21,
respectively. For current directions, the mean directional difference length is 0.91 with a standard deviation
of 27.48. (The mean directional difference length is the length of the vector mean of the set of unit vectors,
each of which is oriented by the difference in angles between the two series; a value of 1 means perfect cor-
relation and 0 means no correlation at all.) Biases are negligible for both speed (0.01 m s21) and direction
(0.88).

The figure also depicts the physical processes driving the differences between near-surface and subsurface
flow, namely winds from the ship anemometers and filtered Stokes drift (0.26 rad m21) from WW3. Over the
four cruises, the Revelle experienced several tropical cyclones. The heaviest weather occurred during
Typhoon Chaba (late October 2010, RR1015), with winds greater than 15 m s21. (The WW3 significant wave

Figure 7. Illustration of the MR retrieval scheme’s sensitivity to currents. Contour
lines represent the Doppler shift in terms of wave number resolution cells for a
given current speed and angular frequency. Results are shown for square images
with a 1024 pixel edge length and 7.5 m resolution (i.e., a wave number resolution
of �0.0008 rad m21).

Figure 8. Time series of shipborne winds, ADCP (21 m) and MR (0.25 rad m21) current measurements, as well as WW3-modeled filtered
Stokes drift (0.26 rad m21) at the Revelle location, covering all four cruises. All directions follow the ‘‘going to’’ convention.
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height peaked near 8 m.) The filtered Stokes drift reaches values of up to �0.25 m s21 during Chaba. Its
direction generally follows that of the wind, although it occasionally lags behind when the wind turns sud-
denly, e.g., on days 8–9. There is no discernible agreement between winds and filtered Stokes drift on the
one hand and currents on the other, underlining the importance of large-scale processes in our
measurements.

The upper �10 m of the northwestern Pacific are well mixed [e.g., Jan et al., 2008], hence, it is safe to assume
that the MR near-surface vertical current shear (covering an effective depth of 2–8 m) is due to the combined
action of winds and waves. In the following, we present a selection of MR near-surface vertical current shear
measurements. Each three-plot graph in Figure 9 gives five consecutive �12 min measurements. In total, Fig-
ures 9a–9f cover approximately 6 h of MR data. The figures show the azimuthally averaged SNR as a function
of wave number as well as the MR current speed and direction over depth, where again a linear profile is
assumed (see sections 2.1 and 2.2 for details). The figures also include information on wind and ADCP subsur-
face (21 m) current velocities at center time (i.e., they correspond to the MR measurements that are plotted as
black dots). The SNR in the figures generally decreases exponentially from low to high wave numbers, but it
never represents a limiting factor, as confirmed by the excellent MR-ADCP agreement reported above. Wind
speeds range from 6.7 to 13.4 m s21 and subsurface currents from 0.03 to 1.08 m s21. The relative angles
between winds and subsurface currents are equally variable, ranging from roughly parallel to counter flow sit-
uations. In the cases considered here, the Stokes drift (not shown) is approximately aligned with the wind.

In Figures 9a and 9b, the wind is directed to the right of the subsurface flow, with difference angles of 418

and 268, respectively. The ADCP-based current speeds of 1.08 (Figure 9a) and 0.25 m s21 (Figure 9b) are
large compared with the drift speeds one can expect under the respective 7.1 and 6.7 m s21 winds. (Madsen
[1977] predicts a speed factor of �0.03, i.e., the wind drift is 3% of U10; here, this implies surface drift speeds
of 21 and 20 cm s21, which should be considerably reduced at our shallowest effective depth of 2 m.) The
MR measurements in both figures indicate a current speed that decreases by �5 to 10 cm s21 and a current
direction that turns by �58 to 108 counterclockwise (CCW) over effective depths from 2 to 8 m. This shear
behavior can be explained by the relative angle between wind and subsurface current: While the radar-
derived currents are roughly in the direction of the subsurface flow, they slightly increase in speed and veer
in the direction of the wind as the effective depth decreases. Some of the sequential results in both figures
are offset relative to each other. This is due to changes in the subsurface current. The fact that the profiles
still follow the same trends suggests that the wind and wave forcing remained fairly constant.

Figures 9c and 9d exemplify the opposite case where MR current speeds increase and directions turn CW
with increasing effective depth. Again, the results can be explained by examining the shipboard wind and
ADCP current measurements. In both figures, winds (and waves) are directed �1258 to the left of the back-
ground current. The respective wind speeds are 12.6 and 13.4 m s21, with subsurface currents of 0.58 and
0.31 m s21. Under such counter-flow conditions, we expect the currents to decrease in magnitude and veer
in the direction of the wind as we get closer to the surface, just as observed.

