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A B S T R A C T

High-resolution satellite images of the ocean surface in and around the sunglint often provide unique ob-
servations of sub-mesoscale upper ocean surface processes. Local anomalies of wind, waves, currents or sur-
factants appear on the images as local anomalies of brightness. A quantitative interpretation of those brightness
anomalies must relate them to slope properties of the wave field, which are to the lowest order described by the
mean square slope (mss).

The prevailing paradigm for such interpretation is that of the critical zenith angle. It states that, for sub-
critical zenith view angle, brightness and mss anomalies have opposite signs, and this defines the so-called
inversion region. This prevailing paradigm implicitly builds on the assumption that the mss decomposition
between upwind and crosswind components is conserved. The mss anomalies are then isotropic and can be
reduced to a scalar (i.e. one-dimensional) quantity. In such a case, one single sunglint image would be sufficient
to retrieve the mss anomaly. This isotropic case likely applies for surface wave changes induced by varying wind
speed or by surfactants.

Yet, satellite and airborne observations at multiple view angles recently revealed anisotropic mss anomalies,
e.g. with mss increase in the upwind direction and decrease in the crosswind direction. This anisotropic behavior
likely characterizes wave modulations by anisotropic surface current gradients. This paper details the expected
properties of such anisotropic mss modulations. It is shown that: 1) The classical concept of critical angle does
not systematically hold, neither for frontal current shear nor for internal wave divergence. 2) At least two
sunglint images at different zenith and azimuth angles are needed to retrieve the mss anomalies, and a single
observation is not sufficient. 3) A satellite with radiometers looking at multiple zenith angles is capable of
providing a geometry favorable to retrieve mss anomalies. An illustration is discussed with internal waves ob-
served by the Multi-angle Imaging SpectroRadiometer (MISR), where the upwind and crosswind components of
the retrieved mss anomalies are anisotropic. Those results provide guidelines to interpret available observations
and to help refine strategy for future satellite missions.

1. Introduction

Upper ocean deformations at fine horizontal scales ( ∼ 1 km) in-
clude effects associated to internal waves, submesoscale fronts and fi-
laments whose roles for vertical exchanges with the ocean interior and
for the dispersion of horizontal tracers are numerously highlighted by
both theoretical and high resolution numerical modelling studies (Spall,
1995; Nagai et al., 2006; Thomas et al., 2008; Klein and Lapeyre, 2009;
Zhong and Bracco, 2013; Callies et al., 2015; Brannigan et al., 2015;
Brannigan, 2016). Consequently, proper understanding of the marine
biochemical and ecological functioning, as well as improved

quantification of the impact of fine scale vertical exchanges of heat, gas
and carbon on climatic scales, hinges on our ability to observe and
estimate the upper ocean dynamics at fine resolution (Ferrari, 2011;
Perruche et al., 2011; Lévy et al., 2012). Ambitious field experiments
have recently been undertaken to do so (Özgökmen et al., 2014;
Shcherbina et al., 2015; D’Asaro et al., 2018), but there is still a lack of
more systematic means of observing the ocean dynamics at these fine
horizontal scales. Efforts to remedy this situation using satellite ob-
servations are under way, with the upcoming Surface Water and Ocean
Topography (SWOT) mission (Fu et al., 2012) and with the proposed
Wavemill (Buck, 2005; Martin and Gommenginger, 2017) and/or Sea
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Surface KInematics Multiscale monitoring (SKIM) concepts (Ardhuin
et al., 2017a) using radar Doppler information (Chapron et al., 2005;
Johannessen et al., 2008).

In that context, the more direct use of surface roughness images has
been largely overlooked, whereas with large footprints and high re-
solution capabilities, surface roughness images can already be valuable
to further improve qualitative and quantitative understandings of upper
ocean processes at fine scale (Johannessen et al., 2005; Kudryavtsev
et al., 2012a; Rascle et al., 2014, 2017). In particular, images of sea
surface roughness are routinely obtained using optical radiometers
viewing areas in and around the sunglint (e.g. Apel et al., 1975) . Under
low to moderate wind conditions, surface roughness images often
spectacularly picture a wide range of surface phenomena at scales of
about 10m to 30 km, including oceanic internal waves, fronts and fi-
laments (e.g. Fett and Rabe, 1977; La Violette et al., 1980), atmospheric
wind rolls and fronts (e.g. Vandemark et al., 2001), surface swell wave
transformation (e.g. Kudryavtsev et al., 2017a), and surface slicks and
oil spills (Soules, 1970).

