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Abstract

This study evaluates shipboard marine X-band radar (MR) near-surface current and
bathymetry measurements under shallow water conditions. The retrieval algorithm is based on the surface
wave signal within three-dimensional wave number frequency MR backscatter intensity variance spectra.
The MR data were collected during a research cruise that investigated submesoscale processes and their
impact on oil spill transport in the Louisiana Bight. The MR currents and bathymetry are validated using
measurements from 500 GPS-equipped surface drifters, a shipboard acoustic Doppler current profiler, and
a shipboard single-beam echo sounder. Earlier results from the same experiment but using a different set
of sensors indicate strong upper ocean vertical current shear over a 3.5 hr period, despite only mild wind
forcing. Here, the MR currents are derived as a function of wave number, providing a measure of vertical
shear for the full duration of the cruise. Strong vertical shear is frequently observed, with a maximum
difference of 0.42 m/s between the MR high (effective depth of ∼0.9 m) and low (∼2.4 m) wave number
bins. Treating the drifter and echo sounder measurements as truth, the accuracies of the MR near-surface
currents and bathymetry are 0.04–0.07 m/s and 1.2 m (or 7% of the mean water depth). However, it is
shown that ∼50% of the MR high wave number and drifter current differences is due to vertical shear. The
shallow water MR near-surface current accuracy thus matches findings from a previous deep water
validation where vertical shear was much weaker.

1. Introduction
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Shipboard marine X-band radar (MR) high-resolution near-surface current maps shed new light on submesoscale processes like filaments, fronts, and eddies. Submesoscale processes exist on horizontal scales of
O(100 m to 10 km) and temporal scales of O(1 day), and are associated with regions of strong current or
density gradients (Thomas et al., 2008). Submesoscales have long been neglected by the scientific community because they are difficult to measure and model (e.g., Fox-Kemper et al., 2008; Shcherbina et al., 2013)
but are attracting significant interest today. This is due to a growing appreciation of their role in transferring energy from mesoscale to small-scale flow (Nikurashin et al., 2013), upper ocean mixing (Mahadevan
& Tandon, 2006), and spreading pollutants including plastic waste and oil spills (Poje et al., 2014).
The MR near-surface current mapping relies on the presence of a long (>15 m) surface gravity wave signal
within a backscatter intensity image time series. A three-dimensional fast Fourier transform (3-D FFT) of a
MR image sequence yields the wave number frequency backscatter intensity variance spectrum. The wave
signal is located on the so-called dispersion shell, which is defined by
√
⃗
𝜔 = gk tanh(kh) + u⃗ · k,
(1)
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⃗ = k the wave number magnitude,
where 𝜔 is the angular frequency, g the acceleration due to gravity, |k|
h the water depth, and u⃗ the current vector. A least squares fit that minimizes the distance of the wave
⃗ 𝜔) from the dispersion shell can be used to determine u⃗ (Senet et al., 2001;
signal's spectral coordinates (k,
Young et al., 1985). The current vector's effective depth is a weighted mean over the upper ocean, where the
surface current carries the greatest weight (Ha, 1979; Stewart & Joy, 1974). By performing the current fit as
a function of k, one can determine upper ocean vertical current shear, since the effective depth decreases
with an increasing k (Campana et al., 2016; 2017; Fernandez et al., 1996; Lund et al., 2015; Teague et al.,
2001, 2015).
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In a recent study, Lund et al. (2018, hereafter referred to as L18) used measurements from ∼1,000 surface
drifters to demonstrate that shipboard MR near-surface current maps with resolutions of ∼500 m and up to
∼30 min can have an accuracy better than 0.04 m/s in speed and 12◦ in direction. The MR-drifter data pairs
they analyzed were acquired near the DeSoto Canyon in the Gulf of Mexico under deep water conditions,
that is, limh→inf tanh(kh) = 1. Other studies investigating MR near-surface currents in deep water or areas
with known bathymetry include Bell et al. (2012), Gangeskar (2018), Hessner et al. (2014), Ludeno et al.
(2016), and Shen et al. (2015). This study employs measurements from a later field campaign, which also
involved a massive surface drifter deployment, but focused on the much shallower continental shelf waters
of the Louisiana Bight, where equation (1) must be considered in full.
The MR bathymetry retrieval methods that have been proposed in the literature can be divided into two categories. The 3-D FFT technique functions as described above, but uses a least squares fit that solves for both
the current vector and the bathymetry. Studies using the 3-D FFT technique to retrieve bathymetry include
Bell (2010), Hessner et al. (2014), and Rutten et al. (2017). Bell and Osler (2011) proposed a phase-locked loop
method to more accurately localize low-wave number peaks within a wave number-frequency spectrum,
complementing the 3-D FFT technique. Lastly, a variant of the 3-D FFT technique introduced by Serafino
et al. (2010) searches for the current vector and bathymetry that maximizes the power on the dispersion
shell (Ludeno et al., 2014).
The other category of MR bathymetry retrieval methods determines wave numbers from the gradients within
single-frequency-phase images. The phase gradient (PG) technique was first applied to MR data by Hessner
et al. (1999), Flampouris et al. (2008), and Senet et al. (2008). It was later popularized through the cBathy
algorithm (Holman et al., 2013), which has been applied widely to optical video measurements (e.g.,
Bergsma et al., 2016; Rutten et al., 2017; Sembiring et al., 2014). Very recently, Honegger et al. (2019) applied
the cBathy algorithm to MR data from two coastal stations, demonstrating an accuracy that is comparable
with that of optical video. Another category of bathymetry retrieval methods, well suited to areas with a
large tidal range, but not discussed further here, uses MR imagery to create sequences of intertidal waterline
maps (Bird et al., 2017; Takewaka, 2005).
The advantage of the PG over the 3-D FFT technique is that it allows higher spatial resolution. Plant
et al. (2008) found that the PG technique improves the resolution by a factor of about 10. However, Bell
(2010) showed that the 3-D FFT technique can yield accurate bathymetry with analysis windows as small
as 120 × 120 m2 , which comes close to the PG technique's resolution of one ocean wavelength (Honegger
et al., 2019). The 3-D FFT technique has the advantage that it yields both a near-surface current and
bathymetry measurement. In contrast, the PG technique (as implemented in cBathy) neglects the Doppler
term in equation (1) (i.e., u⃗ · k⃗ ), which is a common simplification in beach environments (e.g., Bell, 1999;
Honegger et al., 2019). Rutten et al. (2017) compared their 3-D FFT based MR bathymetry measurements,
where currents were accounted for, with cBathy optical video results, and found that the latter's neglect of
currents did not present an important source of error at their coastal study site. It should be noted that the
retrieval method proposed by Flampouris et al. (2008) and Senet et al. (2008) is actually a PG-3-D FFT hybrid
that yields both near-surface current and bathymetry measurements.
This study analyzes data acquired across the continental shelf, where currents may have an important effect
on the bathymetry measurement and vice versa. Hence, the 3-D FFT technique is employed here. The main
purpose of this study is to perform the first large-scale validation of the combined MR near-surface current and bathymetry retrieval. Numerous previous studies aimed to validate MR current or bathymetry
measurements, mostly from stationary onshore towers or structures, but none quantifies the agreement of
both parameters with reference measurements. The Dugan et al. (2001) and Piotrowski and Dugan (2002)
studies are notable exceptions, but they use airborne optical video measurements with relatively few data
points. Furthermore, very few studies are based on shipborne MR measurements, with Bell and Osler (2011)
offering the only bathymetry study (neglecting currents) and Hessner et al. (2019), Gangeskar (2018), and
L18 investigating currents (in deep water). Shipboard MR current and bathymetry retrieval presents unique
challenges that will be discussed in section 3.
A recent study by Laxague et al. (2018) used a combination of bamboo plates, a polarimetric camera, surface drifters, and an autonomous underwater vehicle-mounted acoustic Doppler current profiler (ADCP) to
measure vertical current shear from the surface to a depth of 10 m. Their measurements were taken during the same Louisiana Bight experiment investigated here, but limited to a 3.5 hr period with a mean wind
LUND ET AL.
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Figure 1. Overview of the R/V Walton Smith track during the SPLASH cruise. The portion of the track for which no
MR data are available is marked in light gray. The bathymetric contours are based on GEBCO. The dark blue rectangle
shows the location of the inset map. In the inset, the color code indicates the ship track time.

speed of ∼4 m/s and significant wave height of ∼0.9 m. Despite these mild forcing conditions, they observed
a significant amount of shear, with a downwind (west-southwest) flow of 0.6 m/s at the surface and a southeastward flow of <0.2 m s−1 at a depth of 5 m. Here, contrary to most previous MR studies, the current
fit is performed as a function of k, yielding upper ocean vertical current shear for the entire duration of
the research cruise. The MR current shear measurements play a key role in this validation study. They are
furthermore discussed in the context of the prevailing winds, waves, and hydrography.
This article is organized as follows: Section 2 gives an overview of the study area and measurements used.
The MR near-surface current and bathymetry retrieval methodology is described in section 3. Results are
presented in section 4 and discussed in section 5. The article concludes with a summary and outlook
(section 6).

