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n an enthusiastic paper 20 years ago, R. A. Brown
suggested that remote sensing measurements of the
ocean surface reaching resolutions of ten to hundreds
of meters over 1000-km regions would open a new
realm for analysis, modelling, and understanding of
the atmospheric and oceanic boundary layers (Brown
2000). Twenty years later, it is too early to state that
all physical processes have been extracted from
those measurements. However, today, theoretical
planetary boundary-layer work combined with high-
resolution numerical simulations can pave the way
for analysis strategies that can be systematically
applied to ocean remote sensing observations.
There is now hope for the serendipitous features
appearing in remote sensing data to be systematically
exploited. In this article we discuss what we expect to
learn regarding air-sea interactions at small scales.

Active microwave synthetic aperture radars (SARs) and
optical radiometers (viewing areas in and around the
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sunglint) are sensitive to instantaneous ocean surface
roughness contrasts. Those contrasts result from
variations of the steepness of short gravity and capillary
waves due to their interactions with (i) an inhomogeneous
near-surface wind field, (ii) nonuniform surface currents,
and (iii) surface slicks accumulated by surface current
convergences which suppress short waves (Alpers
1985; Munk et al. 2000; Kudryavtsev et al. 2005, 2012).
The typical relaxation time and space scales of these
short surface waves are smaller than 1 s and 100 m,
which implies that the roughness contrast images offer
a quasi-instantaneous picture of the air-sea interface.

These variations of the air-sea interface roughness are
controlled by the dynamical and thermodynamical
processes occurring in the marine atmospheric boundary
layer (MABL, of height O(500 m)) and in the ocean mixed
layer (OML, of depth O(50 m)), both of which are coupled
over a wide range of spatio-temporal scales. In ocean
frontal regions this coupling is particularly intense.
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Ocean fronts can affect the MABL, inducing strong near-
surface wind heterogeneities, which could then impact
the OML. There is thus hope that the imprint of the
MABL-OML coupling can be quantified through remotely
sensed roughness contrasts, helping to advance the
understanding of ocean-atmosphere interactions. More
precisely, these high-resolution images could help
better understand the transfers of heat and momentum
between the ocean and atmosphere, which depend on
the mixing processes (both vertical and horizontal) in the
MABL and the OML, and which are essential for weather

and climate models. Many spectacular manifestations of
MABL and OML processes are now routinely reported
in roughness images. One typical example is convection
organization in the MABL, illustrated in the top panel of
Figure 1, which can transition from two-dimensional rolls
(with scales of 1-10 km) to three-dimensional convective
cells (Atkinson and Zhang 1996). This is illustrated in
Figure 2a, where Boxes 1 and 3 show typical signatures
of these two- and three-dimensional MABL coherent
structures respectively (as defined in Wang et al. 2020).
This measurable organization can then be used to
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Figure 1. Sketch of the atmospheric (top panel) and oceanic (bottom panel) processes around an oceanic current front discussed in this paper.
Top panel: The changes in air-sea heat fluxes and advective effects influence the MABL height and the convection organization, which can
transition from MABL rolls to convective cells, thus impacting clouds and radiation. The mean wind is also affected, and secondary circulations
can appear. Bottom panel: Surface currents interact with wind-waves, affecting their slope and distribution. The resulting effect depends on the
wavelength of the waves. Those processes are believed to produce signatures on the sea-surface roughness, which is measurable through SARs
or optical radiometers. The increased and decreased roughness areas correspond respectively to white and dark areas in Figures 2 and 4. The

sketch is not to scale.
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Figure 2. Quasi-simultaneous images of surface roughness
and SST in the Northern Gulf of Mexico on February
11, 2016. (a) Sunglint images from Multiangle Imaging
SpectroRadiometer (MISR, Chust and Sagarminaga 2007)
camera #2, (b) SST from MODIS Terra, (c) Same as (a) but
for MISR camera #5 viewing at a different angle. Magenta
contours and arrows in (a) and (c) show respectively zenith
and azimuth view angles (defined as the angles to reflect
sunlight towards the satellite).