Those phenomena appear as local brightness anomalies on the
images because local anomalies of currents, wind and surfactants can
strongly affect small scale (capillaries and short gravity) waves under
moderate wind conditions (Kudryavtsev et al., 2005). In principle, it is
thus possible to track and quantify gradients of surfactants, gradients of
wind (thus ocean-atmosphere interactions at high resolution) and gra-
dients of currents (thus wave-current interactions at high resolution)
(Kudryavtsev et al., 2005).

The location of the brightness anomalies, and their time evolution if
successive observations are available, contain a very rich geophysical
information and has been consistently used in past studies (e.g.
Matthews, 2005; Jackson, 2007). Yet, much more information can be
unveiled if brightness can be related to roughness directional and sta-
tistical properties of the wave field, which are to the lowest order de-
scribed using the wave mean square slope (mss) parameter
(Kudryavtsev et al., 2017b). In most sunglint analysis, it is customary to
assume that sunglint images are divided into two regions by a critical
angle (e.g McClain and Strong, 1969; Jackson and Alpers, 2010;
Matthews, 2005; Kudryavtsev et al., 2012b). At large incidence angle,
the brightness and mss anomaly have similar signs, whereas at lower
incidence angle, they have opposite signs. The latter region is the so-
called inversion region (see e.g. Fig. 1a).

Recent observations suggest that this classical analysis (i.e. using
the concept of critical angle) does not systematically hold for sunglint
images of currents (Rascle et al., 2016, 2017). A new framework of
interpretation of those images is thus needed, together with a new
observational strategy. This is the purpose of the present paper.

We first recall in Section 2 that the classical critical angle relies on a
strong assumption. It is indeed assumed that the mss decomposition
between upwind and crosswind slope components is conserved. The
mss anomalies are then nearly isotropic and can be reduced to a scalar
(i.e. one-dimensional) quantity. In such a case, one single sunglint
image is sufficient to retrieve the mss anomaly, provided that the in-
cidence angle differs from the critical angle. This classical isotropic case
is probably valid to analyze varying wind conditions or surfactants (e.g.
Chust and Sagarminaga, 2007) .

In Section 3, we reproduce recent observations at multiple view
angles from satellite (Rascle et al., 2016) and airplane (Rascle et al.,
2017). Those observations show that mss anomalies can be anisotropic
(i.e. two-dimensional), for instance with mss increase in the upwind
direction and decrease in the crosswind direction. Such anisotropic mss
anomalies are likely characteristic of roughness modulations by aniso-
tropic current gradients, e.g. current shear or strain (Rascle et al.,
2014), whereas isotropic mss anomalies are likely characteristic of
isotropic current divergence. We detail the expected properties of such
anisotropic mss anomalies to show that the classical concept of critical
angle does not systematically hold, neither for frontal current shear nor
for internal wave divergence.

As the mss anomalies can independently scale in two directions, at
least two sunglint images at different zenith and azimuth angles are
then needed to retrieve the mss anomalies. In such a case, a single
sunglint image is not sufficient. Assuming the wind direction to be the
principal axis, Section 4 discusses the best viewing geometry and shows
that a satellite with radiometers viewing at multiple zenith angles is
capable of providing a favorable geometry.

In Section 5, internal waves observed by the Multi-angle Imaging
SpectroRadiometer (MISR, Diner et al., 1989) are analyzed. The upwind
and crosswind components of the mss anomalies are retrieved and
again display measurable anisotropy. Discussion and guidelines for
interpretation are found in Section 6. An observational strategy for
future sunglint missions is proposed in Section 7.

2. Classical critical angle

In this section, we recall the equations of sunglint analysis and the
main hypothesis behind the classical concept of critical angle.