2. Data Overview
The data presented here were collected during the Submesoscale Processes and Lagrangian Analysis on
the Shelf (SPLASH) experiment in the Louisiana Bight, a semienclosed embayment west of the Mississippi
River delta, in April 2017. SPLASH was carried out by the Consortium for Advanced Research on Transport
of Hydrocarbon in the Environment (CARTHE). It aimed to measure and understand how oil and other
pollutants are transported from shelf break to coast, as happened within the study area during the Deepwater
Horizon oil spill (Androulidakis et al., 2018; Le Hénaff et al., 2012). The assets that were employed during
SPLASH include surface drifters, drift cards, drones, small boats, planes, an automated underwater vehicle,
and R/V Walton Smith. This study focuses on the MR measurements collected from R/V Walton Smith.
A map of the study area and the track of R/V Walton Smith from the Florida Keys on 17 April 2017, 19:00
UTC to the Chandeleur Islands on 29 April 2017, 04:40 UTC is shown in Figure 1. The contour lines show the
bathymetry from the General Bathymetric Chart of the Oceans (GEBCO, https://www.gebco.net, Weatherall
et al., 2015). The MR data have the same start and end dates as the ship track in the figure. Due to a data
corruption issue, no MR data are available for a 2.7 day period starting on 19 April 2017, 03:00 UTC. This
data gap includes most of the transit through the Gulf of Mexico. The figure's inset map shows the ship track
in the Louisiana Bight, with the color code indicating the time.
The MR used in this study was developed by the Helmholtz Zentrum Geesthacht (HZG), Germany, for wind,
wave, and current measurements (Horstmann et al., 2015), among other applications. It is a VV polarized,
coherent-on-receive Doppler radar operating at X-band (9.4 GHz) with 12 kW output power and a pulse
repetition frequency of 2 kHz. The antenna rotation period is 2 s and its length is 2.3 m, giving a horizontal
antenna beamwidth of 0.8◦ . Operated in short pulse mode, the system has a 50 ns pulse length, which yields
a range resolution of 7.5 m. The complex radar video signal is linearly amplified and sampled at 20 MHz (i.e.,
7.5 m resolution) with 13 bits per channel (Braun et al., 2008). The MR was mounted on a tower on top of
LUND ET AL.
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Figure 2. Map of the R/V Walton Smith (dark gray curve) and drifter tracks with GEBCO-based bathymetric contours.
The drifter tracks were measured from 18 April to 25 May 2017. The location of NDBC buoy LOPL1 is marked by a
diamond.

the R/V Walton Smith wheelhouse at 12.5 m above sea level with an unobstructed 360◦ field of view. Here,
only its backscatter intensity measurements are used, but others have used HZG MR Doppler velocities to
determine significant wave height (Carrasco et al., 2017) and surface currents (Nyman et al., 2018).
The MR bathymetry retrieval is validated using the Knudsen 3260 singlebeam echo sounder on R/V Walton
Smith. This study uses the raw water depth measurements at 1 s−1 , which are adjusted to reflect the depth
from the surface. (The echo sounder is installed at a depth of 1.5 m below the ship's mean waterline.) The
raw measurements were smoothed using a median filter of 5 min width. The smoothing helps eliminate
spurious measurements. It also prepares the echo sounder data for comparison with the MR results, which
represent spatial averages over ∼0.7 km2 (see section 3). The GEBCO 30 arc sec grid (version 20150318)
serves as a secondary means of MR validation (Weatherall et al., 2015).
The MR near-surface currents are validated using measurements from ∼500 custom-made, GPS-equipped
CARTHE surface drifters that, for the most part, were deployed in the Louisiana Bight. They consist of
two interlocking drogue panels of 0.4 m × 0.4 m that are connected by a chain to a surface float carrying
the GPS and batteries. The surface floats and drogue panels were made of a biodegradable polymer. The
drogues' center of draft is at 0.4 m depth. The drifters were calibrated in a wind-wave tank and validated
against Coastal Ocean Dynamics Experiment drifters (which have a center of draft at 0.5 m depth) in the
field (Novelli et al., 2017). Drifter positions are recorded in 5 min intervals via Globalstar SPOT satellite GPS
messages. Occasional dropouts were filled through linear interpolation, where a maximum gap of 1 hr was
allowed. The drifter velocities used here were smoothed with a 20 min running average. A map of the R/V
Walton Smith and drifter tracks is shown in Figure 2. The drifter tracks, which correspond to a 37 day period
starting on 18 April 2017, indicate diverging pathways (Androulidakis et al., 2018), but the vast majority
remained on Louisiana's continental shelf in shallow (<100 m) waters.
The drifter data are complemented by measurements from a Teledyne RDI Workhorse 1200 kHz ADCP on
R/V Walton Smith, which was operated intermittently. The ADCP data were acquired and processed using
UHDAS and CODAS (https://currents.soest.hawaii.edu, Firing et al., 2012). The ADCP measured current
vectors in intervals of 0.5 m starting at a depth of 4 m and with a temporal resolution of 2 min. Here, the
ADCP data were smoothed with a 6 min running average.
The MR current and bathymetry measurements on which this study focuses are complemented by
MR-derived wave energy density spectra. To determine the significant wave height, the well-established linear relationship between the square root of the signal-to-noise ratio from the MR image spectra and the
significant wave height is used (Nieto Borge et al., 2008; Plant & Zurk, 1997). This method requires a calibration with reference significant wave height measurements. Alternatively, the MR Doppler velocities could
yield a direct measurement of the significant wave height (Carrasco et al., 2017). Since the Doppler velocities risk being contaminated by the ship motion, this is a nontrivial task that falls beyond the scope of this
study. For additional details on the MR wave retrieval methodology employed here, the reader is referred to
Lund et al. (2016), Lund et al. (2017), and Nieto Borge et al. (2004).
LUND ET AL.

4 of 23

Journal of Geophysical Research: Oceans

10.1029/2019JC015618

To calibrate the MR significant wave height, this study uses measurements from NDBC buoy LOPL1 (owned
and maintained by Louisiana Offshore Oil Port) located west of the Mississippi River mouth (see Figure 2).
In addition, 10 min smoothed wind measurements from the R. M. Young 05106 anemometer located on
the main mast of R/V Walton Smith at ∼11 m above sea level are used. The wind measurements and MR
wave spectra are used to define the limits of the MR bathymetry and current retrieval, and they facilitate the
interpretation of the MR vertical current shear observations. The MR significant wave height measurements
are furthermore used to study the effects of nonlinear wave behavior on the MR bathymetry measurements. Lastly, ship attitude and position data from the ship's Applanix POS MV 320 positioning and motion
reference system were acquired at 10 s−1 .

3. Methodology
3.1. Implementation
In the presence of sufficient fetch and winds greater than 2–3 m/s, MR backscatter intensity measurements will include signatures of ocean waves longer than ∼15 m (depending on the radar pulse length and
sampling frequency), visible as alternating bands of enhanced and weakened backscatter. This is due to a
combination of tilt modulation, partial shadowing, and hydrodynamic modulation (Nieto Borge et al., 2004;
Plant & Farquharson, 2012; Støle-Hentschel et al., 2018). As already explained in section 1, the MR currents
and bathymetry are determined by measuring the dispersive behavior of these wave signatures (i.e., their
Doppler-shifted phase velocity).
The raw polar MR data are mapped into a geographically fixed Cartesian reference frame through a
pulse-by-pulse bilinear transform. This georeferencing step relies on highly accurate, high temporal resolution (here, 0.1 s) ship attitude and position data. In particular, the ship heading must be measured with an
accuracy better than 0.1◦ , a condition that is met by the ship's POS MV system. This is because heading errors
will translate into a spurious across-track current signal that is proportional to the ship speed and the sine
of the error angle (Lund et al., 2015). For the same reason, it is crucial that any shipboard MR installation be
calibrated to identify and correct for offsets in the relative angle between ship and radar heading. Here, this
is accomplished following the calibration method introduced by McCann and Bell (2018). The method uses
image processing techniques to determine the calibration parameters that maximize the contrast of fixed
MR targets, which must be observed from different viewpoints.
The MR current and bathymetry retrieval is performed across circular analysis windows with a radius of
480 m. This means in practice that each analysis window is a square of 128 pixels × 128 pixels, with pixels
outside of the circle inscribing the square being masked. The analysis windows' points of origin are on a
geographic grid with zonal and meridional resolutions of approximately 500 m. This is implemented as a
variable resolution in longitude, which is updated at the crossing of each latitude line (e.g., for latitudes ≥28◦
and <29◦ the corresponding longitude resolution is 0.00508◦ ), and a fixed 0.00450◦ resolution in latitude.
Each analysis period consists of 128 consecutive images, or approximately 4.3 min of data, and analysis
periods are set to begin every 2 min. Hence, there is a partial overlap between neighboring analysis windows
in both space and time. Only analysis windows with a mean data percentage of at least 75% are included
in the current and bathymetry analysis, that is, analysis windows may be partially outside of the radar field
of view.
Each space-time block of MR backscatter intensity data is first interpolated temporally, to ensure a constant
temporal resolution during each averaging period, and then converted to wave number-frequency power
spectra via 3-D FFT. Here, the spectra are averaged over up to five directly neighboring analysis periods (i.e.,
12.3 min of MR measurements). For each averaging period, a minimum of three spectra is required (i.e.,
8.3 min of data, assuming the spectra overlap temporally).
The single most important factor in the 3-D FFT-based MR current and bathymetry retrieval lies in the
correct identification of the ocean wave signal within the wave number-frequency spectra. (For shipborne
MR data, the georeferencing and calibration steps detailed above are equally important.) Here, the spectral
power is divided by the background noise, which is assumed to be a function of wave number magnitude
and frequency only, yielding signal-to-noise ratio frequency-wave number spectra. This step is crucial, as
it facilitates separating the relatively weak low- and high-wave number signal from the background noise
(Lund et al., 2015). The wave signal is then identified in polar coordinate space, making sure that aliased as
well as subharmonic and higher harmonic wave energy are accounted for (Senet et al., 2001).
LUND ET AL.
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Figure 3. Time series of the wave energy density as a function of (top) frequency and (bottom) direction on a log10
color scale from 17 April 2017, 19:00 UTC to 29 April 2017, 04:40 UTC. The dashed line in the upper panel marks the
Nyquist frequency.

