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Abstract Sea surface roughness is affected by surface current gradients, which provides a means of
monitoring from satellite sharp oceanic fronts. This paper is the second report of an experiment designed
to compare observations of sea surface roughness and surface currents at an unprecedented accuracy,
owing to the conjunction of numerous deployed drifters and roughness instruments. About 200 drifters
sampled a thin 10km elongated submesoscale front, also monitored by a high density of roughness
instruments: satellite synthetic aperture radar, satellite, and airborne multiangle sunglint radiometers. The
first paper focused on the retrieval of the current gradient direction (convergence and cyclonic vorticity)
at the front, using roughness observations at multiple angle from airplane. This second paper focuses on the
retrieval of the current gradient magnitude and scale, using roughness observations at different scales,
from airplane and from satellite. Two main results are obtained: (i) Trajectories of selected drifters show
that the front is only 50m wide and unambiguously exhibits convergence and cyclonic vorticity up to 100f
(with f the Coriolis frequency). This far exceeds previously documented values for submesoscale deep ocean
fronts. (ii) Correct estimation of such extreme current gradients using surface roughness hinges on
instruments with sufficiently high spatial resolution. Lower‐resolution roughness sensors can still detect the
front, as demonstrated from observations and a simplified model, but cannot properly estimate the
current gradient magnitude and the frontal width. Those results provide guidelines for monitoring intense
current gradients from space using sea surface roughness.

Plain Language Summary Ocean surface currents are not uniform horizontally but involve
structures of many different sizes. After focusing on large‐scale currents (about 1,000km) and eddies
(about 100km), attention is nowadays turning toward fine‐scale (about 1km) fronts and filaments. Those
fine structures are indeed particularly important for the exchanges between ocean surface and deeper ocean,
for the accumulation of drifting pollution, and for the concentration of biological production and marine
predators. Fishermen well know that oceanic fronts can be revealed by visual inspection of the ocean
surface roughness. Exploring this idea, this paper investigates how oceanic fronts can be monitored using
images of sea surface roughness. Images from satellites and airplanes were taken during an experiment
where hundreds of surface drifters were released and got caught within an intense front. Two new lessons
are learned from those observations: (1) The front was only 50m wide, which is much sharper than
commonly assumed for fronts of this type. (2) The front is thus associated with extreme current shear, which
can only be detected by roughness sensors with sufficiently high spatial resolution. Those are important
findings to improve monitoring of intense oceanic fronts from satellite.

1. Introduction

Fronts are ubiquitous features of the ocean surface, as often spectacularly revealed by high‐resolution satel-
lite images of sea surface temperature (SST), ocean color, or sea surface roughness. Those fronts commonly
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sharpen to scales less than 10km and can develop intense current gradients. In that respect they are oceanic
analogs of atmospheric surface fronts. At those scales, the fronts escape the geostrophic dynamical balance
of larger eddies, to develop large localized vertical velocities, stimulating exchanges between surface and
deeper ocean (Klein & Lapeyre, 2009). Small‐scale fronts can further concentrate surface drifting materials
within thin convergence areas (D'Asaro et al., 2018). Fronts are thus hot spots for biology (Grimes &
Finucane, 1991; Mahadevan, 2016; Woodson & Litvin, 2015) and for drifting pollution (Zhong et al.,
2012), including plastics and Sargassum.

Monitoring those fronts from space is a challenge because very high resolution sensors are required. Infrared
SST and visible ocean color images provide synoptic views at adequate resolution and have historically sup-
ported frontal studies (e.g., Fedorov, 1986; Simpson, 1981). Nonetheless, as noted by Mueller and LaViolette
(1981), temperature and color contain incomplete (and at times complementary) information on the front
dynamical activity, because temperature can be compensated by salinity (e.g., Ferrari & Rudnick, 2000;
Jaeger &Mahadevan, 2018) and because ocean color is not a conservative tracer. On the contrary, sea surface
roughness modulations are known direct evidence of surface current gradients at fronts. The main physical
mechanism is refraction or modulation of short waves by surface currents (Phillips, 1984). [Note that there
are other mechanisms than direct wave‐current interaction, which can be responsible for surface roughness
modulations around fronts. One is the presence of surfactants, which is mainly restricted to very low wind
speed (Chust & Sagarminaga, 2007; Cooper et al., 2005; Kudryavtsev et al., 2012a; Matthews et al., 1997)].
Another one is wind modification around the front, which most likely occurs at larger horizontal scales
(see discussion by Kudryavtsev et al., 2005), except around floating debris (Matthews et al., 2017). Thus, valu-
able information on surface currents can be obtained from sea surface roughness images (as, e.g., obtained
by synthetic aperture radar [SAR] or by radiometers looking within the sunglint) to complement tempera-
ture and color observations.

Quantifying surface current gradients from surface roughness observations has been attempted since the
first observations became available (e.g., Alpers, 1985; Apel et al., 1975; Jackson et al., 2013; Jansen et al.,
1998; Johannessen et al., 2005; Marmorino et al., 1999). The consensus at present is that surface current
refracts and impacts waves of intermediate scales (wavelength of 1 to 10m), modulating breaking and
near‐breaking waves, which in turn modulate roughness scatters sensed by radars or radiometers
(Kudryavtsev et al., 2005; Lyzenga, 1998; Thompson & Gasparovic, 1986). The current gradient around a
nearly infinite rectilinear front has two components, along front and across front (∂u/∂x and ∂v/∂x, using
the notations of section 4), which can be described by a magnitude and a direction. Recent investigations
have been devoted to retrieve the current gradient direction (Dulov & Kudryavtsev, 1990; Lyzenga, 1991)
and demonstrated the need to observe the ocean front at multiple view angles (Rascle et al., 2014, 2016).
This bears similarity with medium‐resolution scatterometer roughness measurements, with necessary
observations at different azimuth angles to retrieve both the wind speed and direction. Some
high‐resolution satellite radiometers possess this multiangle capability (e.g., ASTER, Matthews, 2005;
PRISM, Matthews & Awaji, 2010; and Multiangle Imaging SpectroRadiometer (MISR), Chust &
Sagarminaga, 2007), but the difference between the view angles is at present too large to confidently retrieve
current gradient direction from the surface roughness anomaly (Rascle et al., 2018).

To advance further, an experiment was designed to compare surface roughness observations to surface cur-
rents at unprecedented resolution and accuracy, taking advantage of the deployment of large number (about
1,000) of drifters, in conjunction with numerous instruments measuring surface roughness (satellite SAR,
satellite multiangle radiometer, and airplane multiangle radiometer). In a first paper (Rascle et al., 2017),
a newmethod using roughness observations from airplane at multiple angles was detailed. From an airborne
instrument, a dense distribution of view angles was obtained, which permitted to retrieve current gradient
direction, namely, convergence plus cyclonic vorticity. Those observations also suggested very large current
gradient magnitudes, which could not be validated at that time because of two difficulties. First, airplane
observations could only cover horizontal scales less than 100m (see section 2.3). Second, current velocities
derived from statistics of drifter trajectories (e.g., Pearson et al., 2019) and X‐band radars (Lund et al.,
2018) did not offer sufficiently high spatial resolution.