determine changes in local wind stress direction and
magnitude (Beal et al. 1997, Weckwerth et al. 1997). By
relying on the similarity relationships of the convective
MABL, the images can also be used to infer other MABL
properties such as its height (Sikora et al. 1997) and
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some of its turbulence statistics (Young et al. 2000).
Surface roughness images also show manifestations of
fine-scale current fronts at the ocean sub-mesoscale
(spatial scales below 10 km). This is illustrated in
the bottom panel of Figure 1 and in Figure 2a, where
Box 2 shows an oceanic front, which despite being
elongated over more than 10 km, is only about 50 m
wide. Current gradients at this front are confirmed by
in-situ buoy measurements to reach 100 f (f being the
Coriolis frequency), thus largely escaping the geostrophic
equilibrium (D'Asaro et al. 2018; Rascle et al 2020). Due
to the large vertical velocities they induce, those fronts
are hot spots for biology and drifting pollution, including
plastics and seaweeds. Furthermore, current fronts are
also associated with intense sea surface temperature
(SST) fronts, as illustrated in the bottom panel of Figure
1, which can affect the MABL by impacting air-sea heat
fluxes. The dynamics occurring at these strong frontal
zones are still poorly understood, involving most
probably active feedbacks between MABL, OML, and
surface waves. The following section illustrates how
remote sensing roughness observations could help
advance our physical knowledge of those processes.

Wave-current interactions and their signature on
roughness images

Around intense current fronts, at typical scales of 0.1-1
km, wave-currentinteractions are the dominant source of
sea surface roughness contrast. For this range of scales,
surface roughness directly traces the effect of current
on surface waves. This effect can be inverted to estimate
current fields from surface roughness observations.

Despite its apparent simplicity, this inversion involves two
fairly different dynamical regimes. Very short wind-waves
are in tight equilibrium with the local wind and respond
quasi-locally and instantaneously when perturbed by a
current gradient. On the contrary, longer wind-waves
have significant propagation and response length scales
before reaching back their equilibrium with the local
wind (e.g., Phillips 1984). Note that here we discuss short
and long wind-waves, whereas freely propagating swell
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Figure 3. Transect of the current front of zone 2 of Figure 2. A sketch
of the frontal currents can be found in the bottom panel of Figure 1. (a)
Current gradient estimates from buoy observations at the front. (b) Surface
roughness contrasts (defined here as brightness contrast) from selected
MISR cameras. (c) Surface roughness contrasts (defined here as mean
square slope (mss)) calculated from the wave-current interaction model of
Kudryavtsev et al. (2005). Mss is divided here into upwind and crosswind
components, and into long waves (k<0.6 rad/m) and short waves (k>30
rad/m) contributions.

follows yet another distinct dynamical regime (e.g. Villas

field. It is apparent that the current front in zone
1 has two different signatures on the roughness
images: a negative roughness anomaly in Figure
2a (and blue lines in Figure 3b), or a dipolar
roughness anomaly in Figure 2c (and red lines in
Figure 3b). Numerical simulations, using a wave
model forced by the observed underlying current
(Figure 3a) show, as expected, that the sharp
currentfrontinduces alocalized response of short
waves, and a more gradual, dipolar response
of long waves (Figure 3c) with a sensitivity
depending on the relative direction of the waves.

These different frontal responses of the
directional wave components can be exploited to
retrieve information on the current field around
the front. Indeed, if the frontal responses of all
components were observed, then the complete
current field could be retrieved. In practice, only
a few components of the wave spectrum can be
observed. From airborne sensors, observations
of surface roughness at different view angles
allow measuring enough directional components
to retrieve the width, velocity shear and
convergence of the current at the front (Rascle
et al. 2017). From spaceborne sensors, only a
few directional components can be observed
(e.g. Figures 2a and c), except for the long waves
that can be resolved by some sensors (e.g.
Kudryavtsev et al. 2017; Ardhuin et al. 2021).
The challenge is thus to develop an observing
strategy to extract the current information
from available surface roughness observations.