This study uses SciPy's least squares fitting routine (i.e., scipy.optimize.least_squares, https://www.scipy.
org) with an absolute value loss function and a soft margin between inlier and outlier residuals to determine bathymetry and currents from the wave number-frequency coordinates associated with the wave
signal. In the absence of waves that can “feel” the bottom (see following section), the GEBCO 30 arc second
bathymetry, bilinearly interpolated to the analysis windows' points of origin, is used. With the bathymetry
known, the current fit is repeated across 16 evenly spaced wave number bins from 0 to 0.42 rad/m (the
Nyquist wave number), to determine vertical current shear (Lund et al., 2015). To allow comparison with
L18, an additional current fit is performed across all wave numbers from 0.1 to 0.3 rad/m. Lastly, the MR currents are subjected to a quality control that evaluates the similarity between spatiotemporally neighboring
measurements. This resulted in the removal of 3.0% of the MR currents (and corresponding depths) from
this study, primarily affecting low-wind and far-range measurements.
3.2. Limitations
The Doppler term in equation (1) is linearly dependent on the ocean wave number. The MR current retrieval
therefore functions best for the larger wave numbers (shorter waves). It works in all depths as long as the
waves obey the linear dispersion relationship. In contrast, the MR bathymetry retrieval generally functions
best for the smaller wave numbers (longer waves), since they deviate the most from the deep water approximation to the dispersion relationship. It is limited to areas where the sea floor modifies the waves' dispersive
behavior.
An oceanographic rule of thumb is that surface waves depart from the deep water dispersion relationship
at water depths that are half their wavelength. For MR bathymetry retrieval this would be an unrealistic
threshold, since even small errors in the wave number measurements would lead to large errors in the
resulting depth. According to Bell and Osler (2011), a more appropriate threshold is a 10% minimum change
in wavelength (relative to the deep water approximation), which is equivalent to a water depth that is 26%
of the wavelength. The peak wavelengths encountered here are relatively short (see section 4.1). Hence, to
extend the method's reach, this study uses a minimum change in wavelength of 5% (or a water depth that
is 31% of the wavelength) as threshold. Figure S1 in the supporting information illustrates this threshold
for select wave periods. A discussion of the theoretical errors associated with depth measurements from
remotely sensed images is given by Dalrymple et al. (1999), indicating that the relative error in depth grows
exponentially with kh.
3.3. Nonlinear Wave Effects
Large amplitude waves in shallow water are known to travel slightly faster than predicted by linear wave
theory, which leads to a slight overestimation in the MR depth measurements. Higher-order dispersion
LUND ET AL.
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equations accounting for this effect have been proposed by Hedges (1976)
and Kirby and Dalrymple (1986). The former (and simpler) model is
defined as follows:
𝜔=

√

⃗
gk tanh(k(h + Z)) + u⃗ · k,

(2)

where Z = H is the wave height. Based on empirical data, Booij (1981)
proposed an improved correction of Z = 0.5H . Expressed in terms of
the significant wave height (Hs ), this correction becomes Z = 0.35Hs
(Bell & Osler, 2011). Previous studies obtained accurate optical video- and
MR-based water depth measurements all the way to the beach swash zone
using correction terms of Z = 0.42Hs (Holland, 2001) and Z = 0.4Hs
(Bell et al., 2006). Following Bell and Osler (2011), this study employs
Z = 0.35Hs to test the importance of wave nonlinearity.

4. Results
4.1. Surface Waves
The MR bathymetry and current retrieval relies on the presence of a long
(>15 m) wave signal. To illustrate the sea state during SPLASH, Figure 3
shows a time series of the MR-derived wave energy density as a function
of frequency and direction on a logarithmic color scale. A corresponding time series of peak and mean wave parameters is shown in Figure 4.
Both time series have a 2.7 day long gap when the MR raw data were
corrupted. The period prior to the gap corresponds to the ship's transit
Figure 4. Time series of the MR (top) significant wave height, (middle)
peak and mean wave period, and (bottom) peak wave direction from 17
first west-southwestward along the Florida Keys (on the Atlantic side)
April 2017, 19:00 UTC to 29 April 2017, 04:40 UTC. The top panel includes
and then northwestward across Florida's Gulf of Mexico continental shelf
significant wave height measurements from NDBC buoy LOPL1 during the
waters. The crossing from the Atlantic into the Gulf of Mexico on year day
period when R/V Walton Smith was in its vicinity.
107 (around 18 April 2017, 03:00 UTC) coincides with a drastic reduction
in significant wave height as well as peak and mean period, which is due
to wave sheltering by the Florida Keys. Almost all of the postgap data were acquired in the Louisiana Bight
(see Figure 1). The dashed line in the upper panel of Figure 3 marks the Nyquist frequency (∼0.25 s−1 ), wave
energy above this line had to be dealiased (Nieto Borge et al., 2004; Senet et al., 2001). The sea state during the SPLASH cruise was characterized by significant wave heights of 0.2–1.5 m with a 0.8 m mean, and
peak wave periods ranging from 4.2–9.3 s with a mean of 6.8 s (the corresponding deep water wavelengths
are 28–115 m with a 70 m mean). The waves were primarily coming from the south with a mean peak wave
direction of 173◦ . Figure 4 also includes significant wave height measurements from NDBC buoy LOPL1
over the period during which R/V Walton Smith was in the Louisiana Bight (wave period and direction were
not measured by the buoy). Given the differences in location (and fetch) between the MR and buoy, the
significant wave height measurements are in good agreement.
In the bathymetry retrieval context, it is important to note that we observed very little wave energy at frequencies <0.1 s−1 , that is, the waves were relatively short. The bathymetry retrieval threshold used here
requires that the water depth does not exceed 31% of the wavelength; for our 70 m mean peak wave length
this implies a depth limit of 22 m. To push the depth retrieval beyond this limit, we must use the wave signal below the peak. The practical depth retrieval limit under the given sea state is ∼40 m (the limit for 10 s
waves). From a current retrieval perspective, our method relies on wave energy from a broad range of directions (to measure the full current vector) and frequencies (to measure vertical shear). Both conditions are
fulfilled; however, it must be noted that the wave energy on either end of the spectrum is only slightly above
the noise floor, which may have a negative impact on the retrieval accuracy.
4.2. Bathymetry
The single-beam echo sounder measurements from R/V Walton Smith serve as primary reference for the MR
bathymetry validation. The echo sounder makes point measurements, whereas the MR yields averages over
analysis windows of ∼0.7 km2 . In order to improve their comparability, the echo sounder measurements
were first smoothed using a 5 min median filter, and then reduced to a temporal resolution of 2.5 min. A small
number of outliers within the echo sounder data were sorted out manually. Measurements from a 7.8 hr
LUND ET AL.
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period during which the ship was holding station directly at the mouth
of the Mississippi River, which is characterized by a highly variable bottom topography, were disregarded for lack of comparability. Finally, the
regularly gridded MR bathymetry measurements were interpolated bilinearly to match the center location of each echo sounder measurement.
The echo sounder depths for which a matching MR measurement exists
span from 5.2–32.6 m with a mean of 15.9 m.