2.1. Sea surface radiance and surface slope PDF

The radiance received by the sensor can be described as (e.g. Kay
et al., 2009)

= + + + +B B L B B B B( ),ATM atm SunG SkyG WL WC (1)

where BATM is the atmospheric radiance, BSunG is the sunglint radiance,
BSkyG is the skyglint radiance, BWL is the water leaving radiance, BWC is
the radiance due to whitecaps, and L is the atmospheric transmittance.

We consider the surface brightness field in the sunglint area, where
the other sources of radiance are negligible, i.e. B ≃ LatmBSunG

1. Fol-
lowing the standard analysis of Cox and Munk (1954), the sunglint
radiance, BSunG, generated by specular reflection of the sun light is
given as
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where Es is the solar irradiance at the surface, ρ is the Fresnel reflection
coefficient, P(zx,zy) is the 2D probability density function (PDF) of
surface slopes zx and zy, and zxr and zyr denote their values satisfying the
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where θc and θs are the camera and sun zenith incidence angles, and φc
and φs are the camera and sun azimuth angles. Those slopes define the
zenith θr and azimuth φr angles of the facets providing specular re-
flection, with = +θ z ztan r xr yr

2 2 and =φ z ztan /r yr xr .
To ease the demonstration, the local slope PDF is taken as a 2D

Gaussian with the major axes in the upwind and crosswind directions, it
is written as
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where the local mean square slopes are mu and mc in the upwind and
crosswind directions, respectively.

1 In clear sky conditions, this is true up to zenith facet angles θr about 20° to 25°,
depending on the wind speed (Cox and Munk, 1954) and on the sensor wavelength. At
larger angles, water leaving radiance, skyglint (e.g. Lin et al., 2016) and whitecaps (e.g.
Frouin et al., 1996) become increasingly important.
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2.2. Local anomalies of radiance and of wave slopes

Estimation of the sunglint radiance BSunG at each pixel of an image
can provide the mss, which is related to the wind speed (Cox and Munk,
1954), an extremely valuable information (e.g. Bréon and Henriot,
2006). Such estimation of BSunG requires estimations of the atmospheric
transmittance Latm and of the solar irradiance Es at the surface (e.g.
Gatebe et al., 2005; Harmel and Chami, 2013). This difficulty will be
avoided here by focusing on local radiance variations relative to the
background radiance of the surrounding regions on the images.

Following Kudryavtsev et al. (2012b), the radiance B= B0+ dB is
separated into a slowly varying background B0 and a local anomaly dB
by horizontally filtering at a scale L. L is chosen much smaller than the
camera elevation, such that at scales smaller than L, the viewing angles
can be considered constant. A notable exception would be images ob-
tained from multiple adjacent sensors with different look angles (e.g.
Sentinel-2, Kudryavtsev et al., 2017b).

The local radiance contrast is then entirely due to the local PDF
contrast,

=dB
B

dP
P

, (5)

where we note that the atmospheric transmittance is no longer needed.
In turn, the local PDF contrast is related to local variations of currents,
wind or surfactants. To extract geophysical information from the sun-
glint images, the problem is to retrieve the mss contrasts dmu/mu and

dmc/mc from the PDF contrast dP/P.
Again assuming that the PDF is nearly Gaussian, or at least that the

PDF contrast is dominated by changes in the slope variance with the
major axes in the upwind and crosswind direction, small variations of
mu and mc lead to (see also Eq. 5a and 5b in Kudryavtsev et al., 2012b):
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2.3. Isotropic mss contrasts

Following measurements of Cox and Munk (1954) of clean water
and surface slicks, Kudryavtsev et al. (2012b) considered as a first ap-
proximation that the directionality ratio α=mc/mu is not modified by
surface slicks2. This can be written as

= =dm
m

dm
m

dm
m

,u

u

c

c (7)

a) b)

c)

Fig. 1. (a) One-dimensional sketch of surface slope PDF variation for an increase of mss, showing the critical angle and the inversion zone. (b) Two-dimensional PDF
contrast dP/P, as function of the surface slopes (zx,zy), for an isotropic mss contrast of dm/m=+5%. Here we use background mss values from Cox and Munk (1954)
for a 9m s−1 wind speed, i.e. mu=0.028 and mc=0.020. As a noise limit of sunglint radiance, contrasts are not shown for P<0.01. Pink contours are values of θr.
(c) Critical angle θr,crit as function of the wind speed, according to mss values of Cox and Munk (1954).