The retrieval of the current gradient magnitude is the focus of this second paper. Airplane measurements are
now combined with satellite measurements covering a different range of horizontal scales. We seek answers
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to the following questions: Down to what horizontal scale can frontal current gradients sharpen? What is
then the typical current gradient magnitude? Which roughness instrument is able to detect it and provide
a correct estimation of its horizontal scale?

The experiment is described in section 2, with a general overview of the front, the drifters and the surface
roughness observations. Then an estimation of the current gradient from in situ observations is done in
section 3 and shows that the front was much sharper than any previously documented submesoscale front.
The estimation of the current gradient from satellite and airplane surface roughness follows in section 4. The
range of horizontal scales covered by the instruments is shown to be crucial. Finally, section 5 discusses
some future strategies to monitor such intense fronts from space and gives some geophysical perspectives.

2. The Experiment
2.1. Overview

The experiment took place on January–February 2016 as part of LASER (LAgrangian Submesoscale
ExpeRiment, Özgökmen et al., 2014). A very large number (about 1,000) of surface (at 0.6m depth) drifters
were deployed to study surface dispersion in the northern Gulf of Mexico, specifically targeting submesos-
cale oceanic features (D'Asaro et al., 2018). Two research vessels helped the deployment and gathered mea-
surements, together with up to three different airplanes making surface measurements, with one specifically
equipped to retrieve multiangle sunglint.

During the last days of the experiment, an elongated front developed along the continental shelf (Figure 1a)
and began to interact with a rapidly spiraling eddy. This type of interaction is often observed at the ocean
surface (e.g., Eldevik & Dysthe, 2002; Munk et al., 2000). The surface roughness image (Figure 1b) suggests
that frontal currents were particularly intensified in two distinct regions, one northwest of the eddy center
(black box in Figure 1b) and one southeast of the eddy center.

About 200 drifters got caught within the northwest part of the spiraling front, while the R/V Walton Smith
sampled the front and redeployed drifters (see Movie S1 in the supporting information). More details of the
oceanographic context of this front, including vertical hydrography and dynamics, can be found in D'Asaro
et al. (2018).

2.2. Surface Roughness Instruments

Thanks to a coincidence of the orbits on 11 February 2016, the front was sampled by the SAR on board the
satellite Sentinel‐1a (Torres et al., 2012) at 11:50UTC and then by MISR (Diner et al., 1989) on board the
satellite Terra at 16:43UTC. In addition, the airplane carrying a multiangle visible radiometer made six suc-
cessive passes over the same front from 19:12 to 19:53UTC. The drifters trajectories at 11:50, 16:43, and 19:26
UTC and the corresponding surface roughness images are shown in Figures 2a–2i with a frame size of about
25km. The full temporal evolution of the drifters, together with the corresponding roughness images, can be
better appreciated inMovieS1. A zoom over different parts of the front at those three different times is shown
in Figure 3, with a frame size of about 4km. Again, the temporal evolution can be appreciated in Movies S2
and S3.

Sentinel‐1a acquired two C‐band SAR images, in copolarization VV and cross‐polarization VH, at about 41°
incidence angle. Both images were taken in the Interferometric Wide (IW) mode, which has a nominal spa-
tial resolution of about 20m. MISR acquired nine images at different view angles between 16:40 and 16:46
UTC. The 672nm radiance is used, with a spatial resolution about 275m. More explanations on MISR sun-
glint geometry can be found in Rascle et al. (2018, their Figure 5a). The airplane acquired sequences of
images at varying view angles (see Movie S4), out of which composites were created by restrictions to a given
view angle range. For instance, the Composite C05 shown in Figure 3h was obtained using zenith angles
lower than 10° and azimuth angles in the range [−22.5°, +22.5°]. More details on those airplane composites
can be found in Rascle et al. (2017). The pixel ground resolution of the airplane measurement is about 5m.
The viewing geometry is shown in magenta in Figures 1–3 and in Movie S4.

In the remaining of the paper, surface roughness will refer to the normalized radar cross section (NRCS) σ in
the case of SAR images and to the brightness intensity B in the case of sunglint images.
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2.3. Surface Roughness Contrast

The current gradient and the view geometry both affect the brightness intensity B of the sunglint image.
Because geometry varies slowly across the image, its effect can be removed using a spatial high‐pass filter
with a cutoff scale L. We thus produce the image contrast B′/B, where B′ is the high‐pass‐filtered brightness
intensity. The cutoff scale L is chosen to be 10km for the MISR polar‐orbiting satellite. A similar treatment is
applied to SAR Sentinel‐1a data. For the airplane images, due to the low flying altitude (about 1,000m), the
cutoff scale has to be reduced to 100m; otherwise, the sunglint geometry cannot be considered constant
across the image. This is the strongest limitation of the airplane surface roughness measurements: They
do not cover scales larger than 100m.

Note that the cutoff scale could have been chosen even larger for the satellite images. However, the current
gradient is not the only geophysical source of surface roughness variations, as variations of the wind field are
also important. Filtering scales larger than 10km removes most wind variations. Finer‐scale wind variations
remain apparent on the images (e.g., convective cells in Figure 2b and wind streaks in Figures 2e, 2f, 3h, and
3i) but have very distinctive spatial structures and we assume that they are not directly related to the front. In
the vicinity of the front, we assume that direct surface current impact on waves is the dominant source of
roughness variations (Kudryavtsev et al., 2005).

2.4. Observed Roughness Contrasts at the Front

There is a striking agreement between the location of the surface drifters and the location of the surface
roughness contrasts. It demonstrates that the drifters or any similar buoyant material trapped into a conver-
gence zone could be located by surface roughness observations at a spatial accuracy of about 500m using
MISR observations (Figures 2d–2f), about 100m using SAR observations (Figures 3a and 3b), and about
50m using airplane observations (Figures 3g–3i). This accuracy is illustrated at medium resolution in
Movie S1 and at high resolution for each airplane pass in Movie S4.

Figure 1. (a) Sea surface temperature from MODIS Terra and (b) sunglint radiance contrast from MISR Camera #5, on 11 February 2016 at 16:43UTC. The black
box shows the boundaries of the zoom at 25km (shown in Figure 2). Magenta contours and arrows show, respectively, zenith and azimuth angles of the
sunglint reflective facets.
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Each instrument shows a different surface roughness contrast at the front, with a different contrast sign,
amplitude, spatial extension, and spatial resolution. Transects orthogonal to the front are shown in
Figure 4a. Figure 5 shows more details over the front and summarizes the roughness frontal width (defined
in the caption) and contrast observed by each instrument.