Figure 5. Bathymetric map of a portion of the Louisiana Bight with the
background showing GEBCO data. The curve with gray boundaries
corresponds to the echo sounder measurements from R/V Walton Smith
and the circles with white boundaries to the MR measurements' median
over the full study period. MR data points consisting of fewer than three
measurements are not shown.

Bilinear interpolations from GEBCO's 30 arc sec grid to the MR analysis
windows' points of origin are used as a secondary means of validation.
The same 7.8 hr period at the Mississippi River mouth was disregarded
since the GEBCO data are ill-suited for resolving the highly variable and
dynamic bathymetry there. The resulting GEBCO water depths range
from above sea level to 565 m with a median value of 28 m over the full
period for which MR raw data were collected. If we consider only GEBCO
depths for which matching MR bathymetry measurements are available
(i.e., 38% of data points), they range from 1.5–42.4 m with a 12.9 m mean.

The map in Figure 5 provides a visual comparison between our three
bathymetry data sources for a select region of the Louisiana Bight. The
background image depicts the GEBCO bathymetry, the curve represents
the echo sounder measurements, matching the track of R/V Walton Smith, and the MR median depths (for
analysis window with at least three measurements) are shown as circles. All three bathymetry sources are
on the same color scale, hence, the fact that they are difficult to tell apart indicates good agreement.
Figure 6 shows scatter plots of the MR-echo sounder and MR-GEBCO data pairs. They have correlation
coefficients r 2 of 0.97 and 0.98, biases of −0.13 and 2.35 m, root-mean-square errors of 1.18 and 2.62 m, and
standard deviations of 1.17 and 1.15 m (or 7% and 9% of the mean depth), respectively, corroborating the
good agreement observed above. Results from a more extensive statistical comparison are given in Table 1.
As could be expected from the relatively low significant wave height during SPLASH (see Figure 4), correcting for nonlinear wave behavior in accordance with equation (2) has only little influence on the results.
It is noteworthy that the MR measurements have a negative bias compared with the echo sounder measurements, but a positive bias compared with GEBCO. Hence, correcting for nonlinear effects lowers the
MR-GEBCO bias, but increases the MR-echo sounder bias. Lastly, comparing the MR median depths at each
grid point with GEBCO yields slightly improved statistics with, for example, a standard deviation of only
0.94 m.
This study refrains from using tidal predictions to reference the MR bathymetry measurements to a common vertical datum, since it may introduce additional errors. Based on tide gauge data from NOAA station

Figure 6. Scatter plots of the MR versus the echo sounder (left) and GEBCO (right) bathymetry, including comparison
statistics. The dashed lines indicate perfect agreement.
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Table 1
Statistical Comparison of MR Versus Echo Sounder and GEBCO Bathymetry

MR vs.
Echo sounder

bias

rms

std

n

r

r2

(m)

(m)

(m)

1,899

0.98

0.97

−0.13

1.18

1.17

Echo sounder, nl

1,899

0.98

0.96

−0.47

1.31

1.22

GEBCO

46,079

0.99

0.98

2.35

2.62

1.15

GEBCO, nl

46,079

0.99

0.98

2.00

2.32

1.17

GEBCO, unique

2,870

0.99

0.99

2.38

2.56

0.94

GEBCO, nl, unique

2,870

0.99

0.99

2.00

2.22

0.97

Note. The “nl” label means that the MR depths were corrected for nonlinear wave
behavior. The “unique” label indicates that the median depths at each MR grid point
were used (neglecting those with fewer than three measurements).

8760922, located at the Mississippi River mouth, tidal elevations within the Louisiana Bight range between
0.16 and 0.70 m with a mean elevation of 0.45 m during the period when R/V Walton Smith was in the area
(see Figure S2). GEBCO depths generally refer to mean sea level, but some shallow water areas may have a
vertical datum other than mean sea level. Hence, a portion of the standard deviation and bias observed in
the MR-GEBCO comparison can be attributed to differences in vertical datum.
To investigate the MR bathymetry retrieval's repeatability, Figure 7 shows the standard deviation of the
residuals (i.e., what remains after subtracting each grid point's mean depth, requiring at least three data
points) as a function of depth along with the corresponding histogram. The standard deviations include
least squares fit lines and coordinates. If only depth bins with more than 200 data points are considered,
the linear fit indicates a MR depth retrieval repeatability that is approximately 6% of the water depth. The
repeatability improves by one percentage point if all available depth bins are considered. A portion of the
observed standard deviation of the residuals is due to the tide.
4.3. Near-Surface Currents
We begin with a qualitative comparison between select MR near-surface and drifter surface current measurements. Figure 8a shows a map of MR current vectors and drifter tracks for a ∼2 hr period starting on
21 April 2017, 18:44 UTC. During this period, the wind was coming from southeast (mean direction of
141◦ ) with a mean speed of 5.4 m/s. R/V Walton Smith was traveling
first northeastward and then northwestward at speeds of 2–3 m/s. The
background image shows the corresponding 30-s-averaged composite
backscatter intensity, where near-range measurements with higher spatial resolution were given priority (i.e., the pixels at the bottom and top
correspond to the beginning and end of the ∼2 hr period, respectively).
Most remarkably, the backscatter intensity image depicts an internal
wave soliton packet propagating north-northeastward (Lund et al., 2013),
with the leading soliton just south of (x = 5 km, 𝑦 = 5 km). The image's
upper half furthermore shows several bright radar targets due to oil rigs,
which are omnipresent in the study area and ship traffic.

Figure 7. Standard deviation of the MR bathymetry measurement residuals
as a function of depth (top) and corresponding histogram (bottom). The
orange and green dashed lines represent the linear regression results
encompassing all data points and data points with counts (n) greater than
200, respectively.

LUND ET AL.

The MR current vectors shown in the figure are based on wave numbers ranging from 0.1–0.3 rad/m. The number of MR current vectors per
analysis window ranges from 1–7 (mean of 2.8) and depends on the ship
speed and heading. It is largest along the ship track (where the MR illumination period is longest) and diminishes with increasing distance along
the across-track directions (as the MR illumination period shortens). All
available MR current vectors are plotted in order to demonstrate the temporal consistency of the data. The MR currents exhibit a large degree of
spatial variability, with currents north of the internal wave packet being
considerably stronger than south of it. They range from 0.02–0.45 m/s
with a mean speed and direction of 0.22 m/s and 128◦ . The MR current
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Figure 8. (a) MR current (0.1–0.3 rad/m) map and 30-s-averaged MR backscatter intensity composite image on a black
(low return) to white (high return) grayscale for 21 April 2017, 18:44 to 20:55 UTC. The corresponding drifter tracks are
shown with white dots at their points of origin. The MR vectors and drifter tracks use the same color scale to depict the
observed current speeds. The arrow and label in the bottom right corner of the coordinate frame indicate the mean
wind speed and direction (going to). The geographic location of the coordinate frame origin is given in the bottom
right. (b) Same as (a) but for 23 April 2017, 16:59 to 22:55 UTC. The labels P0 through P7 are discussed in the context of
Figure 10.

map depicts a small-scale anticyclonic eddy, with its center near the coordinate frame origin. The MR and
drifter current speeds are shown on the same color scale, enabling a visual comparison. They are in good
agreement, with the drifter tracks exhibiting similar spatial patterns and confirming the presence of the eddy.
Figure 8b provides another example of a MR near-surface current map with the corresponding composite
backscatter intensity image in the background and drifter tracks overlaid. The data were acquired in close
proximity to the Mississippi River mouth over a ∼6 hr period starting on 23 April 2017, 16:59 UTC, with
wind speeds ranging from 5.1–9.4 m/s coming from the northwest (mean direction of 315◦ ). The backscatter
intensity image includes a strong signal from the river jetties in the upper right. As in the previous figure,
the MR currents are temporally stable, but show a large degree of spatial variability, with the currents at or
downstream of the river mouth being the strongest. To be precise, the currents range from 0.09–1.20 m/s
with a mean direction of 210◦ . There is an average of 9.9 MR current vectors per analysis window, with
the vast majority of measurements acquired in the vicinity of the river jetties. The reference drifter tracks
show good qualitative agreement with the MR currents. But it is worth noting that the drifters' downwind
speeds are considerably greater, which will be investigated further below. An additional example of a MR
near-surface current map, which was also acquired in the vicinity of the Mississippi River mouth, is given
in Figure S3.
The wave number-dependent MR current retrieval plays a key role in the following drifter-MR-ADCP intercomparison. Figures 9 and 10 provide examples of MR vertical current profiles for wave numbers from
0.09–0.40 rad/m, which is the wave number range over which a wave signal could be detected. If we assume
that the current decays exponentially with increasing depth, the profiles' upper and lower wave number limits correspond to effective depths of 0.69 and 3.07 m, respectively, that is, 4.4% of the underlying wavelength
(Ha, 1979; Lund et al., 2015). Figure 9 shows a time series of MR vertical current profiles from 27 April 2017,
19:00 to 22:00 UTC, where each profile corresponds to a 30 min spatiotemporal average. The current profiles are similar in shape, decaying in speed by ∼0.15 m/s and turning ∼50◦ in a counterclockwise direction
with increasing effective depth. Toward the bottom of the profiles, the currents exhibit a slight increase in
speed. The current magnitudes decrease gradually over time while the directions shift westward. The MR
current profiles are compared against the portion of the Laxague et al. (2018) profile that was acquired using
an autonomous vehicle-mounted ADCP at roughly the same time and location. Their profile was converted
from depth to wave number assuming 𝜆 = z∕0.044, where 𝜆 is the wavelength and z the measurement water
depth. The MR and ADCP current profiles are in good qualitative agreement. Figure 10 shows a set of temporally averaged MR current profiles from 23 April 2017, 18:10 to 23:00 UTC. The profiles were acquired
LUND ET AL.
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Figure 9. Time series of MR current (left) speed and (right) direction as a function of wave number from 27 April 2017,
19:00 to 22:00 UTC. Each MR profile corresponds to a 30 min spatiotemporal average, where only profiles with valid
measurements across the 0.116 to 0.322 rad/m wave number range were considered. The MR measurements are
compared with a portion of the 3.5 hr averaged current profile from Laxague et al. (2018), approximately corresponding
to the same location and time period.