2 See for example the decomposition of Eq. (13). The mss measurements of Cox and
Munk (1954) indicate that, in the case of transition from clean water to surface slicks
under constant wind, dma/ma is less than 15% of dms/ms for wind greater than 3.5 m s−1.
In other words, dm/m ≃ dms/ms and α can be supposed constant. A wind modification by
the slicks (e.g. Mitsuyasu and Honda, 1986) is probably included in the measurements of
Cox and Munk (1954), and is unlikely to invalidate this approximation.
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where m is the total mean square slope, m=mu+mc. The background
mss might not be isotropic (i.e. α≠1), but its variations are isotropic.
The mss contrast can then be considered as a scalar quantity and the
PDF is quasi one-dimensional (e.g. Jackson and Alpers, 2010;
Kudryavtsev et al., 2012b; Matthews, 2005; Matthews and Awaji, 2010;
He et al., 2015; Yang et al., 2015).

The transfer function T between radiance contrast and mss contrast,
defined by

=dB
B

T dm
m

, (8)

reduces to
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2.4. Critical angle

The transfer function (Eq. (9)) thus defines two zones (Fig. 1) in the
(zx,zy) domain, separated by an ellipse. Outside the ellipse (T>0),
brightness contrast co-varies with the same sign as the mss contrast. At
variance, inside the ellipse (T<0), brightness and mss present inverted
contrasts. That latter zone is called the contrast inversion zone, and it is
easily recognizable on sunglint images because surface slicks appear as
bright contrasts instead of dark contrasts (see e.g. Kudryavtsev et al.,
2012b, their Fig. 2) .

The ellipse itself defines the so-called critical angle θr,crit. That angle
can be approximated by ≃θ marctan ( )r crit, , with its exact values that
comprised between marctan ( 2 )c and marctan ( 2 )u in the crosswind
and upwind directions, respectively. Fig. 1c shows those angles com-
puted using mss values from Cox and Munk (1954). Under moderate
wind speeds of 5–10m s−1, where the majority of sunglint images
occur, the critical angle takes values about θr,crit ≃ 8− 12°.

2.5. Single-angle observation

In the case of isotropic mss variations, a unique observation of dB/B
at one viewing angle (zxr,zyr) is thus enough to retrieve dm/m, provided
that the viewing angle is far from the critical angle because the transfer
function (9) vanishes in the vicinity of the ellipse.

For practical use, a single satellite image is then sufficient.
Kudryavtsev et al. (2012b) used this method to successfully retrieve mss
variations due to surface slicks inside and outside the contrast inversion
zone.

3. Directional mss contrasts

In this section, observational evidences of anisotropic mss contrasts
are demonstrated to discuss the expected properties of such contrasts.

3.1. Observations of azimuthal contrast inversion

Analyzing sunglint images from two different satellites, Rascle et al.
(2016) documented a case of contrast inversion between two observa-
tions at similar zenith view angles θr but orthogonal azimuth view
angles φr (Fig. 2a). Using airplane measurements, Rascle et al. (2017)
obtained observations with a quasi-complete coverage of the different
view angles, and confirmed the presence of azimuthal contrast inver-
sion (Fig. 2b). Such azimuthal inversions cannot be explained by iso-
tropic mss variations, as shown with the black ellipses in Fig. 2 (the
interested reader is referred for more details to the aforementioned
papers). Those observations demonstrate that mss contrasts can be
anisotropic, i.e. two-dimensional, with upwind and crosswind mss
contrasts not related by Eq. (7).

3.2. Antisymmetric mss contrasts

Complementary to the isotropic case of Section 2, the case of anti-
symmetric mss contrasts is

= −dm
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In such a case, the transfer function T defined by
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The condition T=0 defines two strait lines in the (zx,zy) domain,
and thus Eq. (12) defines four zones of different azimuth angles
(Fig. 3a).