In Figure 9e, the background current is much weaker than in the previous figures (0.03 m s21) and the 10.4 m
s21 wind (at center time) is almost directly opposed to the background current (1718 to its left). The resulting
flow decreases in speed from shallow to deep water and is roughly windward throughout. Hence, wind and
Stokes drift overpower the background flow. During the full �1 h period, the subsurface current is turning,
under steady wind forcing. As a result, the wind is first to the left and later to the right of the subsurface cur-
rent. As before, the currents are seen to veer toward the wind and away from the direction of the subsurface
current with decreasing effective depth. The current directions at both the first and last time step change by
�908 between depths of 2 and 8 m (although in opposite directions), much more than in the previous figures.
This is due to the relatively weak subsurface current, enhancing the role of wind and wave drift.

Finally, Figure 9f illustrates a case of near-surface flow reversal. (The last time step of Figure 9e and the first
one of Figure 9f are identical.) The subsurface flow is still weak (0.05 m s21) and turning under relatively
strong (9.3 m s21) opposing winds (1688 to the right), resulting in a great degree of variability in the near-
surface current profiles. At center time, the flow is windward from 2 to �4.5 m, before it reverses and assumes
a southerly direction that is roughly aligned with the subsurface current. Accordingly, the current speed first
decreases from �5 cm s21 at 2 m to zero at the point of flow reversal, after which it increases back to about
the starting magnitude at 8 m. Thus, wind and Stokes drift first exceed the subsurface current. At �4.5 m, the
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wind and wave-induced flow is in balance with the subsurface flow. At greater depths, the forces driving the
subsurface flow assume control. A similar flow behavior can be observed at all time steps (except the first),
with differences explained by an evolving subsurface current.

Figure 10 provides a more quantitative means of assessing the MR currents’ accuracy. It gives the mean
absolute difference of the MR measurements from their fifth-order polynomial fit as well as the standard

Figure 9. Examples of near-surface current profiles: (a and b) parallel flow with CW forcing, (c and d) counter flow with CCW forcing, (e) parallel flow with transition from CW to CCW forcing, and
(f) flow reversal. The effective depth was computed assuming a linear profile. Each graph shows five consecutive measurements,�12 min apart. The compasses give the wind (green) and ADCP
(21 m; blue) current direction at center time, with corresponding radar measurements represented by black dots. The graphs also show the wind and ADCP (21 m) current speed at center time.
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deviation of differences as a function of wave number (see section 4.4, Figure 6 for an example of MR meas-
urements with their fitted curves). The MR results are most accurate at �0.11 rad m21, with a mean absolute
difference of 1.2 cm s21 and a standard deviation of 0.8 cm s21. Both accuracy measures peak at the lowest
wave number (�0.06 rad m21) with values of 2.5 and 2.3 cm s21, respectively. On average, the mean abso-
lute difference is 1.5 cm s21 and the standard deviation is 1.2 cm s21. Since we are lacking near-surface cur-
rent reference measurements, a definitive conclusion cannot be reached. However, our results are
physically consistent with an apparent accuracy on the order of 1–3 cm s21.

5.2. Evidence of Ekman Dynamics
On average, we expect the wind and wave-induced surface flow to be directed 10–458 to the right of the
wind and to decay rapidly with increasing depth [Lewis and Belcher, 2004]. But isolating the wind and wave-
driven flow is difficult. First, it is generally significantly weaker than the background current (comprising of
geostrophic, inertial, and tidal motions), near the measurement error level. Here we make the common
assumption that the Ekman flow is more strongly surface trapped than the background current [Davis et al.,

1981; Price et al., 1987]. To obtain an
estimate of the wind and wave-driven
current, we simply subtract the ADCP-
measured current below the greatest
expected Ekman layer depth zr from
our MR currents. CTD casts we made at
the southern ASIS-EASI site during
RR1015 showed that the upper ocean
was well mixed down to a depth of
�60 m [Lund et al., 2015b]. We there-
fore chose a zr value of 100 m (as pre-
viously done by Chereskin and
Roemmich [1991] and Lenn and Chere-
skin [2009]). Second, determining the
speed factors and deflection angles
(hereafter referred to as drift

Figure 10. Estimate of the MR near-surface current profile accuracy as a function
of wave number. The black line corresponds to the mean absolute difference
from fitted polynomial model functions. The green line shows the corresponding
standard deviation.

Figure 9. (continued)
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parameters) requires auxiliary wave and wind data, which have errors of their own. We use the filtered
Stokes drift from WW3 to estimate the contribution from the waves. Following Ardhuin et al. [2009] and
Lenn and Chereskin [2009], the 6 hourly NCEP/CFSR reanalysis winds are used to obtain drift parameters.
This is to keep MR measurements and filtered Stokes drift comparable, since the same NCEP/CFSR wind
product was used to force WW3 (see section 3). Note that results would not change significantly if we used
the ship anemometer winds instead. (A comparison between the shipboard and model winds, referenced
to 10 m height, yields a correlation coefficient and mean directional difference length of 0.80 and 0.95 for
wind speed and direction, respectively. The corresponding standard deviations are 1.98 m s21 and 18.358,
with biases of 20.24 m s21 and 26.08.)