over the same time period as the current map in Figure 8b, which also marks the location of each profile with
labels P0 to P7. The profiles lie on a transect that runs perpendicular to the Mississippi River mouth, where
the P3 and P4 profiles approximately intersect with the river centerline. As could be expected from Figure 8b,
the current profiles exhibit a large degree of spatial variability, with speeds ranging from 0.2–1.2 m/s and
directions from southeast to south. The shear peaks at the Mississippi River mouth (P3 and P4), where the
differences between the 0.400 and 0.090 rad/m measurements exceed 0.5 m/s.
Figure 11 shows a time series of the MR current speed and direction over the entire study period from 17–29
April 2017 (with a 2.7 day long gap). It focuses on wave number bins k12 = 0.322 rad/m and k4 = 0.116 rad/m
(where the subscripts represent the bin numbers), hereafter referred to as the MR high and low wave number
currents. They were selected because the MR reliably detected waves at these wave numbers throughout the
experiment and across the radar footprint (the MR's ability to resolve short waves deteriorates with increasing range). The corresponding effective depths are 0.86 and 2.38 m, respectively, assuming an exponentially
decaying current profile. Each current measurement shown in the figure corresponds to a 10 min spatiotemporal mean, with the shaded regions indicating the ranges between the 5th and 95th percentiles. A wide
range of current speeds and directions at any given time is indicative of an enhanced spatial variability in
the currents. For example, from year days 112.71–112.95, which is the period covered by Figures 8b and 10,
with R/V Walton Smith at the Mississippi River mouth, the currents had a large degree of spatial variability
and strong vertical shear. Here, these characteristics are evidenced by the wide range of current speeds and
by the fact that the high wave number currents are significantly stronger than the low wave number ones.
In addition to the MR high and low wave number currents, Figure 11 shows the 10 min smoothed wind speed
(× 0.05) and direction (going to). The winds range from 1.2–13.1 m/s and are going in almost all directions,
with an average wind of 7.2 m/s going to north-northwest (340◦ ). In contrast, the mean MR high wave
number current speed and direction are 0.35 m/s and 127◦ , and the mean MR low wave number current is
LUND ET AL.
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Figure 10. Temporally averaged MR current (left) speed and (right) direction as a function of wave number from 23
April 2017, 18:10 to 23:00 UTC. The individual profiles represent a cross section through the Mississippi River mouth,
with P0 corresponding to the westernmost analysis window and P7 to the easternmost one (see Figure 8b).

0.27 m/s going to southeast (150◦ ), that is, the currents closer to the surface are on average 30% faster and
more eastward. The maximum high and low wave number current speeds are 1.35 and 1.26 m/s, respectively,
and they were observed while R/V Walton Smith held station at the Mississippi River mouth. Following the
storm that peaked at 13.1 m/s on year day 113.21 (24 April 2017, 05:08 UTC), the MR high and low wave
number currents perform a clockwise rotation at approximately the local inertial period (∼24.5 hr).
To get a better picture of the MR vertical shear throughout the cruise, Figure 12 shows a time series of the
differences between the MR high and low wave number (effective depths of 0.86 and 2.38 m, respectively)
along- and across-wind currents. Here, the along-wind axis is positive downwind and the across-wind axis is
positive to the left. The time series includes both the raw data (i.e., a circle marker for each current measurement across the MR footprint) as well as the 10 min spatiotemporal mean. The MR high-low wave number
current differences exhibit a strong signal with a large degree of variability in space (as indicated by the
raw data width) and time. Focusing on the spatiotemporal mean, the along-wind current differences range
from −0.21 to 0.37 m/s with a 0.04 m/s average (0.6% of the mean wind speed), and the across-wind current
differences range from −0.42 to 0.11 m/s with a −0.06 m/s average. The strongest positive along-wind differences occur under conditions of growing winds (year days 113 and 117). The maximum difference between
the high and low wave number current speed (not shown) is 0.42 m/s. It was measured when R/V Walton
Smith was ∼3 km south of the Mississippi River mouth and the wind was blowing at 12.2 m/s from 343◦
on year day 113.08 (24 April 2017, 01:52 UTC), that is, shortly before the peak of the experiment's biggest
storm. At the time, the MR high and low wave number currents were 43◦ and 52◦ to the right of the wind,
respectively, and their difference in speed was 3.4% of the wind speed, which is in fair qualitative agreement
with Ekman dynamics (Ekman, 1905).
In the following, the MR high (effective depth of 0.86 m) wave number currents are compared against the
drifter (center of draft at 0.4 m) measurements, and the MR low wave number currents (2.38 m) are compared against the shallowest ADCP measurements (4 m bin). Figure 13 shows a time series of the differences
between the drifter and the MR high wave number along- and across-wind currents. The figure also includes
LUND ET AL.
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Figure 11. Time series of the MR high (0.322 rad/m) and low (0.116 rad/m) wave number current (top) speed and
(bottom) direction as well as wind speed (×0.05) and direction (going to) from 17 April 2017, 19:00 UTC to 29 April
2017, 04:40 UTC. Each MR circle marker corresponds to a 10 min spatiotemporal mean. The shaded regions indicate
the ranges between the 5th and 95th percentiles of the MR currents.

a time series of the differences between the MR low wave number and the ADCP currents. The MR high wave
number currents were interpolated bilinearly to match the locations of the drifter measurements. Similarly,
the MR low wave number currents were interpolated to match the locations of the ADCP measurements
(along the track of R/V Walton Smith). Note that the drifter-MRhigh differences were computed with the
MRhigh currents as the subtrahend, whereas the MRlow -ADCP differences were computed with the MRlow
currents as the minuend. (The subscripts are used to distinguish between the MR high and low wave number measurements.) The figure marks three periods of large drifter-MRhigh and MRlow -ADCP differences
from year days 111.64–112.05, 112.56–113.15, and 116.64–117.05. While these are not the only periods during which large differences were observed, they were selected here because they include concurrent drifter,
MR, and ADCP measurements. The reader may be inclined to attribute these differences to MR current
measurement errors. However, as will be explained in the following, our analysis indicates that they are in
fact due to elevated vertical current shear.
During the three periods of large drifter-MRhigh and MRlow -ADCP differences, the mean winds are from
south, northwest, and east-southeast at 3.9, 8.5, and 4.8 m/s, respectively. The data from the first and last
periods were acquired within the Louisiana Bight in relatively shallow water (average GEBCO depths of
19.4 and 11.6 m, respectively), whereas the data from the middle period stem from deeper water (average
depth of 44.2 m) near the Mississippi River mouth. The middle period is where the largest drifter-MRhigh and
MRlow -ADCP differences occur, with mean along-wind drifter-MRhigh and MRlow -ADCP differences of 0.16
and 0.19 m/s and mean across-wind differences of −0.04 and −0.42 m/s, respectively. The drifter-MRhigh and
MRlow -ADCP differences during the first and last period are most pronounced in the along-wind direction,
where the drifter-MRhigh differences have means of 0.13 and 0.13 m/s and the MRlow -ADCP differences have
means of 0.19 and 0.13 m/s, respectively. The corresponding averages in the across-wind direction are 0.05,
−0.04, −0.01, and −0.07 m/s. What is most noteworthy here, is that the drifter-MRhigh and MRlow -ADCP differences generally follow the same trends, that is, they describe vertical velocity profiles that change rapidly
and consistently from 0.4 to 0.86 m and from 2.38 to 4 m.
The differences between the MR high and low wave number currents shown in Figure 12 can serve to fill
the gap between the drifter-MRhigh and MRlow -ADCP differences. The mean along-wind differences for the
three periods discussed above are 0.06, 0.11, and 0.10 m/s, the mean across-wind differences are 0.01, −0.24,
and −0.04 m/s. These are practically the same trends as observed in the drifter-MRhigh and MRlow -ADCP
LUND ET AL.
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Figure 12. Time series of the differences between the MR high (0.322 rad/m) and low (0.116 rad/m) wave number
(top) along- and (bottom) across-wind currents from 17 April 2017, 19:00 UTC to 29 April 2017, 04:40 UTC. The
individual current measurements across the MR footprint are shown in blue, the 10 min spatiotemporal means are
shown in orange. The light gray rectangles indicate periods of elevated vertical current shear and will be discussed in
the context of Figure 13.