For such antisymmetric mss contrasts, the classical contrast inver-
sion zone does not exist, nor does a critical zenith angle. On the contrary,
the important parameter becomes the azimuth angle with respect to the
wind direction. The contrast reversal occurs at an azimuth angle of

= ±φ m marctan ( / )r rev c u, with respect to the wind direction, which is
about 40− 45° (depending on the wind speed, see Fig. 3b).

To note, a unique observation of dB/B at one viewing angle (zxr,zyr)
is still enough to retrieve the mss contrast dmu/mu, provided that the
viewing angle is far from the two straight lines where the transfer
function (12) vanishes (Fig. 3a).

3.3. General case: anisotropic mss contrasts

In the general case, any anisotropic mss anomaly can be decom-
posed onto the two modes previously described, the isotropic (sym-
metric) mode ms and the antisymmetric mode ma, by writing
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The radiance contrast can thus be rewritten as
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Under our hypothesis that the principal axis of the slope PDF remains
aligned with the wind direction, we obtain thereby any possible mss
anomaly (Fig. 4).

Note that instead of decomposing the mss variations into isotropic
and antisymmetric variations (Fig. 4a), we could have used the cano-
nical decomposition into upwind and crosswind variations (Fig. 4b).
However variations of the PDF in only one direction are of little prac-
tical use since the most common variation is the isotropic one. An ex-
ample of such a use will be given in Section 5.

4. Observational strategy

In this section, we discuss an observational strategy to estimate
anisotropic mss variations.

4.1. Specification of the multi-look angles

Since there are two unknowns, the upwind dmu/mu and crosswind
dmc/mc mss contrasts, at least two observations dP1/P1 and dP2/P2 at
different angles (zxr1,zyr1) and (zxr2,zyr2) are required. To retrieve the
mss contrast, the system is
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with the transfer function tensor
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The transfer function tensor needs to be invertible, i.e. the condition on
the determinant writes as
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The singular curves of the isotropic and antisymmetric modes are
drawn in Fig. 4a. We note that:

• The four observational points with =z m| |xr u and =z m| |yr c
contain no geophysical information on the mss contrasts, as they are
singular for the two modes.

• If one observation is strictly on the ellipse, it cannot capture the
isotropic mode. The second observation needs to be within or out-
side the ellipse.

• Two orthogonal azimuth view angles at similar zenith angles, as
often used by scatterometers, are at times sufficient but more view
angles are needed to systematically capture both modes.

The locations of the singularities for the two modes depend on the
background wind speed and direction, according to Fig. 1c and 3b.

4.2. Azimuth facet diversity from zenith camera diversity

Satellites using different cameras at different zenith angles have
proven very useful by providing time sequences of sunglint images (e.g.
Matthews and Yoshikawa, 2012). Due to the bistatic nature of sunglint
measurements, those satellites can also provide a multi-angle geometry
favorable to directional mss retrieval. An example obtained from the

Fig. 2. (a) Radiance contrasts of the Gulf Stream inner front, observed from two different satellites on 1st April 2010. See Rascle et al. (2016) for details. (b) Radiance
contrasts over a front in the Gulf of Mexico, observed from airplane on 11th February 2016. Each dot represents one observation, and a filled colored shape is used to
improve visibility, see Rascle et al. (2017) for details. The expected critical angle is shown with the black ellipses for wind speeds of 5 and 9m s−1, respectively in (a)
and (b). The insets show sketches of the current feature and of the wind direction.

Fig. 3. (a) Surface slope PDF contrast for an antisymmetric mss contrast of + 2.5% upwind and− 2.5% crosswind. Here we use background mss values from Cox and
Munk (1954) for a 9m s−1 wind speed. (b) Azimuth angle between the wind and the lines of contrast reversal in the antisymmetric case, for different values of the
wind speed and according to mss values of Cox and Munk (1954).
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Fig. 4. (a) Lines where the surface slope PDF contrast dP/P vanishes for isotropic (black ellipse) and antisymmetric (black lines) mss contrasts. Observations at
viewing angles corresponding to the four black dots would contain no geophysical information. (b) Lines where the PDF contrast vanishes for the upwind (vertical
black lines) and crosswind (horizontal black lines) mss contrasts. The colors show PDF contrast for an upwind mss contrast of + 5%. (c) Example of anisotropic
variations with an upwind mss contrast of + 2% and a crosswind contrast of + 9%, which was found to fit the airplane data of Fig. 2b.

