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Abstract Fine-scale current gradients at the ocean surface can be observed by sea surface roughness.
More specifically, directional surface roughness anomalies are related to the different horizontal current
gradient components. This paper reports results from a dedicated experiment during the Lagrangian
Submesoscale Experiment (LASER) drifter deployment. A very sharp front, 50 m wide, is detected
simultaneously in drifter trajectories, sea surface temperature, and sea surface roughness. A new
observational method is applied, using Sun glitter reflections during multiple airplane passes to reconstruct
the multiangle roughness anomaly. This multiangle anomaly is consistent with wave-current interactions
over a front, including both cross-front convergence and along-front shear with cyclonic vorticity.
Qualitatively, results agree with drifters and X-band radar observations. Quantitatively, the sharpness of
roughness anomaly suggests intense current gradients, 0.3 m s−1 over the 50 m wide front. This work
opens new perspectives for monitoring intense oceanic fronts using drones or satellite constellations.

1. Introduction

Surface roughness images often capture spectacular manifestations of fine-scale upper ocean dynamics,
including intense fronts and filaments at scales down to less than 100 m [e.g., Fu and Holt, 1983; Alpers, 1985;
Yoder et al., 1994]. Those images are routinely obtained with high-resolution satellite sensors, e.g., from pas-
sive optical radiometers viewing areas in and around the Sun glitter [e.g., Scully-Power, 1986; Rascle et al., 2016]
and from active radar instruments like synthetic aperture radars (SARs) [e.g., Apel et al., 1975; Beal et al., 1981;
Kudryavtsev et al., 2012a]. In the near future, the multiplication of nanosatellites and drones could provide new
means to monitor those intense fine-scale structures.

Fine-scale features observed on surface roughness images relate to the modulations of short (wavelength
∼1 m) wind waves by horizontal current gradients [Phillips, 1984; Dulov and Kudryavtsev, 1990; Rascle et al.,
2014]. Different components of the horizontal current gradient can impact different directional properties
of surface roughness [Rascle et al., 2016]. In particular, an isotropic divergence of the current has a perfect
directional symmetry, resulting in surface roughness anomalies independent on azimuthal view direction. At
variance, anisotropic components of the current gradient, like vorticity or strain, create anisotropic surface
roughness anomalies. This is illustrated in Figure 1. The background (i.e., unperturbed by current) wind waves
are supposed to have a nearly Gaussian slope distribution, with P0(zx , zy) the probability density function
(PDF) of eastward zx and northward zy slopes. An isotropic current divergence creates an anomalous slope
distribution P = P0 + P′ with quasi-circular contrast P′∕P compared to the background. On the contrary, an
anisotropic current gradient, e.g., a current strain, creates an anisotropic distribution of slopes contrast.

To further dwell on these directional properties, a dedicated experiment was conducted during LASER
(Lagrangian Submesoscale Experiment), where hundreds of drifters were deployed. A very sharp front, 50 m
wide, was detected simultaneously in drifter trajectories, sea surface temperature, and sea surface roughness
(section 2). Using Sun glitter reflections during multiple airplane passes, the multiangle roughness anomaly
can be precisely reconstructed. Compared to a satellite which can only perform one pass over the front,
thus providing a maximum of two azimuths view angles at a given zenith angle [e.g., Rascle et al., 2016],
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Figure 1. (a) Sketch of the background wind waves and the PDF P(zx , zy) of eastward and northward slopes. (b and c)
Wind wave in the presence of current divergence or strain, and associated PDF contrast P′∕P.

the airplane performs multiple passes, providing the surface roughness anomaly at many different azimuth
angles. The surface roughness clearly presents anisotropic anomalies (section 3). This anisotropy cannot be
explained by surfactants nor by an isotropic current convergence. It is consistent with a front with cross-frontal
convergence plus along-front current shear (section 4). As obtained, the surface roughness anomaly is very
sharp, suggesting current gradient of the order of 40 f , with the Coriolis frequency f , over a front width of
30 to 50 m. The deployed drifters and X-band radar measurements provide qualitatively consistent estimates
of current gradients at scales about 500 m. Quantitatively, surface roughness suggests a much sharper front
with current gradients an order of magnitude larger (section 5).