• The MISR observations, which cover spatial scales in the range [275m, 10km], show the largest frontal
width, about 0.5 to 3km. The roughness contrast displays sign changes according to the viewing geometry
between the differentMISR cameras (Figures 2e and 2f), as discussed, for example, byMcClain and Strong
(1969), Jackson and Alpers (2010), Kudryavtsev et al. (2012a), and Rascle et al. (2018).

• The SAR observation in VV polarization, which covers scales in the range [20m, 10km], shows a sharper
front than MISR, with frontal width about 100 to 300m. The inherent speckle noise limits the effective

Figure 2. (a) Drifters positions and last hour trajectories on 11 February 2016 at 11:50UTC. (b, c) NRCS contrasts of Sentinel‐1 SAR in VV and VH polarizations,
respectively, at 11:50UTC. (d) Drifters at 16:43UTC. (e, f) Sunglint radiance contrasts of MISR Cameras #2 and #4, respectively, at 16:43UTC. (g) Drifters at
19:26 UTC. (h, i) SST and sunglint radiance contrast (Composite C19), respectively, measured from airplane at between 19:25 and 19:33UTC. The drifters
(A, B, C, and D) used for gradient calculations are shown as red squares (Drifter D is only showed at 11:50 as it ends up very close to Drifter A at subsequent times).
The three orange boxes (1, 2, and 3) are the boundaries of the three zooms at 4km shown in Figure 3. In (b) and (c) magenta contours show the (zenith)
incidence angles. In (e) and (f) magenta contours and arrows show, respectively, zenith and azimuth angles of the sunglint reflective facets.
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resolution of the instrument. The VH polarization exhibits a weak but detectable roughness contrast at
the front. Its weakness was expected because the VH polarization has a weaker signal‐to‐noise ratio
than VV polarization in moderate wind conditions (Kudryavtsev et al., 2014) and because noise level
rises at those incidence angles (Mouche & Chapron, 2015). Nevertheless, the very weak roughness
contrast observed in VH polarization likely informs about the modulation of surface wave breakers by
the current variations. More specifically, copolarized VV radar returns are essentially enhanced with
increasing numbers of steep and breaking quasi‐specular scatters (Kudryavtsev et al., 2014). On the
contrary, cross‐polarized VH radar returns are not sensitive to quasi‐specular scatters but to isotropic
scatters generated during intense breaking wave crest events. Wave breaking modulations induced by

Figure 3. Zoom over the orange Frames #1 (top row), #2 (middle row), and #3 (bottom row) of the previous figure. (a) Drifters positions at 11:50UTC and
trajectories from 9:30 to 14:00UTC, in the frame of reference of the front, defined by the 12 drifters in black around Drifter A in red. The black arrows show
an estimated fit of Drifter A trajectory, namely, an along‐front current of 0.24ms−1 plus an across‐front current of 0.31ms−1. (b, c) NRCS contrasts of
Sentinel‐1 SAR in VV and VH polarizations, respectively, at 11:50UTC. (d) Same as (a) but at 16:43UTC and for eight drifters around Drifter C. The black
arrows show an along‐front current of 0.40ms−1 plus an across‐front current of 0.25ms−1. (e, f) Sunglint radiance contrasts of MISR Cameras #2 and #4
at 16:43UTC. (g) Same as (d) but at 19:26UTC, when no drifter was available outside of the front. (h, i) Sunglint radiance contrast (Composites C05 and C18)
from airplane cameras, using only a selection of zenith and azimuth angles (shown in magenta) of the sunglint reflective facets.
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Figure 4. (a) Transects of the surface roughness contrasts within the front. (upper panel) MISR radiance contrast B'/B across orange Frame 2 at 16:43UTC.
(middle panel) Sentinel‐1 NRCS contrast σ''/σ across Frame 1 at 11:50UTC. (lower panel) Airplane radiance contrast B'/B across Frame 3 at 19:26UTC.
(b) Currents inferred from trajectories of Drifters A (at 12:00UTC), B (at 15:00UTC), and C (at 17:00UTC). (c) Currents measured by ship ADCP
during front crosses at 08:05, 08:43 and 12:25UTC. In (b) and (c), velocities are defined in local front‐following frame of reference.
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current variations are thus traced in both VV and VH images. And cross‐polarized images are thus
correlated with copolarized images but are expected to exhibit weaker signatures at the front.

• The airplane observations, which cover spatial scales in the range [5m, 100m], exhibit the sharpest rough-
ness contrast, with frontal width about 15 to 50m. The contrast also changes sign depending on the view-
ing geometry (Figures 3h and 3i), similarly to the MISR contrast.

3. Current Gradient From In Situ Observations

Before analyzing further the information contained in the surface roughness observations, we need to
understand the underlying current gradient at the front. For that purpose, we turn toward available in situ
observations.

Figure 5. (a) Similar to Figure 4a (transects of the observed surface roughness across the front) but note that the three horizontal axes do not have the same scales.
To help the interpretation, Gaussian fits (with standard deviations in meters) are added as thin black curves. (b) Table summarizing the horizontal extensions
and amplitudes of the observed roughness contrasts at the front. The roughness frontal width at 80% (resp. 50% and 20%) is defined as the spatial extension
over which the roughness contrast (in absolute value) reaches more than 80% (resp. 50% and 20%) of the maximum contrast at the front.
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3.1. Front‐Following Frame of Reference

The large number of surface drifters aligned within the front allows us to define a local frame of reference
which follows the frontal convergence line. Nearby drifters (of the order of 5 to 10 drifters less than 2km
away from the considered point) are used to define the front‐following reference frame, with its origin taken
as the center of mass of the drifters and the x axis (y axis) chosen across front (along front, respectively). Each
velocity observation around the front is subsequently transformed into this local frame of reference. The
resulting trajectories are shown in Figures 3a and 3d and in Movies S2 and S3. Note that no other treatment
is done to the drifters trajectories, which therefore include all possible geophysical contributions (Stokes
drift, windage, tides, etc.). In particular, the windage was quantified by Novelli et al. (2017) to less than
0.5% of the wind speed, which corresponds to 0.05 m s−1 during our experiment.

3.2. Surface Drifters

Most of the drifters (about 200) ended up aligned along the front direction and thus contain no information
on the across‐front structure of the current. This fast alignment due to current convergence or strain is a
common sampling problem in the study of ocean fronts (Ohlmann et al., 2017). Fortunately, three Lone
Drifters A, B, and C (Reference Numbers 2546407, 2545772, and 2545235) were redeployed outside of the
front to sample the east side of the front at approximately 12:00, 14:00, and 17:00UTC, respectively (see
red squares A, B, and C in Figure 2). The trajectories of Drifters A and C, within the local front‐following
reference frame, are shown in Figures 3a and 3d and in Movies S2 and S3.