Fig. 5. (a) Synthesis of the geometry of the observations with MISR, for a point located below the satellite orbit off South Africa (20°W, − 35.5°N) on 16 Dec. 2012.
The satellite flies from the northeast to the southwest (descending track), capturing the scene with its 9 cameras at different view angles, and within a few minutes.
The sun is located towards the northeast as Terra is on a sun-synchronous morning orbit. The resulting reflective facets have different zenith and azimuth angles. (b)
Facet angles at which the future 3MI sensor would acquire for the same scene. (c) Facet angles at which PRISM would have acquired. For comparison, the multi-look
capability of the ASCAT scatterometer is also shown for a surface target located at the center of its swath.
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Multi-angle Imaging SpectroRadiometer (MISR, Diner et al., 1989) on-
board the satellite Terra can illustrate it. MISR provides multiple ob-
servations of the same surface target using 9 cameras oriented at 9
different zenith angles, + 70°, + 60°, + 46°, + 26° (forward), 0°
(nadir), and − 26°, − 46°, − 60° and − 70° (aftward), respectively for
cameras #1 to #9. The geometry is described in Fig. 5a for an ocean
target off South Africa located vertically below the satellite orbit on 16
Dec. 2012. The satellite overflies the target in a descending track from
the northeast to the southwest. The 9 observations are separated in time
by less than 7min. As Terra is a morning sun-synchronous satellite, the
sun is located at the northeast of the target. The resulting reflective
facets exhibit both different zenith θr and azimuth φr angles, providing a
favorable multi-angle geometry to capture the two modes (isotropic and
antisymmetric) of mss contrasts.

Nonetheless, the large zenith angle differences between successive
MISR cameras (about 20°) still provides a poor angular discretization of
the observations. For instance, only 4 sunglint observations (#4, #5, #6
and #7) occur at θr<25°, which is the usual range of validity of sun-
glint images with negligible sky reflection. The angular discretization of
the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) cameras (e.g. Matthews, 2005) or the Panchromatic Remote-
sensing Instrument for Stereo Mapping (PRISM) cameras (e.g. Matthews
and Awaji, 2010) are of similar order (Fig. 5c). A more specifically
designed sunglint mission would thus benefit from a higher angular
discretization. The one of the future Multi-Viewing Multi-Channel
Multi-Polarization Imaging Mission (3MI) sensor (Manolis et al., 2013)
shown in Fig. 5b would be well suited, but we note that the spatial
resolution of the sensor (about 4 km at nadir) will be insufficient as it
will only capture large current structures.

5. Illustration: internal waves over the Agulhas region

Hereafter, the MISR capability of multi-angle measurements is
shown to help quantify mss contrasts induced by internal waves. Again,
those mss contrasts are found to be anisotropic.

5.1. Multi-angle images

IW trains over the Agulhas region are detected on 16 Dec. 2012 at
8:45 UTC (fig. 6). The 672 nm radiance observations from MISR is se-
lected at 9 different angles. These 9 observations are separated in time
by less than 7min(see Fig. 5) and can be considered quasi-simultaneous
at the time scale of the observed oceanic features. The images have a
spatial pixel resolution of about 275m. The radiance contrast is ob-
tained by high-pass filtering with a cut-off horizontal scale of L=5 km.

The wind was blowing from the east-northeast (ENE; with an azi-
muth angle of ≃ ∘φ 75 relative to the north), as evidenced by the pre-
sence of aligned wind streaks (Vandemark et al., 2001) on the image
(Fig. 6). Numerical meteorological reanalysis (ERA interim, Dee et al.,
2011) and nearby scatterometer measurements at 03:12 UTC and 15:00
UTC (ASCAT, SAF, 2013) both confirm light winds in the area, about
5m s−1 (not shown).

Multiple trains of internal waves (IWs) can be identified on the
image. We focus our analysis on four IW trains propagating in the
northeast/southwest direction (A, B, C, D), and five IW trains propa-
gating in the northwest/southeast direction (L, M, N, O, P).