2. The Experiment
2.1. The LASER Drifter Deployment
Data were obtained on 11 February 2016 during the Lagrangian Submesoscale Experiment (LASER), where
a large number (O(1000)) of surface drifters were deployed within the Gulf of Mexico (Figure 2a). The wind
was blowing from the WSW (255∘) about 9 m s−1, as revealed from nearby meteorological buoys (National
Data Buoy Center station 42040). About 180 drifters got caught into an oceanic front with a sharp sea surface
temperature (SST) jump of about 0.5–0.7∘C over 50 m (Figure 2b). An airplane (Partenavia P.68) was used to fly
over the front at about 1000 m altitude, acquiring SST using an infrared camera and surface roughness using
visible cameras looking at the Sun glint.

2.2. The Visible Cameras
The visible light intensity was measured by two panchromatic cameras (JAI BM-500GE) equipped with a 5 mm
focal length low distortion lens to ensure a large field of view. The cameras setup is sketched in Figure 3a.
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Figure 2. (a) SST from Moderate Resolution Imaging Spectroradiometer (MODIS) [Salomonson et al., 1989] on board
Aqua. (b) SST composite from the first airplane overpass at 19:12 UTC. The LASER drifters are shown in blue, and the
ground tracks of the six airplane passes are shown in dashed lines. (c) Composite of radiance contrast B′∕B at facet
angles inside the ellipse of Figure 4f, for the first airplane overpass at 19:12 UTC. (d) Composite for angles outside the
ellipse, for the third airplane overpass at 19:26 UTC. In Figure 2c and 2d, the 6 points used for the surface roughness
analysis are shown in black.

The two cameras are arranged symmetrically about the airplane nadir with a pitch of ±35∘ for the for-
ward/aftward cameras. The camera aperture angles are 80∘ × 70∘ along track and across track, respectively,
with 2456 × 2058 pixels in the respective directions. For a flight altitude of 1000 m, this leads to a ground res-
olution from 0.5 to 6 m. The cameras acquired images at 2 Hz. The images are geolocated using an internal
motion unit (Applanix POS AV V610).

2.3. Sun Glint and Geometry
We consider the surface brightness field in the Sun glitter area where the impact of the sky radiance reflected
from the surface to the sensor is negligible. Following Cox and Munk [1954], the Sun glitter radiance, B,
generated by specular reflection of the sunlight is given as

B =
𝜌Es

4 cos 𝜃c cos4 𝜃f
P
(

zxf , zyf

)
. (1)

In this expression, Es is the Sun irradiance, 𝜌 is the Fresnel reflection coefficient, P(zx , zy) is the 2-D probability
density function (PDF) of the eastward (zx) and northward (zy) sea surface slopes, and zxf and zyf are the slopes
of the surface facet satisfying the conditions of specular reflection of the sunlight toward the camera.
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Figure 3. (a) Sketch of the field of view of the aftward camera, for a flight altitude of 1000 m. The varying horizontal
resolution is shown with each rectangle representing 200 × 200 pixels. Here we show the special case of the Sun exactly
at the rear of the airplane and with a zenith angle of 35∘. In such case the specular sunspot is at the center of the
camera field of view, and pink contours indicate the zenith angle 𝜃f of surface facets reflecting the Sun. (b) Example of
one image of radiance contrast B′∕B, at 19:16 UTC, around point P1. Eight drifters (in blue) are caught along the front.
Pink contours and arrows indicate respectively the zenith and azimuth angles of the facets reflecting the Sun.

The slopes of the specular facet are

zxf = −
sin 𝜃s sin𝜑s + sin 𝜃c sin𝜑c

cos 𝜃s + cos 𝜃c
, zyf = −

sin 𝜃s cos𝜑s + sin 𝜃c cos𝜑c

cos 𝜃s + cos 𝜃c
, (2)

where 𝜃c and 𝜃s are the camera and Sun zenith incidence angles (measured from the vertical) and 𝜑c and 𝜑s

the camera and Sun azimuth angles (measured clockwise from north). Finally, the zenith and azimuth angles
of the specular facet are

𝜃f = arctan
√

z2
xf
+ z2

yf
, 𝜑f = arctan(zyf∕zxf ). (3)

2.4. Radiance Contrasts
The observed intensity B = B0 + B′ is separated between a slowly varying background B0 (mainly due to
varying viewing geometry) and a local anomaly B′ (due to wave-current interactions). Because of the low
flight altitude of 1000 m, the cutoff scale L is set to 200 m such that at scales below L, the geometry of the
observation can be considered constant. Then from (1) one has

B′

B
= P′

P
, (4)

i.e., local radiance contrasts are due to slopes PDF contrasts induced by wave-current interactions [Kudryavtsev
et al., 2012b].