The along‐front and across‐front velocities of the three lone drifters are shown in Figure 4b. The drifters are
attracted toward the front at almost constant along‐front and across‐front velocities, about 0.3ms−1. Once
caught inside the convergence zone, surface drifters experience horizontal random displacements with a
maximum extension of about 50m, which is shown as vertical black dash lines in Figures 3a, 3d, 3g, and 4b.

From the trajectories of those lone drifters, the current gradient can be calculated, as function of the distance
to the front (Figure 6). The across‐front velocity gradient corresponds to convergence, while the along‐front
velocity gradient corresponds to cyclonic vorticity (see Appendix A for details on the gradient calculations).
The extreme sharpness of the front translates into extreme current gradients of about 50 to 100f, both for the
convergence and for the cyclonic vorticity. This present result is fairly robust, as the three drifters (A, B,
and C), reaching the front almost 5hr apart, exhibit very similar current gradients. Also, two different meth-
ods used to calculate the current divergence lead to similar orders of magnitudes (see Appendix A). Finally, a
fourth Drifter D (Reference Number 2545209) reached the front minutes after Drifter A, at 12:30UTC,
further south along the front (see red square D in Figure 2a). This Drifter D is not a lone drifter but is part

Figure 6. (a) Observed divergence and (b) vorticity between the front surface convergence zone and the three approaching Drifters A, B, and C, as function of
their distance to the front. A simple velocity jump of Δu¼0.3 m s−1 is shown with the dashed black curve. Once caught within the front, the drifters
experience random displacements around the front line, as shown by the clouds of points. Those displacements correspond to random positive (filled squares)
and negative (open squares) current gradients. The vertical black dashed line at 50m shows a conservative maximum of those random excursions.
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of secondary front being aggregated to the main front in a “zipper‐like” convergent structure (see also
D'Asaro et al., 2018). Despite the presence of this secondary front, current velocity jumps and current gradi-
ents calculated from Drifter D trajectory are similar to those of Drifters A, B, and C (and thus not shown in
Figures 4b and 6).

Note that no drifters were redeployed on the west side of the front, which remains unsampled (Figures 3a
and 3b). A weak converging current or an antisymmetrical current of equal magnitude as that of the east side
are possible on the west side (Figure 4b) and would both be consistent with the drifter data. Possible differ-
ences between the current gradient on the east side compared to the west side of the front are illustrated in
Appendix B (Figure B1), where the across‐front current vertical circulation is based on the shallow tidal front
observed by Lyzenga (1998).

3.3. Ship ADCP

The R/V Walton Smith was equipped with a 600kHz hull acoustic Doppler current profiler (ADCP) and the
data processed with an along‐track resolution about 1km (Shcherbina et al., 2013). The vessel crossed the
northern part of the front at 08:05 and 08:43UTC (Movie S1). Velocities (in the local frontal frame of refer-
ence) of the uppermost beams (at depths of 7 and 9m) are shown in Figure 4c. Both across‐front and
along‐front components of the velocities exhibit changes at the front, which are consistent with both cyclo-
nic vorticity and convergence at the front. The magnitudes of the current jumps are about 0.2ms−1 over 1
km, which corresponds to current gradients about 3f, with f the local Coriolis frequency.

The vessel crossed again the frontal line further North at 09:20 and 10:15UTC, where the ADCP exhibited
less defined current gradients (not shown). The reason for such weak current gradients may be that the front
was yet to strengthen in what appears to be its northern boundary at that time. This interpretation is sup-
ported by the weak SAR surface roughness contrast and by the inconsistent drifter trajectories in that region
(Movie S1).

The vessel crossed the front for a fifth time at 12:25UTC further south along the front, close to the “zipper‐
like” structure. This ship transect of the front occurred less than 5min before and less than 500m away from
where Drifter D reached the front (red square D in Figure 2a). The ADCP shows velocity jumps about 0.5ms
−1 over 750m (Figure 4c), which correspond to current gradients about 10f (see also D'Asaro et al., 2018, their
Figure S9).

Whereas the current gradients are generally consistent between the drifters and the ADCP, the absolute
values of current significantly differ. This cannot be attributed to time and space difference between themea-
surements, as the 12:25UTC ship transect and the Drifter D trajectory are almost perfectly collocated in
space and time. One notable difference is that the across‐front component of the current does not change
sign in the 08:05 and 12:25UTC transects, in apparent contradiction with the surface drifter convergence
and the definition of the front‐following reference frame. This probably happens because the center of the
vertical rotor (as, e.g., observed by Lyzenga, 1998, see next subsections and Figure B1) was at those times
as shallow as 7m and thus that the ADCP could not resolve the surface convergence. The vertical profiles
measured by the ADCP seem to support this hypothesis (see Figures C1a and C1c). The along‐front compo-
nents measured by ADCP exhibit a large scatter between the different transects but remain roughly consis-
tent with a cyclonic vorticity with a sign change of the current at the front. Differences between the drifters
and the ADCP—in particular for the 08:05 and 08:43 transects having weak ADCP along‐front currents on
the positive side—might again indicate current vertical shear in the upper 7m.

3.4. Ship X‐Band Radar

The R/V Walton Smith was equipped with an X‐band radar (Lund et al., 2018), which unfortunately did not
start acquisitions until the next day at 01:48UTC. The surface current was processed at a resolution of 500m
and exhibits current gradients consistent with convergence and cyclonic vorticity, with velocity jumps of the
order of 0.2ms−1 over 500m, which corresponds to gradients about 3f (see Rascle et al., 2017, their
Figure 5b).

3.5. Synthesis of the Observed Current Front

In the present case study, data from ADCP, X‐band radar, and drifters at 500m resolution show current gra-
dients about 1 to 10f over 500m (Figure 6). The available drifter data at higher resolution further show that
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the current jump occurs over only 50m, an order of magnitude less. This leads to current gradient 1 order of
magnitude larger, about 10 to 100f.

Garvine (1979a, 1979b) proposed to distinguish between dissipative and rotating fronts, based on the ratio of
a frictional length scale Rf to the baroclinic Rossby radius R1. Submesoscale fronts are generally rotating
fronts (see, e.g., McWilliams, 2016), as opposed to gravity fronts common around river plumes. The present
front involves a density difference Δρ≃1kgm−1, with a vertical thickness D≃30m of the light layer. The bar-

oclinic Rossby radius is thusR1 ¼
ffiffiffiffiffiffiffi
g′D

p
=f≃7km, where g′ is the reduced gravity. The frictional length scales

as Rf¼D/a but is subject to uncertainty about the rate of entrainment, parameterized with the coefficient a,
with suggested values varying from 1.7×10−2 to 3×10−3 (Garvine, 1979b). The frictional length scale Rf
would thus range between 2 and 10km. The present front thus exhibits a ratio Rf/R1≃1, indicating that both
friction and rotation are important.