Covering all four cruises, Figure 11 shows time series of the 3 h averaged MR-ADCP differences and the NCEP/
CFSR winds. The figure also includes a plot with the differences between the NCEP/CFSR wind direction and
the shallowest MR current direction. With the exception of RR1015, during which the wind-current angles
were relatively stable, a given angle rarely persists longer than a few hours (Figure 11, first plot). We need to
keep this in mind when interpreting the results of our study, since there is likely to be a delay in the upper-
ocean current response to changing wind stresses [e.g., Muscarella et al., 2011]. The second and third plots of
Figure 11 illustrate the difference flow between the shallowest and deepest (2 and 8 m) MR measurements on

Figure 11. Time series of the MR (2 and 8 m) and ADCP (21 and 101 m) difference currents. The data represent 3 h averages. The 6 hourly
NCEP/CFSR reanalysis winds are included for reference. Difference flow speeds are plotted in cm s21 and wind speeds in m s21. The top
plot shows the relative angle between the NCEP/CFSR winds and MR (2 m) currents.
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the one hand and the shal-
lowest (21 m) ADCP measure-
ment on the other. The
difference flow is relatively
weak, but typically above the
measurement noise level of
both MR and ADCP. (In the
previous subsection, Figure
10, we estimated the MR
accuracy to be on the order
of 1–3 cm s21. To estimate
the ADCP accuracy, we com-
pared measurements from
the two ADCPs aboard the
Revelle, NB150 and OS75. The
agreement between current
speeds and directions eval-
uated at 21 m is very good,
with both correlation coeffi-
cient and mean directional
difference length at 0.98,
standard deviations of 0.04 m
s21 and 11.38, and negligible

biases. We therefore expect that MR and ADCP provide comparable accuracies.) It generally goes to the right
of the wind, with the MR (2 m)-ADCP (21 m) flow more closely aligned with the wind than the MR (8 m)-ADCP
(21 m) one. The former also tends to be greater in speed. These findings are in accordance with Ekman theory.
Lastly, the fourth and fifth plots of Figure 11 show the difference speed and direction between the same (2
and 8 m) MR and the 101 m ADCP currents. The difference flow is stronger, but has much less coherence with
the wind. It exhibits multiple CW around-the-compass rotations. (During RR1010, the third plot shows similar
rotations.) These are due to inertial motions, which are essentially depth-independent inside the mixed layer,
but have been shown to decrease by an order of magnitude directly below [Weller, 1982]. The MR-ADCP
(101 m) difference flow is thus a function of the full wind history, and not just a function of the local instanta-
neous wind. However, Ardhuin et al. [2009] found that inertial motions do not significantly alter average
Ekman flow results, although they do lead to an increased scatter. Here we make the common assumption
that contributions due to inertial motions will average out [e.g., Chereskin, 1995].

Figure 12 shows the MR-based Ekman drift parameters over the depth range between 2 and 8 m. Results
are shown for ADCP background currents measured at depths of 101 and 21 m. The drift parameters were
determined by transforming the MR-ADCP difference flow profiles from a geographic to a wind-oriented
coordinate frame. The resulting profiles were divided by their respective wind speeds, to obtain the speed
factor, and then averaged. The figure also includes the WW3-based filtered Stokes drift (equation (2)), trans-
formed in the same manner as the MR results. Lastly, it shows the quasi-Eulerian flow that results if the fil-
tered Stokes drift is subtracted from the MR measurements.

The Ekman profile obtained from the MR-ADCP (101 m) difference flow exhibits the classic spiral structure,
as originally predicted by Ekman [1905]. The deflection angle increases from 38.98 to the right of the wind
at 2 m effective depth to 52.18 at 8 m, while the speed factor decreases from 1.58 to 1.32%. The rate at
which the deflection angle increases can be seen to decrease with growing effective depth. The speed fac-
tor’s decrease occurs down to an effective depth of �4 m, at which point it remains approximately con-
stant. In view of the difficulties that we face with this particular data set—it is relatively short, dominated by
nonlocal processes, and has a constantly changing wind-current angle at the surface, allowing little time for
an Ekman flow to establish, these results are in surprisingly good agreement with values reported in the lit-
erature [Lewis and Belcher, 2004].