3. Multi-angle Radiance Contrast Over the Front

The radiance contrast B′∕B at the front is measured for different viewing geometries, i.e., at different specular
facet angles (zxf , zyf ).

A snapshot of radiance contrast at the front is shown in Figure 3b. We first focus on point P1 within the
front (Figures 2 and 3) and compute the radiance contrast compared to neighboring values outside of the
front. Each airplane pass provides a set of observations of P1 at different viewing geometries, more specifi-
cally along a line on the slope plane (zxf , zyf ) (Figure 4a). As the six airplane passes followed slightly different
tracks, they provide six different lines of observations on the slope plane (zxf , zyf ). Of special interest is the
19:16 pass. It provides in particular two observations at similar zenith angles of 𝜃f ≃15∘ but different azimuths
𝜑f . The radiance contrast at the front is negative for upwind viewing geometry whereas it is positive for
crosswind view. Such azimuthal contrast inversion has already been noted from multilook satellite images
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Figure 4. (a and b) Observed radiance contrasts for (a) the six passes over point P1 and (b) with the additional passes over points P2 to P6. The green dotted line
highlights the location of contrast inversion. (c to f ) Model PDF contrasts for (c) isotropic convergence, (d) along-front current with shear, (e) across-front current
with convergence, and (f ) current as a linear combination 1.2(d) + 0.8(e). The wind is set to 9 m s−1 from the WSW (255∘) and the front orientation is set to
SW-NE (45∘).
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by Rascle et al. [2016], for the much wider (∼5 km) front of the Gulf Stream. As satellites only pass once over a
region, they do not provide more than two different azimuths at a given zenith view angle. On the contrary,
the present airplane measurements provide a much more complete view of the surface roughness anomaly,
with up to 10 different azimuth views at a constant zenith angle of 12∘.

Additional viewing angles can be obtained if one supposes that the current and surface roughness are uniform
in the along-front direction. For instance, the 19:12 track crosses the front north of point P1, around points P3
to P6 (Figure 2), which provides different view angles. Figure 4b cumulates the different passes over the points
P1 to P6, giving a more complete description of the radiance contrast at the front. It enables an estimated
location of the contrast inversion (Figure 4b, green dotted line), which is clearly elongated along the wind
direction. Such multiangle surface roughness anomalies have not been reported before.

4. Interpretation in Terms of Current Gradient

We hypothesize that wave-current interactions are responsible for surface roughness anomaly. We ignore the
impact of surfactants [e.g., Espedal et al., 1998; McWilliams et al., 2009], mostly limited to lower wind speeds.
We also ignore atmospheric boundary layer modifications [e.g., Beal et al., 1997], which seemingly occurs at
larger spatial scales [Kudryavtsev et al., 2005].

To investigate short wave transformation, we run the model of short waves of Kudryavtsev et al. [2005], in
its simplified configuration which neglects propagation as described in Johannessen et al. [2005]. The model
calculates the evolution of the spectrum of wave action N(x, k) (in m5 s−1), where x = (x, y) is the horizontal
position and k = (kx , ky) the wave number. Following a relaxation approach [e.g., Keller and Wright, 1975;
Hughes, 1978; Alpers and Hennings, 1984], the action is written N(x, k) = N0(k) + N′(x, k) where N′ represents
small disturbance with respect to a background value N0 corresponding to the state undisturbed by currents.
The anomaly N′ due to local current variations reads

N′(x, k) = 𝜏c

[
kx ky

] [ 𝜕u
𝜕x

𝜕u
𝜕y

𝜕v
𝜕x

𝜕v
𝜕y

]⎡⎢⎢⎣
𝜕N0

𝜕kx
𝜕N0

𝜕ky

⎤⎥⎥⎦ (5)

where 𝜏c(k) is a relaxation time scale and (u, v) are the horizontal components of the surface current.

The second moments of the wave spectrum are the upwind mu, crosswind mc, and cross-correlated muc mean
square slopes (mss), defined by

mu(x) = ∫ ∫k
𝜔−1kN k2

x dk,

mc(x) = ∫ ∫k
𝜔−1kN k2

y dk,

muc(x) = ∫ ∫k
𝜔−1kN kx ky dk,

(6)

where 𝜔 is the intrinsic frequency and without loss of generality we have set here the x axis in the wind
direction.