3.6. Previously Documented Submesoscale Fronts

Many measurements around submesoscale fronts have already been reported in the literature. Most esti-
mates report current gradients about 1 to 10f over 500m. For instance, Flament and Armi (2000) documen-
ted a filament with cyclonic vorticity of 3f and convergence of 0.5f at 2km resolution. They also suggested
that gradients greater than 7.5fwould be obtained at higher (80m) resolution. More recently, Ohlmann et al.
(2017) documented fronts and eddies with convergence/divergence and cyclonic vorticity about 5 to 10f over
300m. Matthews and Yoshikawa (2012) used satellite along‐track stereo imagery to calculate surface displa-
cements of slicks between two consecutive images. Their results indicated current fronts less than 100m
wide, but no in situ measurements could confirm those values. Our present observations suggest current gra-
dient values much larger than previously documented ones, for submesoscale fronts of this length (more
than 10km) and depth (D≃30m, D'Asaro et al., 2018).

3.7. Previously Documented Nonrotating Shallow Fronts

Large observed values of current gradients are more typical of gravity current fronts at river plumes, which
are much shallower, of smaller horizontal scale and less influenced by the Earth rotation than dissipation
(i.e., Rf≪Ro; see, e.g., Garvine, 1974). For instance, Garvine and Monk (1974) reported measurements of a
plume about 2m deep, exhibiting 20m wide front with current jump Δu≃0.5ms−1. Although rotation is
not important for that front, for comparison purpose we note that this corresponds to a current gradient
about 300f. Marmorino and Trump (1996) measured another shallow tidal front, with D≃5 to 10m, front
width about 6m, and current gradient about 400f. O'Donnell et al. (2002) reported measurements of a plume
about 5 m deep, front width about 5 m wide and current gradients about 1,000f.

Simpson and Britter (1979) proposed in the case of gravity currents that the frontal width is of the order of a
few times the thickness of the dense layer D. The aforementioned river plume fronts are much shallower
than the front described here (D≃5 to 10m instead of 30 to 40m).

3.8. Previously Documented Fronts of Similar Scales

Marmorino and Trump (1994) reported observations of slightly deeper gravity current fronts (“bore‐like”) at
the Gulf Stream boundary, with a layer D≃10m of light shelf water propagating over the Gulf Stream water
in relatively shallow parts of the shelf (bottom depth about 30m). Rotor like circulation, with frontal width
about 50m and current gradients up to 200f, was suggested by Lyzenga (1998) by analogy with the frontal
rotor observed by Luketina and Imberger (1987) at a shallower (5m) river plume. This rotor circulation pro-
posed by Lyzenga (1998) is presented in Appendix B (Figure B1). Although direct in situ measurements of
currents were lacking, lower‐resolution ADCP currents and ship GPS tracks indeed suggested velocity jumps
at the front Δu≃0.5ms−1. Hydrographic sections suggested frontal width about 20m and ADCP backscatter
depth supported this vertical interpretation in terms of rotor (Marmorino et al., 1999). The correspondingly
large current gradients about 200 to 300f helped Jansen et al. (1998), Lyzenga (1998), and Marmorino et al.
(1999) to get agreement between observed and modeled NRCS anomalies of airborne radars at different
wavelengths. The rotating nature of those bore‐like fronts is uncertain, as Lyzenga (1998) neglects the
along‐front current in their modeling while Jansen et al. (1998) propose a cyclonic shear at the front.

The present observations support similar conclusions in terms of horizontal scale (50m) and current gradi-
ent (100f), for a deeper front and with direct observation of current using the drifters. The along‐front
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component of the current, which shows cyclonic vorticity of similar amplitude as the convergence, is also
better documented. The presence of a jet in the along‐front component, which Garvine (1979b) suggests
as a key difference between rotating and dissipative fronts, cannot be completely ruled out because drifter
observations are only available on one side of the front (Figure 4b) but appear unlikely from the ADCP
observations (Figure 4c), as was the case for the front observed by Marmorino et al. (1999).

4. Current Gradient From Surface Roughness Observations

Given the in situ evidence that the current gradient occurs over only 50m, the question arises as to how such
sharp current gradient can be traced and estimated by surface roughness observations.

4.1. Spatial Extension of the Roughness Anomaly

A localized surface current gradient generates a localized modulation of surface wave action, which trans-
lates into a local anomaly of surface wave mean square slope (mss). Image brightness intensity B (for sun-
glint images) or radar cross section σ (for SAR images) are quantities related to the mss (e.g., Kudryavtsev
et al., 2012b).

Note that the typical surface wave scales affected by surface current variations can be evaluated. Following
Equation 2 given in Kudryavtsev et al. (2012b), for a surface current width of 50 to 100m, most impacted sur-
face waves are short gravity waves with wavelengths in the range 10 to 15m, for a wind speed of 9ms−1.

If the wave action N is split into a slowly varying background and a small local anomaly, Nð k!; x!Þ ¼ N0

ð k!ÞþN ′ð k!; x!Þ , the conservation of wave action for the anomaly gives (e.g., Phillips, 1984, their
equation 3.1)

cgi þ ui
� �∂N ′

∂xi
¼ kj

∂uj
∂xi

∂N0

∂ki
−
N ′

τc
; (1)

where x!¼ ðx1; x2Þ is the position, u! is the surface current, k
!

the wavenumber, cg
! the group velocity, and

repeated indices indicate summation over the two horizontal components. τcð k!Þ is the relaxation time
scale, which is the e‐folding time needed by waves to reach back their equilibrium with the local wind
(e.g., Alpers & Hennings, 1984, their equation 8). The first term on the right‐hand side (rhs) is the source
of action due to local current gradient. The second term on the rhs is the restoring force toward the equi-
librium with the local wind. The left‐hand side (lhs) is the propagation/advection of wave energy. If the
propagation/advection is negligible, the horizontal extension of the wave action anomaly (i.e., the rough-
ness frontal width) exactly matches the current gradient frontal width.

On a surface roughness image, the roughness frontal width is thus expected to be larger than the current gra-
dient frontal width because of two processes: (i) the propagation/advection of wave energy (lhs of
Equation 1) and (ii) the instrument resolution, which acts as a spatial low‐pass filter.