Bbas et al. 2020). In addition to wavelength, wave direction
relative to the current gradient is also important for
refraction and/or wave steepening. Each component of
the directional wave spectrum thus responds differently
to the current perturbation. This is illustrated in Figure 2a
and c. The two satellite roughness images were acquired
quasi-simultaneously (4 minutes apart) but at different
view angles (shown in magenta), which is equivalent to
selecting different components of the directional wave
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Sampling turbulence and boundary layer dynamics

Ocean frontal regions are also zones of intense
interaction between SST fronts and the MABL. At the
ocean mesoscale (10-100 km), these interactions have
been studied through observations (Vandemark et al.
1997; Chelton et al. 2004), and they can affect both the
ocean kinetic energy budget (e.g., Renault et al. 2016)
and troposphere dynamics (e.g., Foussard et al. 2019).
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Figure 4. (a) SST analysis used to force the Large Eddy Simulation (LES) and (b) co-located surface roughness observation from Sentinel 1
(filtered at a 200m resolution). (c) Instantaneous 10-m zonal wind from the LES after reaching a quasi-equilibrium state. In (b) and (c) the black
arrow indicates the observed wind direction/speed [in (b)], and the geostrophic direction/speed used to force the LES [in (c)]. Instantaneous
quantities from the atmospheric LES in each of the boxes of Figure 4 (a). [(d)-(g)] Instantaneous zonal wind speed at 10-m height. Here and in
[(h)-(k)]1, black contours indicate regions where the 10-m zonal wind exceeds its horizontal average over the box by 5%. [(h)-(k)] Instantaneous
vertical wind speed at the middle of the boundary layer. Note that, in the LES, moisture, clouds, precipitation, and radiative fluxes are not
considered.
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However, little is known at the small scales discussed
in the previous section (below 10 km), where nonlinear
MABL dynamics are expected to become dominant (e.g.,
Sullivan et al. 2020). A case study in the Agulhas current,
for which a submesoscale SST front was observed,
illustrates how roughness images can help address this
problem (Figure 4a, about 1°C over 10 km). The co-located
roughness (SAR) image (Figure 4b) exhibits different
textures, which are reminiscent of the convection-related
signatures discussed in Figure 2a and the introduction.

The MABL physics behind these fine-scale structures is
investigated using a high-resolution simulation (Large
Eddy Simulation, LES, using the Meso-NH model, Lac
et al. 2018) with horizontal resolution of 50 m and a
vertical resolution varying from 2 m close to the surface
to 20 m at 2 km height (the top of our domain). The
simulation is forced by a homogeneous wind, and by
the observed SST (Figure 4a) as a fixed-in-time bottom
boundary condition, which impacts surface heat and
momentum fluxes. Hence, all horizontal heterogeneities
observed in the simulation can be attributed to the
influence of the heterogeneous SST field on the MABL.

Figure 4c shows a snapshot of the simulated 10-m zonal
wind speed over the simulation domain. It is strongly
heterogeneous, with different textures comparable to
those of Figure 4b, with however several differences: (i)
the scale of the structures is larger in the SAR observation
than in the LES; and (ii) the orientation of the structures
is not the same in the LES (aligned in the zonal direction)
than in the SAR image (where there is a meridional tilt).
This second difference (ii) is an effect of the idealized
LES set-up, for which a purely zonal wind has been
imposed to ensure periodic boundary conditions
(instead of the slightly tilted observed wind, shown in
Figure 4b). As for difference (i), it could be attributed to
a filtering effect of wind-waves. Due to their adjustment
timescale, remotely-sensed wind-waves could end up
being sensitive only to large enough atmospheric scales.
Nonetheless, what the simulation shows is that the
presence of different textures in the SAR observation
can be attributed to the effect of the SST on the MABL.
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A closer look to the different simulated textures in Figure
4d-g shows that, on the cold side of the domain (Figure
4f), the zonal wind structures are more elongated than
on its warm side (Figure 4d and 4e). Those zones of
strong zonal surface wind are well correlated with the
downward vertical velocities at the middle of the MABL
(compare black contours and red zones in Figures 4h-
k). This shows that these near surface textures can be
related to different organizations of convection and to
coherent structures in the MABL (which transport high-
momentum fluid downward, see the top panel of Figure
1): three-dimensional cells for a warmer SST (Boxes 0
and 1) and two-dimensional rolls for a colder SST (Box 2).