The PDF of surface slopes is supposed Gaussian and reads [Longuet-Higgins, 1957]

P
(

zx , zy

)
= 1

2𝜋Δ1∕2
exp−

(
z2

x mc + zx zymuc + z2
y mu

2Δ

)
, (7)

where Δ = mumc − m2
uc, and where the angle of the principal axis is given by tan 2𝜃uc = 2muc∕(mu − mc).

The wind is set to 9 m s−1 from the WSW (255∘), and the front orientation is set to SW-NE (45∘). We first focus
on the sign of the surface roughness anomaly, before considering its magnitude.

4.1. Sign of the Current Gradient
In the first model run, the current is set to an isotropic convergence (Figure 4c), with a perfect directional
symmetry. As illustrated in Figure 1b, waves propagating in any direction experience a compression by the
current gradient, increasing the mss in all directions (m′

u > 0, m′
c > 0). The PDF contrast P′∕P is then nearly

isotropic, with a contrast inversion occurring at a zenith angle about 𝜃m ≃ arctan(
√

2mu) ≃13∘. Such isotropic
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PDF contrast would be similar to that produced by surfactants and reported, e.g., by Cox and Munk [1954]. The
clear anisotropy of our observed radiance contrast points toward anisotropic current gradients.

Following our hypothesis of along-front homogeneity, the current gradients could be a combination of
along-front current shear and across-front current divergence. The case of along-front current shear with pos-
itive vorticity is shown in Figure 4d. As the wind blows obliquely to the front, it creates a positive strain in the
wind direction(To understand this decomposition, see, e.g., Figure 6 in Rascle et al. [2016]) which elongates the
waves in the wind direction (m′

u < 0) and compresses the waves in the crosswind direction (m′
c > 0), as illus-

trated in Figure 1c. The resulting slope PDF is thus separated into four quadrants. The signs of the observed
radiance contrast indicates current with positive vorticity, as negative vorticity would produce quadrants of
reversed signs.

The case of across-front current convergence is shown in Figure 4e. It is qualitatively similar to the case of
isotropic convergence (Figure 4c), except that crosswind waves are slightly more compressed than along-wind
waves. As a result, the zone of PDF contrast inversion is no longer nearly circular but elongated in the wind
direction. The sign of the observed contrast indicates current with positive convergence.

In all cases above, there is a discrepancy between model and observations in terms of the position of the
contrast inversion (green dotted line). A correct position of the contrast inversion can be obtained with a
combination of positive vorticity plus positive across-front convergence. Good agreement is obtained for
a ratio of along-front shear to across-front convergence of the order of 1 to 3, with 1.5 being our best fit
(Figure 4f ).

Composite images of radiance contrasts B′∕B were created for each airplane pass (Figures 2d and 2e). Obser-
vations were separated according to whether the view angle (zxf , zyf ) is inside (Figure 2d) or outside (Figure 2e)
the ellipse of contrast inversion shown in Figure 4f. Consistently with our analysis, the front appears with a
negative and positive roughness contrast, respectively.

4.2. Amplitude of the Current Gradient
As well established [e.g., Phillips, 1984], the amplitude of surface roughness contrast is related to wind speed
U10, amplitude of current gradient du∕dx and spatial extent of current gradient Lu [see Kudryavtsev et al.,
2012b, equation (4)],

mss′

mss
∼ U−1

10 l1∕2
c L1∕2

u
du
dx

, (8)

where lc a fixed length scale. Our airplane measurements are limited to scales less than L = 200 m. Radiance
contrasts of the order of 10 to 20% over 50 m are observed at the front. To produce such contrasts with a wind
speed of 9 m s−1, the model of Kudryavtsev et al. [2005] necessitates very sharp current variations, of the order
of 0.1 m s−1 over Lu = 30 m (which corresponds to current gradients of du∕dx ≃ 45 f , with f being the Coriolis
parameter) or of the order of 0.3 m s−1 over Lu = 50 m (corresponding to du∕dx ≃ 80 f ). Larger values of Lu

would not produce the sharp roughness anomalies observed.