Figure 13. Time series of the (top) along- and (bottom) across-wind current differences between the collocated
drifter-MR and MR-ADCP data pairs. The former are based on the high (0.322 rad/m) wave number MR measurements,
the latter on the low (0.116 rad/m) ones. The light gray rectangles indicate periods of elevated vertical current shear.
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Figure 14. Scatter plots of the MR (k12 = 0.322 rad/m) versus the drifter along- (left) and across-wind (right) currents.
The gray circle markers correspond to the periods of elevated vertical current shear, which are marked by light gray
rectangles in Figures 12 and 13. Comparison statistics are given without and with considering the periods of elevated
shear (the latter in parentheses). The dashed lines indicate perfect agreement.

differences. The vertical current shear during the middle period is by far the strongest, which is also as
expected from the drifter-MRhigh and MRlow -ADCP differences. The cumulative differences (from 0.4 to 4 m)
for the three periods are 0.38, 0.46, and 0.36 m/s in the along-wind direction and 0.05, −0.70, and −0.15 m/s in
the across-wind direction, that is, difference magnitudes of 0.38 m/s (9.7% of the corresponding mean wind
speed), 0.84 m/s (9.9%), and 0.39 m/s (8.1%). These observations, considered together, led us to conclude that
the large drifter-MRhigh and MRlow -ADCP differences during these three periods must be due to elevated
vertical current shear as opposed to MR current measurement errors.
The MRhigh -drifter and MRlow -ADCP along- and across-wind current measurement pairs on which Figure 13
is based are shown, respectively, in Figures 14 and 15 as scatter plots. The figures include the corresponding
comparison statistics without and with the periods of elevated shear. By disregarding the periods of elevated
shear, the number of data points for the comparisons between the MR high wave number and drifter alongand across-wind currents is reduced from 8,198 to 5,201. The comparisons yield correlation coefficients r 2 of
0.96 and 0.98, biases of −0.05 and 0.02 m/s, root-mean-square errors of 0.07 and 0.04 m/s, and standard deviations of 0.04 and 0.03 m/s, respectively. The statistical agreement is only slightly lower if all data points are
considered. The statistical comparison between the MR low wave number and ADCP (4 m bin) along- and
across-wind currents, again disregarding the periods of elevated shear, is based on 1,810 data points (versus

Figure 15. Scatter plots of the MR (k4 = 0.116 rad/m) versus the ADCP (4 m) along- (left) and across-wind (right)
currents. The gray circle markers correspond to the periods of elevated vertical shear. Comparison statistics are given
without and with considering the periods of elevated shear (the latter in parentheses). The dashed lines indicate perfect
agreement.
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Table 2
Statistical Comparison of the MR Versus Drifter Along- (||) and Across-Wind (⟂) Current
Measurements for Different Wave Numbers
k
u⃗ comp

bias

rms

std

(rad/m)

n

r

r2

(m/s)

(m/s)

(m/s)

||, sel

0.322

5,201

0.98

0.96

−0.05

0.07

0.04

||

0.116

13,625

0.93

0.86

−0.13

0.17

0.10

||

0.168

12,899

0.94

0.89

−0.12

0.15

0.09

||

0.219

11,852

0.96

0.91

−0.11

0.13

0.08

||

0.271

10,119

0.96

0.93

−0.09

0.12

0.07

||

0.322

8,198

0.97

0.94

−0.08

0.11

0.07

||

0.374

5,384

0.97

0.94

−0.08

0.10

0.06

||

0.1-0.3

15,735

0.95

0.90

−0.11

0.14

0.08

⟂, sel

0.322

5,201

0.99

0.98

0.02

0.04

0.03

⟂

0.116

13,596

0.97

0.93

0.04

0.10

0.10

⟂

0.168

12,861

0.98

0.95

0.02

0.08

0.08

⟂

0.219

11,825

0.98

0.96

0.02

0.07

0.07

⟂

0.271

10,108

0.99

0.97

0.01

0.06

0.06

⟂

0.322

8,187

0.99

0.98

0.01

0.05

0.05

⟂

0.374

5,370

0.99

0.98

0.00

0.05

0.05

⟂

0.1-0.3

15,728

0.98

0.96

0.02

0.07

0.07

Note. The “sel” label indicates that the periods of elevated vertical current shear were
disregarded.

2,669 for the full data set), with correlation coefficients r 2 of 0.91 and 0.92, biases of 0.07 and −0.01 m/s,
root-mean-square errors of 0.10 and 0.08 m/s, and standard deviations of 0.07 and 0.08 m/s, respectively.
Here, the comparison statistics deteriorate significantly if the periods of elevated shear are included.
The comparison statistics from the MR-drifter and MR-ADCP comparisons are summarized in Tables 2 and
3. The tables include the statistical comparison results for MR currents that are based on wave numbers from
0.1–0.3 rad/m as well as for a selection of six wave number bins from 0.116 to 0.374 rad/m. The statistics are
based on all available data; that is, they include data from the periods of elevated shear (with the exception of
the entries that are labeled “sel”). The number of MR-drifter and MR-ADCP data pairs decreases from low to
high wave numbers. This is because the high wave number signal may be obscured by the background noise,
especially in the far range where the spatial resolution is relatively poor. For the MR-drifter comparisons, the
bias magnitudes, root-mean-square errors, and standard deviations decrease and the correlation coefficients
increase from low to high wave numbers. The opposite behavior is observed for the MR-ADCP comparisons,
as could be expected from the results above. Hence, due to the large vertical shear in the study area, the drifter
measurements agree best with the MR high wave number currents, and the ADCP data agree best with the
MR low wave number currents. The MR currents that were based on wave numbers from 0.1–0.3 rad.m do
not agree as well with either the drifter or the ADCP data.

5. Discussion
5.1. Bathymetry
To evaluate our bathymetry measurement performance, we use the study by Bell and Osler (2011), which
is the only previous publication on shipboard MR bathymetry retrieval, as a benchmark. They reported
correlation coefficients r 2 of 0.82 and 0.71 for two data sets collected from CFAV Quest in the western North
Atlantic off Nova Scotia, Canada, considering water depths up to 50 m. The correlation coefficient r 2 of
0.97 reported here (for the MR-echo sounder comparison) compares favorably with their findings. But it
must be noted that their study was limited to much shorter data sets and that it was hindered by MR image
time stamp issues as well as relatively inaccurate and poorly resolved ship heading measurements. On the
other hand, they benefited from the availability of two-dimensional bathymetric survey data, the presence
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Table 3
Statistical Comparison of the MR Versus ADCP (4 m) Along- (||) and Across-Wind (⟂)
Current Measurements for Different Wave Numbers
k
u⃗ comp

bias

rms

std

(rad/m)

n

r

r2

(m/s)

(m/s)

(m/s)

||, sel

0.116

1,810

0.95

0.91

0.07

0.10

0.07

||

0.116

2,669

0.92

0.84

0.11

0.15

0.10

||

0.168

2,753

0.90

0.81

0.12

0.16

0.11

||

0.219

2,762

0.89

0.79

0.13

0.18

0.12

||

0.271

2,689

0.87

0.76

0.14

0.19

0.13

||

0.322

2,514

0.86

0.74

0.15

0.21

0.14

||

0.374

2,065

0.85

0.73

0.16

0.22

0.15

||

0.1-0.3

2,799

0.89

0.79

0.13

0.18

0.12

⟂, sel

0.116

1,810

0.96

0.92

−0.01

0.08

0.08

⟂

0.116

2,669

0.80

0.64

−0.08

0.19

0.18

⟂

0.168

2,753

0.77

0.59

−0.12

0.25

0.22

⟂

0.219

2,762

0.75

0.56

−0.14

0.29

0.25

⟂

0.271

2,689

0.73

0.53

−0.16

0.32

0.28

⟂

0.322

2,514

0.70

0.49

−0.18

0.36

0.31

⟂

0.374

2,065

0.69

0.47

−0.22

0.42

0.36

⟂

0.1–0.3

2,799

0.76

0.57

−0.13

0.27

0.24

Note. The “sel” label indicates that the periods of elevated vertical shear were disregarded.