The case of Box 3 is however interesting. Even though
the SST is similar to Box 2 in this area, the organization
of convection does not have the same characteristic
scales as Box 2. It is a transition regime between the
three-dimensional cells of Boxes 0 and 1 and the rolls of
Box 2. The MABL height of Box 3 (450 m) is also larger
than the one in Box 2 (350 m, not shown). This shows
that for these sharp frontal configurations, SST is not
the only driver of MABL dynamics, and that advective
effects could also play a role (see e.g., Sullivan et al.
2020). These changes are also associated with secondary
circulations (see the sketch in the top panel of Figure
1), of particular interest to modelers as they relate to
large-scale divergence (see e.g., the analytical formulas
in Ayet and Redelsperger 2019) and affects the free
troposphere (e.g., Feliks et al. 2004; Foussard et al. 2019).

Conclusion and outlook

This paper illustrates that high-resolution remote
sensing images of ocean surface roughness, combined
with  theoretical and high-resolution numerical
models, can provide physical insights into the air-
sea interactions happening in intense ocean frontal
regions. In particular: (i) local variations in surface
roughness (due to currents and winds) can be detected;
(ii) strong near-surface currents can be quantified; and
(iii) changes in atmospheric convective organization
and secondary circulations can be quantified and
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attributed to SST-MABL interactions. For (ii) and (iii), the
paper highlights the limitations of the methodologies
used to extract information from the images, which
require a deeper understanding of wind-wave-current
interactions (see also Villas Boéas and Pizzo, this issue).

A lot still remains to be done in order to understand
the coupled MABL-OBL system at fine scales. While
some hints about the effect of SST gradients on the
MABL exist, the effect of the strong current fronts on
the MABL, through changes in surface roughness, is still
not assessed. Those non-local changes affect whitecap
coverage and should thus change ocean-atmosphere
fluxes of momentum, heat, and gas. Wave-current
coupling and ocean-atmosphere coupling thus become
largely entangled. The changes in MABL convection
organization also have important implications: (i)
they likely affect the cloud organization and radiative
properties of the MABL (Villefranque 2019); and (ii) they
could affect the OML and its mixing properties. Point
(i) highlights the need to use multimodal sensors that
are capable of measuring cloud properties, roughness,
currents, and SST almost simultaneously. Missions
including multimodal sensors include the upcoming
SWOT (Morrow et al. 2019), foreseen Harmony (ESA
2020) and proposed Seastar (Gommenginger et al. 2019)
mission concepts. Point (ii) still remains to be assessed,
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and could require (a) understanding of how higher-order
quantities of the current field, like secondary circulations
and Langmuir circulations, can be extracted from
roughness images and (b) using high-resolution coupled
numerical simulations, which are still not at hand.

Nonetheless, a new age in the use of near-surface ocean
observations and high-resolution numerical simulations
is gradually emerging. Thinking about climate models,
roughness images provide data-rich statistics about
MABL-OML fine-scale coupling processes that can be used
to constrain the development of new parameterizations
and included in model evaluation metrics. We believe
that properly using this information requires a
combination of both observations, simulations
and theory, which means developing dedicated,
physic-informed statistical methods able to extract
physical laws from multimodal remote sensing data.
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