The filtered Stokes drift decays exponentially with increasing effective depth. Speed factors range from 0.83
to 0.36%, and its direction is nearly constant windward (0.98 and 2.38 to the right of the wind at 2 and 8 m

Figure 12. Near-surface drift parameters obtained from MR before (black) and after (blue) sub-
tracting the filtered Stokes drift (red). For data shown as dots, the 101 m ADCP measurements
were used as background current. Diamonds indicate that 21 m ADCP measurements were
used. Results correspond to the average over all four cruises and are based on the 6 hourly
NCEP/CFSR reanalysis winds. Negative directions indicate a CW deflection relative to the wind.
The effective depth was computed assuming a linear profile.
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effective depth, respectively). Thus, the filtered Stokes drift has magnitudes that are �50% of the wind and
wave-drift at 2 m and �25% at 8 m. The importance of the Stokes drift for near-surface flow is well estab-
lished, with comparable values found by Mao and Heron [2008] and Ardhuin et al. [2009]. The MR-ADCP
(21 m) Ekman drift parameters have similar depth dependencies as found for a 101 m background current,
but magnitudes are smaller. Here the speed factor decreases from 1.05 to 0.70% and the deflection angle
increases from 17.88 to 33.08 over 2 to 8 m effective depth. Lastly, the figure includes the quasi-Eulerian
flow that results if we subtract the filtered Stokes drift from the MR-ADCP difference flow. This leads to
decreased speed factors, increased deflection angles, and a reduced degree of variability with depth. For
both background current depths, the deflection angle of the quasi-Eulerian flow peaks at effective depths
between 3 and 4 m.

6. Conclusions and Outlook

A new technology to retrieve near-surface vertical current shear from MR image sequences was introduced.
It exploits Stewart and Joy’s [1974] finding that radar-derived currents represent a weighted mean over the
upper ocean flow. The current estimates’ effective depth increases with the ocean wave length on which
they are based. The standard MR current retrieval method pioneered by Young et al. [1985b] and Senet et al.
[2001] yields a single current vector attributed to the ‘‘near surface.’’ Although the method proposed here is
closely related to theirs, several modifications had to be implemented to retrieve current shear. First, instead
of retrieving currents from small analysis windows, we analyze the whole radar FOV. This requires a back-
scatter ramp correction that accounts for the radar return’s dependency on range and azimuth, which we
accomplished through a combination of temporal averaging and Fourier fitting. Second, we eliminated the
‘‘snapshot’’ simplification by trilinearly interpolating and georeferencing the raw polar radar data to a Carte-
sian grid. This addresses a number of shortcomings of the traditional ship-based coordinate frame. Most
importantly, it makes our measurements insensitive to course changes. Third, we quantify and exploit the
structure of the background noise within the 3-D power density spectra. This allows their conversion to SNR
spectra, enhancing our ability to isolate the wave signal over a broad range of directions and frequencies.
We employ Senet et al.’s [2001] iterative least squares regression algorithm to retrieve current vectors, but
instead of treating all spectral coordinates attributed to the waves in bulk, we perform the analysis as a
function of wave number. The result is an array of �100 independent current estimates covering the upper
�10 m of the water column (assuming a linear profile).

The method’s effectiveness was demonstrated using MR data collected from the Revelle during the ITOP
2010 field experiment in the western Pacific off Taiwan. The radar measurements were complemented by
shipboard ADCP and anemometer data as well as WW3 modeling results. Our main findings can be sum-
marized as follows: (1) The MR near-surface currents are in excellent agreement with the 21 m ADCP meas-
urements, suggesting an accuracy that is comparable with more traditional current sensors. (2) The MR
near-surface current profiles’ response to wind and wave forcing is in accord with physical expectations. A
great variety of near-surface flow behaviors was observed and explained, including several cases of flow
reversal during a period that was characterized by unusually weak background currents. (3) The mean MR
Ekman flow is in good agreement with previously reported values [Lewis and Belcher, 2004]. At an effective
depth of 2 m, it is �1.6% of the wind speed and �38.98 to the right of the wind. With increasing effective
depth, the speed factor is found to decrease and the deflection angle increase. After subtracting the filtered
Stokes drift, which accounts for more than half of the wind drift at the shallowest depth, the resulting
quasi-Eulerian current has an increased deflection angle and reduced variability in the vertical.

We are currently investigating the implications of our method for MR wave retrieval. Existing methods
assume a vertically uniform near-surface flow [e.g., Nieto Borge et al., 2004]. We expect that MR wave spectra
will become more reliable if near-surface current shear is accounted for. In the future, we hope to apply the
technology developed here to data sets for which reference measurements of the near-surface vertical cur-
rent shear are available. In addition, we plan to explore the extent to which the size of the analysis window
can be reduced without compromising current shear results [cf. Hessner et al., 2014]. MR near-surface verti-
cal current shear retrieval still has significant potential for improvement. For example, studies have shown
that VV-polarized antennas yield better current results than the more standard HH antenna used here [e.g.,
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Huang and Gill, 2012]. We hope that this paper will generate more interest in MR-based currents, and that
they will ultimately improve our understanding of the physical processes occurring at the air-sea interface.
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