of longer waves (starting with periods of 13 s), and a relatively strong signal with significant wave heights of
1.4 and 2.1 m.
More recently, Honegger et al. (2019) applied the cBathy algorithm to stationary MR data from two coastal
sites in North Carolina and Oregon, where they found root-mean-square errors of 0.49 and 0.35 m with biases
of 0.26 and 0.11 m, respectively. Their root-mean-square errors are lower than the 1.18 m error reported
here (for the MR-echo sounder comparison), however, their measurements were limited to water depths
from 0–10 m. Hence, relative to the mean depth, the errors reported here are approximately the same. Their
study furthermore benefited from the facts that their MR depths are based on 72 hr of continuous measurements, allowing them to implement a Kalman filter and that they have two-dimensional bathymetric
surveys as reference. Conversely, wave breaking likely introduced an additional error in their study (Brodie
et al., 2018) and, more importantly, their results have significantly higher spatial resolution on the order of
one ocean wavelength (Holman et al., 2013). Nevertheless, despite the relatively coarse resolution of our MR
bathymetry results, the fact that we surveyed the bathymetry of a significant portion of the Florida Keys and
the Louisiana Bight in only ∼1 week and with an accuracy that exceeds or matches previous studies can be
considered a success.
Regarding the correction for nonlinear wave behavior, it should first be noted that the errors associated with
MR bathymetry measurements generally exceed the contributions from the dispersion relationship's nonlinear terms (Catálan & Haller, 2008). Still, it is puzzling that our MR bathymetry is biased low by 0.13 m
compared with the echo sounder measurements, although the literature suggests that linear wave theory
leads to an overestimation of water depth (e.g., Bell & Osler, 2011). Hence, our significant wave height-based
correction for nonlinear wave behavior counterproductively increased the MR-echo sounder bias. One simple explanation might be that the echo sounder on R/V Walton Smith was in fact located closer to the surface
(the ship's draft varies depending on fuel level and water density). It is also possible that the 5 min median
filter, which we applied to the echo sounder measurements to remove outliers, resulted in a slight overestimation, since most of the outliers were greater than the true depth. Lastly, instead of using the bulk quantity
significant wave height to correct for nonlinear wave behavior, it might have been more appropriate to define
an alternative correction term that considers only the heights of the waves that actually went into the least
squares bathymetry (and current) fit.
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5.2. Near-Surface Currents
5.2.1. Traditional Approach: Broad Range of Wave Numbers
A first comprehensive validation of shipboard MR near-surface current mapping was performed by L18.
Their study will serve as a benchmark for the drifter-MR-ADCP intercomparison presented in the following.
It was based on MR and surface drifter measurements from the relatively deep waters around the DeSoto Canyon in the Gulf of Mexico in January and February 2016 (e.g., D'Asaro et al., 2018). The two other
shipboard MR current validation studies in the literature lack near-surface reference measurements and
therefore cannot be compared with our findings (Gangeskar, 2018; Hessner et al., 2019).
One difference here is that we used a numerical least squares technique to solve for both bathymetry and the
near-surface current, whereas L18 only solved for the current using the analytical minimization given by
Senet et al. (2001). It was verified that the two minimization approaches yield practically identical currents
in deep water (not shown). Another technical difference concerns the averaging period, which here is only
8.3–12.3 min compared with up to ∼30 min in L18. Their study furthermore lacks reference measurements
below the 0.4 m depth sampled by the drifters. And, most importantly, the MR currents reported by L18 are
based on the wave signal from 0.1–0.3 rad/m, that is, a broad range of wave numbers.
The MR-drifter comparison by L18 yielded root-mean-square errors of 0.04 m/s for both the zonal and meridional currents. After rotating their measurements into along- and across-wind components, they found
that the MR currents were biased low by 0.02 and 0.01 m/s, respectively. Here, the statistical comparisons
between the 0.1–0.3 rad/m MR (i.e., based on the same wave number range that was used by L18) and reference currents yielded root-mean-square errors that were larger by factors of 2–7. A large portion of these
errors can be explained by the MR-drifter and MR-ADCP biases which are for the most part larger than
0.1 m/s in magnitude (see Tables 2 and 3), indicating significantly stronger upper ocean vertical current
shear here than observed by L18.
5.2.2. Novel Approach: Narrow Wave Number Bands
The choice of narrow wave number bands may be counterintuitive to MR oceanographers who have long
sought to improve the accuracy of their near-surface current measurements by increasing the number of
spectral coordinates (and, hence, widening the range of wave numbers) that are fed into the dispersion fit,
for example, by including aliased wave energy and contributions from higher harmonics (Senet et al., 2001).
The vast majority of MR current retrieval studies in the literature performs a single current fit across all
available ocean wave numbers, which is equivalent to assuming that the upper ocean current is constant
with depth or that upper ocean vertical shear is negligible (e.g., Bell et al., 2012; Gangeskar, 2018; Hessner
et al., 2019; Ludeno et al., 2016). In recent years, however, the wave number-dependent variability of the
Doppler term in equation (1) has been recognized as a valuable proxy for upper ocean vertical current shear
(e.g., Campana et al., 2016, 2017; Lund et al., 2015, 2016).
This study focuses on current estimates that were derived from narrow wave number bands centered around
0.322 and 0.116 rad/m, which are the shortest and longest waves consistently imaged by the MR. The corresponding effective depths are 0.86 and 2.38 m, if we can assume an exponentially decaying vertical current
profile (Ha, 1979; Lund et al., 2015). Campana et al. (2017) found that the assumption of exponential decay
yields current profiles of similar accuracy as the inversion of the integral relationship by Stewart and Joy
(1974), although the former is limited to a narrower range of effective depths. Independent measurements
of the upper ocean velocity profile during the same experiment by Laxague et al. (2018) furthermore suggest
that this is a reasonable assumption (see Figure 9).
The statistical agreement between the MR-drifter and MR-ADCP data deteriorates progressively (and the
biases grow) as the underlying wave number is decreased and increased, respectively (see Tables 2 and 3).
The drifter (center of draft at 0.4 m) and ADCP (4 m bin) are therefore primarily compared against the
MR high and low wave number currents, respectively. Compared with the MR currents that were based
on a broad range of wave numbers, the agreement between the MR high wave number and drifter currents is much better. Still, the along-wind bias of −0.08 m/s is significantly greater than in L18, and that
despite the fact that the wind conditions during the two experiments were comparable (maximum winds
of 13.1 m/s here and ∼12 m.s in L18). But if the periods of elevated vertical shear (which were identified
through a drifter-MR-ADCP intercomparison) are disregarded, the root-mean-square errors for the alongand across-wind currents are 0.07 and 0.04 m/s with standard deviations of 0.04 and 0.03 m/s, respectively,
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which matches the accuracies reported by L18. Similarly, the comparison between the MR low wave number and ADCP (4 m) along- and across-wind currents resulted in dramatically improved root-mean-square
errors of 0.10 and 0.08 m/s with standard deviations of 0.07 and 0.08 m/s (disregarding the periods of elevated
shear).
These results are further evidence of strong upper ocean vertical current shear in the study area. In conclusion, to achieve good MR-drifter and MR-ADCP agreement, it was crucial that we performed the MR current
fit as a function of wave number and that the drifter and ADCP measurements were paired with the MR
high and low wave number currents, respectively. With vertical current shear thus accounted for, and three
periods of elevated shear discounted, the shallow water MR currents investigated here could be shown to
have the same accuracy as the deep water ones studied by L18.
5.2.3. Vertical Shear: A Characterization and Attempt at Explanation
To get a full picture of the upper ocean vertical current shear, the MR-drifter and MR-ADCP comparisons
discussed above were complemented by a comparison between the MR high and low wave number currents.
The combination of these data sets (i.e., the sum of the drifter-MRhigh , MRhigh -MRlow , and MRlow -ADCP
differences) indicates that the upper ocean vertical current shear between 0.4 and 4 m reached values close
to 10% of the wind speed during the three periods of elevated shear identified here. A typical value for the
wind- and wave-induced surface drift is 1–4% of the wind speed at 10 m above the surface (e.g., Huang, 1979;
Lewis & Belcher, 2004; Wu, 1983). The mean difference between the MR and drifter current speeds in L18
was 0.7% of the wind speed. This beckons the question why the upper ocean vertical current shear in the
Louisiana Bight is so much stronger than in the nearby DeSoto Canyon.
While the wind speeds were comparable during this study and L18, the waves here were characterized by
much shorter fetches, since the Louisiana Bight is a semienclosed embayment, and wind and waves were
frequently coming from shore. It is well established that the drag coefficient (or surface roughness) over
pure wind seas correlates with inverse wave age (e.g., Drennan et al., 2003); that is, young seas or short
fetches enhance the wind-induced surface drift. This effect, however, is counteracted by the increase in the
wave-induced Stokes drift (e.g., Suzuki & Fox-Kemper, 2016) as the seas mature (Rascle et al., 2006). Still,
the sum of the wind- and wave-induced surface currents have been reported to decrease gradually with
increasing fetch (Wu, 1983), which may explain some of the additional shear observed in this study.
The question whether wave radars measure Lagrangian (i.e., including Stokes drift) or Eulerian (without
Stokes drift) currents is subject of an ongoing debate in the literature (e.g., Chavanne, 2018; Röhrs et al.,
2015). According to Ardhuin et al. (2009), high-frequency (HF) radars sample the Stokes drift associated
with the Bragg-resonant ocean waves. For MRs this implies that they sample the Stokes drift of the waves
they can resolve (in this study, waves >15 m). The Stokes drift for waves with frequencies up to the limit 𝑓D
⃗ 𝑓 )E( 𝑓 , 𝜃)d𝑓 d𝜃 , where E( 𝑓 , 𝜃) is the two-dimensional (frequency and
⃗ SS (𝑓D ) = 4𝜋 ∫ 𝑓D ∫ 2𝜋 𝑓 k(
is given by U
0
0
direction) wave energy density spectrum (Ardhuin et al., 2009). Based on the MR spectra collected during
SPLASH, the Stokes drift was mostly below 0.01 m/s and never exceeded 0.03 m/s (see Figure S4). These
results suggest that the strong upper ocean vertical current shear observed within the MR data (i.e., large
MRhigh –MRlow differences) was primarily wind driven with only a small Stokes drift contribution (if indeed
MRs measure Lagrangian currents).
However, Laxague et al. (2018) calculated a mean Stokes drift of 0.05 m/s over the upper 1 m during the same
experiment. They used composite two-dimensional wave spectra from sonic wave gauge and polarimetric
camera data, capturing gravity to capillary waves. The smaller values reported here are due to the fact that the
Stokes drift scales with the third moment of the wave spectrum, lending greater weight to the high-frequency
components which the MR cannot resolve (Webb & Fox-Kemper, 2011). Based on buoy wind and directional
wave spectra data from the Gulf of Mexico and Pacific, Clarke and Van Gorder (2018) calculated typical
surface Stokes drift speeds of 0.03–0.13 m/s. Thus, a significant portion of the MR-drifter differences can be
attributed to Stokes drift, but it cannot explain the differences between this study and L18.
The likely cause of the elevated vertical current shear observed here is the freshwater discharge of the Mississippi River. The Mississippi River is the 8th largest river system in the world, exporting 1.35 ± 0.2 × 104 m3 /s
into the shelf (Hu et al., 2005). Predominantly easterly winds drive westward currents that distribute the
Mississippi River plume across the Texas-Louisiana shelf, promoting the accumulation of low-salinity water
within the Louisiana Bight (Schiller et al., 2011; Walker et al., 2005). Even under only mildly stratified conditions, for example, during diurnal heating events, vertical turbulent mixing is reduced, the momentum
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flux becomes surface-trapped, and surface drift and vertical current shear are enhanced (Price et al., 1987).
This effect can be expected to be especially pronounced in presence of the thin, low salinity surface plume
from the Mississippi River, which has already been associated with strong surface currents and energetic
mesoscale variability (Hetland & DiMarco, 2012; Rong et al., 2014; Zhang et al., 2012). During the three periods of elevated vertical current shear, both temperature and salinity show pronounced dips indicating the
presence of freshwater from the Mississippi River. The strongest freshwater signal occurs during the middle
period, when the drifter-MRhigh and MRlow -ADCP differences were most pronounced (see Figure S5). For
a different river plume in the Gulf of Mexico, Stumpf et al. (1993) found an enhanced downwind drift of
the plume at 6–11% of the wind speed compared with a 3% surface drift in a well-mixed upper ocean. Their
values are comparable with the ∼10% drift observed here.