4.2. Numerical Simulation

Those two processes are quantified here using numerical simulations with the model of Kudryavtsev et al.
(2005). The model simulates wind waves propagating over a current gradient by solving the linearization
of the conservation of wave action 1. The horizontal spatial resolution is 1m. Waves with wavelengths from
1mm to 100m are resolved, with a spectral grid of 100 logarithmically spaced wavenumbers and 80 direc-
tions. The background waves are supposed fully developed. The wave spectrum N0 is set to the form given
by Dulov and Kudryavtsev (1990) for the energy containing waves, while shorter waves in the equilibrium
range are set by an energy balance equation (see Kudryavtsev et al., 2005, for more details). The wind is
set to 9ms−1 at an angle of 45° with the front, in agreement with observations from a nearby meteorological
buoy (National Data Buoy Center Station 42040), which reported a wind about 9ms−1 from WSW (255°).

The model is run with a current mimicking the observations (Figure 4b), namely,
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u xð Þ ¼ −
Δu
2

1þ tanh
3x
Lu

� �
; v xð Þ ¼ −u xð Þ; (2)

where the velocity jump Δu takes values between 0.1 and 0.6ms−1 and the current length scale Lu values
between 30 and 3,000m. The resulting amplitudes of the mss contrast at the front are shown in Figures 7a
and 7b as function of Lu and Δu.

4.3. Range of Roughness Horizontal Scales

Each instrument is sensitive to a limited range of roughness horizontal scales. The lower bound is set by the
instrument resolution. The upper bound is set by the restriction on varying view geometry (see section 2.3).
The mss anomaly calculated by the model is thus spatially band‐pass filtered in the range of wavelengths
detected by the airplane (Figure 7a) and by MISR (Figure 7b) before calculating the mss contrasts.

Three specific runs are highlighted to discuss the model results (Figure 7d), with Run #1 a low‐resolution
current (Lu¼500m) and Runs #2 and #3 realistic high‐resolution currents (Lu¼50m). The spatial power
spectra of the imposed current gradients (Equation 2) are shown in black in Figure 7c for the Runs #1
and #2, while the spectra of the corresponding mss contrasts calculated by the model are shown in cyan.
As expected, by considering wave propagation/advection in Equation 1, the mss response involves longer
horizontal wavelengths than those of the imposed current gradient (Figure 7c, see shift between correspond-
ing black and cyan curves).

To note, without considering the propagation/advection and the limited range of scales resolved by the
instrument, the amplitude of surface roughness contrast can be simply evaluated with the rhs of
Equation 1. In this approximation, Kudryavtsev et al. (2012b) showed the mss contrast to be a function of
wind speed U10, current velocity jump Δu, and spatial extent of current gradient Lu, as

mss′

mss
∼

Δu
U10

l1=2c

L1=2u

; (3)

where lc a fixed length scale. Accordingly, a decrease of Lu by a factor 10, from Run #1 to Run #2, for

instance, would give an increase of the surface roughness contrast by a factor
ffiffiffiffiffi
10

p
≃3:16. This approxima-

tion barely holds for the mss contrast at scales in the range [275m, 10km] (see horizontal dashed red line
in Figure 7b, the contrast increase between Run #1 and Run #2 is 150%, instead of the 316% predicted by
3). And the approximation completely fails for mss contrast in the range [5m, 100m] (see Figure 7a, the
contrast increase between Run #1 and Run #2 is more than 1,000%, instead of the 316% predicted). The
impact of the band‐pass filtering completely invalidates the approximation 3 in that range of scales. In
other words, due to the band‐pass filtering, Run #1 should produce very small mss contrasts in the range
[5m, 100m], much less than the 5% expected using 3.

This is a first important result: The range of spatial scales resolved by the roughness instrument plays a cru-
cial role for the interpretation surface roughness observations and is not present in simplified models like 3.

4.4. Current Gradient Estimation From Airplane Observations

Surface roughness measured from our airplane is restricted to horizontal scales in the range [5m, 100m].
The model predicts that fronts with Lu>200m could not be detected by the instrument, as they would pro-
duce weak mss contrasts (<1%, see, e.g., Run #1 in Figures 7a and 7c). On the contrary, fronts with
Lu≃50m should be well estimated by the airplane observations (see Run #2 in Figures 7a and 7c).

Inversion of model runs tomatch observed values of roughness frontal width (Figure 5b) leads to values of Lu
about 30 to 50m (see model frontal widths in Figure 7d), in good agreement with the drifter observations.
Subsequent inversion of model runs to match observed values of the amplitude of the roughness contrast
leads to values of Δu about 0.2 to 0.3ms−1 (Figure 7a), again in good agreement with drifter observations.
This estimation gives current gradients Δu/Lu in the range 70 to 110f. Note that the estimation of the current
jump Δu is fairly sensitive the estimation of Lu (the roughness contrast predicted by the model presents a
steep slope for Lu∼50m, Figure 7a) and thus subject to large errors. On the contrary, the current gradient
Δu/Lu is less sensitive to Lu and rather sensitive to the value of the roughness contrast at the front.
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4.5. Current Gradient Estimation From MISR Observations

Surface roughness measured from MISR is restricted to horizontal scales in the range [275m, 10km]. The
unexpected result is that the actual front, although much sharper than 275m, is detected by the instrument.
This is consistent with the model prediction of nonnegligible mss contrast (see, e.g., Run #2 in Figures 7b
and 7c). The wave propagation/advection is likely contributing to widen the mss contrasts over an area lar-
ger than the intense current gradient region. Nonetheless, though the front is detected by the instrument, it
is very difficult to correctly assess its length scale Lu, given the large mismatch between the actual current
scale (Lu≃50m) and the instrument resolution (275m). As a numerical illustration, model estimations of
Lu are above 500m, probably up to 1,500m, to match the observed roughness frontal widths (Figure 5b).

Figure 7. (a) Amplitude of the modeled mss response at scales in the range [5m, 100m], as function of the imposed current length scale Lu and velocity jump Δu.
Location of the Runs 1, 2, and 3 are highlighted with the red dashed lines. (b) Same as (a) but for scales in the range [275m, 10km]. (c) Spatial power spectra of the
current gradient ∂u/∂x (black curves) and of the corresponding mss contrast (cyan curves), for the numerical model Runs #1 and #2. The ranges of scales
observed by airplane and by MISR are also shown with double head arrows. Note that for display purposes, each spectrum of mss response has been
normalized to match the maximum value of the corresponding imposed current spectra. (d) Summary of the numerical results for the three
specific model Runs #1, #2, and #3.
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This is much larger than the drifters observations of Lu≃50m. This indicates either insufficient wave
propagation/relaxation in the model or that the MISR effective resolution is not properly modeled by a
low‐pass cutoff at 275m.