The physical reason for such large current gradient is as follows: at 9 m s−1 wind speed, short waves (wave-
length about 0.5 m) have a weak response to currents because they have a very short relaxation time scale 𝜏c

(see equation (5)), which is well constrained by the wind wave growth term [Plant, 1982]. At fine spatial scales,
those short waves nonetheless dominate mss anomalies [see Kudryavtsev et al., 2012b, equation (2)] because
longer waves have a too large relaxation distance cg𝜏c. Current gradients estimates from radar backscatter are
known to be sensitive to the coupling between short waves and longer waves more easily perturbed by cur-
rents [e.g., Lyzenga, 1998; Thompson and Gasparovic, 1986]. The present estimates from optical backscatter are
less sensitive to such coupling, which is nevertheless included in the calculations [Kudryavtsev et al., 2005].

5. Current Observations and Dynamical Predictions

About 180 drifters were deployed in the area during this stage of the LASER experiment. Most of them ended
up aligned within the front, which suggests convergence. The trajectory of a few drifters released in the
vicinity of the front suggests positive vorticity. Also, theoretical studies [Munk et al., 2000], numerical simu-
lations [Eldevik and Dysthe, 2002; Roullet and Klein, 2010], and observations [Shcherbina et al., 2013] support
that cyclonic vorticity is favored around oceanic fronts, because intense anticyclonic vorticity is subject to
instabilities. Those indicate that the current gradient at the front was most likely an across-front convergence
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Figure 5. (a) Currents at 500 m resolution observed by X-band radar on 12 February at 01:48 UTC. Contours show
divergence and colors show vorticity, both scaled by f . (b) Zoom over the area outlined in black illustrating hypothetical
finer scale currents which would match the sharp current gradients estimated from surface roughness observations on
11 February at 19:30 UTC. Purple arrows are the hypothetical currents, and black arrows are the X-band observations.
(c and d) Similar but for another front in the area observed on 30 January.

and/or an along-front shear with positive vorticity, in qualitative agreement with the slope PDF observed and
predicted by the wave model.

Current observations were obtained 7 h later using X-band radar on board R/V Walton Smith [Lund et al., 2015].
Those currents were retrieved at 500 m resolution and indicate as expected combinations of across-front
convergence and along-front shear with positive vorticity (Figure 5a). Current variations about 20 cm s−1 are
measured between consecutive grid points, leading to gradients about du∕dx ≃ 5 f. The present study sug-
gests that those current variations occur at spatial scales an order of magnitude smaller. A qualitative sketch is
presented in Figure 5b. Seven hours after the airplane pass, the front was starting to weaken and become less
organized. Another intense front was captured a few days earlier (30 January) in the same area and exhibits
horizontal current gradients qualitatively and quantitatively compatible with the roughness observations of
11 February (Figures 5c and 5b).

To note, the present current gradients estimations are in line with the cyclonic filament measured by
Flament and Armi [2000], who reported positive vorticity of 3 f and convergence of 0.5 f at 2 km resolution
and suggested gradients greater than 7.5 f at higher (80 m) resolution.

6. Conclusion

A dedicated airborne study has been conducted to observe surface roughness anomaly induced by an oceanic
front. A new method has been applied, where Sun glitter reflections during multiple airplane passes are used
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to reconstruct the multiangle roughness anomaly. The anomaly is clearly anisotropic, with an inversion zone
elongated along the wind direction. It confirms satellite observations of anisotropic surface roughness [Rascle
et al., 2016], and thanks to the airplane ability to perform multiple passes, it provides a quasi complete angular
description.

The surface roughness anomaly is related to wave-current interactions. It was expected that in addition to
isotropic current divergence, other anisotropic components of the current, in particular strain in the wind
direction [Rascle et al., 2014], should produce surface roughness anomaly. The observed multiangle anomaly
is consistent with anisotropic current gradients, with across-front positive convergence plus along-front shear
with a cyclonic vorticity. Those currents are qualitatively consistent with drifter observations and dynamical
predictions.

As observed, the front was very sharp, 50 m wide in surface roughness and sea surface temperature. Surface
roughness anomalies suggest intense current gradient, of the order of 0.3 m s−1 over 50 m, i.e., about 80 f .
X-band radar currents provide consistent estimates of velocity jumps, but at lower horizontal resolutions.

This method of measurement confirms that oceanic fronts might be precisely characterized through their
multiangle surface roughness signature. It advocates for the development of high-resolution measurements
of surface roughness at multiple angles to study intense fine-scale ocean dynamics.
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