6. Conclusions
This study provides the first joint validation of shallow water shipboard MR bathymetry and near-surface
current retrieval, whose accuracies are interdependent. The comparison between the MR and echo sounder
depth measurements gave a root-mean-square error of 1.2 m (or 7% of the mean water depth) and correlation
coefficient r 2 of 0.97, exceeding or matching the MR depth retrieval accuracies reported by Bell and Osler
(2011) and Honegger et al. (2019). Due to predominantly short waves (mean peak wave period of 6.8 s), the
MR depth retrieval was limited to depths up to ∼40 m. The MR currents were compared against measurements from ∼500 surface drifters, deployed in the shallow (<100 m) waters of the Louisiana Bight, and a
shipboard ADCP. The Louisiana Bight receives a large inflow of freshwater from the Mississippi River (Hu
et al., 2005), making it a challenging area to study near-surface currents. The wind-induced momentum flux
becomes trapped within the shallow plume of low salinity water, significantly enhancing the surface drift
and vertical current shear (Price et al., 1987; Stumpf et al., 1993).
To account for vertical current shear, the ocean wave signal within the MR image spectra was analyzed as a
function of wave number. The MR high (effective depth of 0.86 m) and low (2.38 m) wave number currents
were compared against the drifter (center of draft at 0.4 m) and ADCP (4 m bin) measurements, respectively.
Disregarding three periods of elevated upper ocean vertical current shear, the MRhigh -drifter comparison
yielded root-mean-square errors of 0.07 and 0.04 m/s and standard deviations of 0.04 and 0.03 m/s for the
along- and across-wind components, respectively. These comparison statistics match the ones by L18 who
validated the shipboard MR near-surface current mapping in the deep waters of the nearby DeSoto Canyon.
The relatively large root-mean-square error in the along-wind component is due to the strong vertical shear
encountered throughout the cruise, resulting in a −0.05 m/s bias.
The fact that the MR and drifters sampled the currents at different effective depths, in the presence of strong
vertical shear, explains a significant portion of the observed root-mean-square errors. But there are additional reasons why the actual MR bathymetry and current measurement accuracies are likely better than
the errors reported here. There are systematic differences between the MR and reference measurements,
with the MR yielding spatial averages whereas the drifters and echo sounder measure locally (e.g., Graber
et al., 1997). The reference measurements furthermore have measurement errors of their own, which are
not considered here. Shipboard MRs are thus capable of accurately measuring bathymetry (within water
depths that are ≤31% of the ocean wavelength) and near-surface currents (in both deep and shallow water)
at resolutions of 500 m and ∼10 min.
This study hinged on the wave number-dependent MR current retrieval. The MR-drifter and MR-ADCP
agreement deteriorated progressively as the currents' underlying wave number was decreased and increased,
respectively. The comparison statistics also deteriorated when MR currents based on a broad range of wave
numbers were used, as is the norm in the literature. The MR current profiles were shown to agree well with
the Laxague et al. (2018) profile, which was measured with a different set of sensors during the same cruise.
An analysis of the MR high to low wave number current differences showed that the upper ocean vertical
shear was highly variable and frequently strong (maximum difference in speed of 0.42 m/s) throughout
the cruise. During three periods of elevated shear, which were identified based on the drifter-MRhigh and
MRlow -ADCP current differences, the cumulative shear magnitude reached 8.1–9.9% of the mean wind speed
over 3.6 m (between 0.4 and 4 m ).
The CARTHE consortium's main goal has been to understand the fate of oil spilled into the ocean.
The initially modeling-oriented consortium soon focused on ocean surface observations, realizing that
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measurements of submesoscale currents, which are needed for model evaluation, were in short supply
(Özgökmen et al., 2018). The shipboard MR near-surface current mapping technology featured here played
an important role in these efforts. When the next oil spill occurs, MR current measurements could help
guide the cleanup response, especially in the presence of strong upper ocean vertical current shear, when the
currents measured by shipboard ADCP at greater depths deviate significantly from the near-surface flow.
The HZG Doppler MR used in this study is easy and quick to mobilize. Routine MR upper ocean vertical
current shear measurements could also add to our understanding of air-sea interaction processes, especially
when combined with optical wave dispersion measurements at much finer scales (e.g., Dugan et al., 2001;
Laxague et al., 2017; Streßer et al., 2017).
In the future, we plan to improve our vertical current shear measurements by implementing an inversion
technique as proposed by Campana et al. (2017) or Smeltzer et al. (2019) and Maxwell et al. (2019). One open
question that still needs to be investigated is whether the MR surface wave spectra at coastal sites are sufficiently broad in both frequency and direction to allow upper ocean vertical current shear measurements.
Another open question concerns the Stokes drift contribution to wave dispersion measurements, which is
contested in the literature (Chavanne, 2018).
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