AsMISR cannot correctly estimate the current length scale Lu, estimations of current jumpΔu are also incor-
rect, with corresponding values from 0.3 to more than 1.5ms−1. This would lead to current gradient in the
range 7 to 15f, much below the observations. Therefore, due to the large mismatch between the actual cur-
rent scale Lu and the instrument resolution, MISR cannot correctly estimate the current gradient. This is illu-
strated differently with Runs #1 and #3: Both produce similar mss contrasts about 8% (Figures 7b and 7d)
despite having an order of magnitude between their length scales Lu. The only way to distinguish them
would be through their roughness frontal widths, which unfortunately is very difficult to estimate (it appears
in both cases greatly underestimated; cf. modeled frontal width of Figure 7d to observed frontal width of
Figure 5).

The general conclusion of that numerical study is that both (i) the wave propagation/advection and (ii) the
band of spatial wavelengths resolved by the roughness instrument are critical to retrieve the current gradient
from surface roughness observations. This is further illustrated in Figure 5. Assuming that the MISR obser-
vation would simply be a 275m low‐pass filter of the airplane observation would lead to a roughness contrast
reduction from 8% (airplane) to 0.8% (MISR), as given by the convolutions of two Gaussians with standard
deviations of 30 and 275m. This is clearly below the observed 5% (MISR), most likely because roughness
variations in the scale range [100m, 275m] (created by the wave propagation/advection) are missed by both
instruments.

4.6. Current Gradient Estimation From SAR Observations

Surface roughness measured by Sentinel‐1 in theory covers horizontal scales in the range [20m, 10km].
However, as mentioned above, the inherent speckle noise limits the effective resolution of the SAR instru-
ment to probably 100 or 200m (Figure 2b). The NRCS contrast σ′/σ in the range [20m, 100m] is thus mostly
noise, the contrast in the range [275m, 10km] is about 5% and most of the observed contrast (up to 40%,
Figure 5a) clearly occurs in the range [100m, 275m], which are the shortest identifiable spatial scales. The
large contrast observed at scales smaller than 275m should be an indication that the current length scale
Lu is also smaller than 275m, in agreement with the drifter observations. We note, however, that inversion
of the NRCS (detected by a microwave SAR) into a current gradient is not as straightforward as the inversion
of the mss (detected by optical radiometers). The NRCS contrast follows a more complex dynamics than the
mss, because it involves the sum of a polarized Bragg‐scattering term plus a scalar contribution associated
with wave breaking, both of which having potentially different relaxation scales. Our observations took
place with the SAR azimuth look direction at about 45° of the wind direction, a slanting angle at which wave
breaking is believed to generate a nonnegligible fraction of the Bragg scatterers (see Kudryavtsev et al.,
2012b, their Equation 6), which brings in additional uncertainty to interpret the NRCS contrast. Those
uncertainties can be reduced if quad polarization (VV, VH, HV, and HH) is available (Kudryavtsev et al.,
2014), which is unfortunately not the case in our observations, where only the VV polarization has a
significant signal to noise ratio.

5. Discussion and Applications
5.1. Frontal Currents

The combination of in situ and remotely sensed observation helps building a quasi‐complete picture of sur-
face currents in the vicinity of the present front. Drifter trajectories reveal almost step‐like current variations
on the dense side the front, both for the convergent across‐front component and for the cyclonic along‐front
component. Those current jumps occur within less than 50m, which is also the maximum size of horizontal
excursions of drifters once caught within the convergent line. It suggests that this could be the relevant
length scale of instabilities responsible for frontal arrest. The light side of the front was not sampled by drif-
ters, leaving open the possibilities for gradients on that side that could be weaker, stronger, or even of oppo-
site signs, with divergence or anticyclonic vorticity with an horizontal jet at the front. Ship ADCP transects
across the front at different times and locations provide information on both sides of the front but at lower
spatial resolution. They seem to confirm the convergent and cyclonic current jumps and show no evidence of
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a change of sign of the gradients at that resolution. In turn, surface roughness images at the highest
resolution (from the airplane and from the SAR) confirm the location of the strongest current gradient
within less than 50m of the convergence line. If divergence exist on the front side unsampled by the
drifters, it is sufficiently weak not to appear on roughness images and occurs at scales sufficiently short
not to appear on ADCP data. The same conclusion goes for the eventual presence of a jet with
anticyclonic vorticity on the unsampled side.

5.2. Ideal Instrument

A sensor at high resolution is needed to successfully estimate sharp current gradients at such fronts. As dis-
cussed, a sensor at low resolution (like MISR) can detect both smooth current gradients (e.g., Run #1) and—

Figure 8. Qualitative illustration to summarize the results. (a) A very sharp front was consistently detected by
high‐resolution surface roughness (from airplane sunglint and SAR) and drifters. (b) Lower‐resolution surface
roughness (MISR) can also detect the front and can provide the drifter locations at reduced accuracy and precision.
(c) Frontal currents as inferred from 500m resolution sensors (e.g., MISR sunglint, ship ADCPs, and shipborn X‐band)
would have gradients of the order of 10f, an order of magnitude below the observations at high resolution
(e.g., by airplane sunglint and surface drifters). Note that gradients are defined here as averaged gradients
between point considered and the front.
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thanks to wave propagation/advection and to the instrument spatial filtering—sharp current gradients (e.g.,
Run #3), but it can hardly discriminate between them, contrary to a sensor at high resolution (like our air-
plane radiometer). This demonstrates that, in addition to locate the front precisely (section 2.4), a
high‐resolution sensor is necessary to accurately estimate the current gradient at the front.

Due to their high altitude, satellite sensors have the advantage of covering large scales without too much
change in the viewing geometry (we limited MISR and Sentinel‐1 to 10km scales, as discussed in
section 2.3). Under clear‐sky conditions, multiangular optical instruments with 10m pixel resolution would
be ideal (e.g., Kudryavtsev et al., 2017). Using all‐weather high‐resolution radar observations, polarization
sensitivity is necessary to quantitatively separate the measured roughness variations between changes asso-
ciated with denser breaking patches and purely resonant short‐scale scatter modulations, that is, to separate
effects associated with surface currents and wind variability (Kudryavtsev et al., 2014). In particular at
moderate wind speed, breaking waves have relatively small relaxation scale (about 5 to 100m) and can thus
precisely locate the intense surface current variations.

5.3. Geophysical Applications

This paper demonstrates the possibility of detecting and quantifying strong current gradients from surface
roughness observations. This opens new possibilities to study the dynamical mechanisms at play around
submesoscale fronts, including oceanic, atmospheric, or wave‐related mechanisms. Future applications
could include the following:

• Identification of the precise location of accumulated drifting material. The near‐real‐time availability of sur-
face roughness images could be useful for operational purposes related to pollution or search and rescue.

• Discrimination between “active” and “fossil” submesoscale fronts. Numerous SST fronts are found within
the northern Gulf of Mexico. Some are compensated by salinity, leading to weak density front and weak
current gradient at the front. The absence of surface roughness anomaly is an indication that the front has
a low dynamical activity and could be coined as inactive or “remnant” or “fossil.”

• Identification of the areas of current gradient intensification within submesoscale features. For instance, in
the case of the studied spiraling eddy, the satellite image of Figure 1b suggests that the spiral is composed
of two main arms, one in the northwest of the eddy and one in the southeast. Furthermore, the image of
Figure 2b suggests that the northwest arm presents intensified current gradient in its westernmost section
and that the gradients are weaker closer to the core of the eddy and further away from it.

• Improvement of the resolution of current remote sensing. Surface roughness provides information on cur-
rent gradients at very high resolution. This information should be viewed as a complement to absolute
currents obtained at lower resolution with other techniques. For instance, the future Surface Water and
Ocean Topography (SWOT) mission (Fu et al., 2012) will provide currents at about 20km resolution using
sea surface height observations (as in conventional altimetry). The complementary use of the NRCS (σ in
our notations) of the instrument at 250m resolution should help reconstructing currents at a resolution
higher than 20km (see Morrow et al., 2019, their Figure 7). Similar reconstruction could be performed
as well on the absolute currents provided by the future Wind and Current Mission (WaCM) based on
the Doppler scatterometer concept (Rodríguez et al., 2018) or on the absolute currents provided by any
other technique (e.g., along track stereo imagery, Matthews & Yoshikawa, 2012).

6. Summary

This paper presents combined observations of an intense submesoscale front, including in situ current mea-
surements and remotely sensed surface roughness. This set of observations is quite exceptional, combining
numerous drifters and numerous instruments detecting surface roughness at different scales. A graphical
summary is proposed in Figure 8.

A first surprise is the sharpness of the front. Submesoscale frontal currents are usually depicted as occurring
over scales about 100m to 1km, with current gradients documented up to 10f. The front described here,
despite being elongated over more than 10km, is only about 50m wide, as demonstrated from drifters trajec-
tories. This leads to current gradients up to 100f, an order of magnitude larger than previously
documented ones.

10.1029/2019JC015704Journal of Geophysical Research: Oceans

RASCLE ET AL. 17 of 22



Fronts with such intense current gradients produce intense surface roughness anomalies, which can be used
to monitor them. Because of the wave relaxation, surface roughness anomaly may occur over larger spatial
scales than the current gradient. The front can thus be detected by instruments with spatial resolution much
larger than the front width, as demonstrated here with the MISR sensor and numerical modeling. However,
those instruments can hardly discriminate between sharp fronts (with strong current gradients) and wide
fronts (with weak current gradients). On the contrary, airplane observations demonstrate that a
high‐resolution sensor can more correctly estimate the width and strength of the current gradient, while
indeed being also able to detect the location of accumulated drifting material with a high spatial accuracy.

This demonstrates the possibility to accurately monitor intense frontal current gradients from surface rough-
ness observations and imposes a strong constraint on sensors to detect and quantitatively interpret those
“storms below the ocean surface.”

Appendix A: Current Gradient Calculations From the Drifters
Current gradient from the drifter trajectories are calculated using two independent methods, with very simi-
lar results.

The first method uses the relative trajectory of one approaching drifter (Drifter A, B, or C) compared to the
average position of the front defined by other nearby drifters already trapped in the convergence zone. We
assume a nearly infinite rectilinear front with no variation in the y direction. The current gradient thus
has two components, across‐front ∂u/∂x and along‐front ∂v/∂x, which identify with divergence and vorticity.
Those components can be simply calculated as ∂u/∂x≃u(x)/x because the frame of reference is located on the
front. This is the method applied in Figure 6.

The second method uses triplets of drifters, including one approaching drifter (A, B, or C) plus two nearby
drifters already trapped in the front. We then average over the possible triplets (10 to 55 triplets if 5 to 10
nearby drifters are chosen). This secondmethod is much noisier but does not make the assumption of a recti-
linear front. The results are shown in Figure A1for the divergence, obtained as the normalized rate of change
of the drifter triplet area A (Molinari & Kirwan, 1975; Okubo et al., 1976),

∂u
∂x

þ ∂v
∂y

¼ 1
A

dA
dt

: (A1)

Figure A1. Similar to Figure 6a but the divergence is calculated using triplets of drifters and their area rate of change.
The mean and its standard error over the possible triplets are shown.
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To discard nearly aligned drifters, triplets with an aspect ratio (defined as the ratio of the circumradius to
twice the inradius) superior to 50 are omitted, a criterion similar to that used by Ohlmann et al. (2017).
The mean and standard deviation over the remaining triplets are shown in Figure A1 and shows divergence
reaching up 40f at 50m from the front, before noise and triangle aspect ratios become too large. This diver-
gence is of similar order than that obtainedwith thefirstmethod, which gives about 50f at 50m from the front.

Appendix B: An Example of Vertical Circulation Observed at a Tidal
Plume Front
Lyzenga (1998), Marmorino et al. (1999), and Jansen et al. (1998) discussed observations of a nonrotating
front along a tidal plume by Marmorino and Trump (1994). The observed vertical stream function, surface
across‐front current, and the resulting divergence are shown in Figure B1. Here all currents are translated
to the frame of reference of the surface convergence zone, the “front” where hypothetical surface drifters
would gather. In their case, the current gradient is not symmetrical about the front, with the trailing edge
(left side) experiencing larger gradients.

Appendix C: Vertical Circulation at the Front Observed by ADCP
In support of Figure 4c which shows the uppermost two beams of the ship ADCP at 7 and 9m, the full ver-
tical profiles of the current along the transects across the front at 08:05, 08:43, and 12:25UTC are shown in
Figure C1. For comparison purposes, a velocity jump of 0.3ms−1 at 50m of the front is shown on the front
positive side, which corresponds to the side sampled by Drifters A, B, C, and D. By definition of the
front‐following reference frame, both components (across and along front) of the velocity should become
0 at the front. An across‐front vertical rotor like that of Figure B1 most likely explains why the ADCP
across‐front current is nonzero at the front.

Figure B1. Analytical fit by Lyzenga (1998) to the tidal plume front observed by Marmorino et al. (1999). (a) Vertical stream function. (b) Across‐front surface
current. (c) Divergence between the frontal surface convergence zone and a distance from the front.
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Data Availability Statement

All data are publicly available through the Gulf of Mexico Research Initiative Information and Data
Cooperative (GRIIDC) at https://data.gulfresearchinitiative.org at DOI: 10.7266/N7CR5RT5 (airborne
roughness data), DOI: 10.7266/N7N01550 (X‐band radar data), DOI: 10.7266/N7MS3R6V (surface drifters
data), and DOI: 10.7266/N7S75DRP (shipborne ADCP data).
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