5.2. Anisotropic mss contrasts

The radiance contrasts dB/B produced by IWs is calculated as the
contrast difference between converging and diverging zones.
Converging (diverging) zones are defined as zones of positive (negative)
contrast at large zenith view angle θr, respectively. The contrasts are
shown in Fig. 7 as functions of the view angles. As expected from
classical critical angle analysis, surface current convergence produces
positive radiance contrast at large zenith view angle θr, and negative

radiance contrast at small zenith angle. The ellipse of classical critical
angle is shown in black. The classical critical angle provides a first order
agreement with the observations.

However there is a clear departure of the contrast inversion area
from the classical critical angle. For instance, the change of sign of IW
contrast between the camera #5 (nadir) and the camera #6 ( − 26°)
does not occur around the critical angle (Fig. 7). Rather, internal waves
A, B, C and D exhibit an anisotropic contrast inversion which suggests
more upwind mss contrast dmu/mu than crosswind mss contrast dmc/mc.
A good fit is obtained for dmu/mu ≃ +3% and dmc/mc ≃ +1%. On the
contrary, internal waves L, M, N, O and P exhibit more crosswind
contrast, with a good fit obtained with dmu/mu ≃ +1% and dmc/mc ≃
+5%.

5.3. Consequences for mss contrast retrieval

Considering that the mss contrast is isotropic (Eq. (9)) and ne-
glecting the anisotropy can thus possibly lead to a significant mis-
interpretation and error in the precise estimation of the mss contrasts.
This is illustrated in Fig. 8 for the case of the internal waves L, M, N, O
and P. The anisotropic mss contrasts inferred from multi-angle imagery
are dmu/mu ≃ +1% and dmc/mc ≃ +5%. Using a single-angle radiance
contrast and inverting it to an isotropic mss contrast dm/m (Eq. (9))
would then lead to significant differences compared to the exact mss
contrast. Fig. 8 shows mss contrast overestimations in the crosswind
direction and underestimations (and even inverted sign of the mss
contrast) in the wind direction. The estimation is noticeably poor at
zenith view angles θr close to 10°, with large overestimations. This il-
lustrates the necessity to take into account anisotropic mss contrasts
and to use multi-angle observations.

5.4. Consequences for current gradient retrieval

One of the main applications of surface roughness is to estimate the
amplitude of the surface current gradient from the amplitude of the mss
contrast. This is generally done using the conservation of wave action
and inverting the mss contrast into a current gradient (see e.g. Eq. (4) in
Kudryavtsev et al., 2012a) . Here we use the wave action conservation
model of Kudryavtsev et al. (2005). We set the wind speed to 5m s−1

with a direction orthogonal to the IW crest. The IW horizontal current u
is specified as

= − − ⎛
⎝

− ⎞
⎠

u u π x ct
λ

x ct
L

cos 2 ( ) exp 5( ) ,0

2

(18)

where x is the coordinate along the propagation direction, t the time
and c the IW phase speed. L is set to 3 km to limit the group size to a few
waves. The distance λ between consecutive IW crests is set to 1 km, as
observed for IW trains A, B, C, L, M and N. The phase speed is set to c ≃
1m s−1, consistently with the phase displacement observed during the
7min between the different MISR cameras. This phase speed is also
consistent with the observed group distance of about 33 km (e.g. be-
tween groups A, B and C), leading to group speed cg ≃ 0.75m s−1 if one
supposes a semi-diurnal origin of the IW.

The model needs IW velocities u0 in Eq. (18) of about u0 ≃ 5 cm s−1

to produce mss contrasts of dmu/mu=+1% (upwind) and dmc/
mc=+5% (crosswind).

Considering that the mss contrast is isotropic (Eq. (9)) and ne-
glecting the anisotropy can lead to a significant error in the estimation
of the current gradient. For instance, the isotropic mss contrast dm/m
can be overestimated to 5− 10% in the upwind direction (Fig. 8),
leading to overestimation of the IW current to up to u0 ≃ 20 cm s−1.
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Fig. 6. MISR radiance contrast in the Agulhas region off South Africa, on 16 Dec. 2012 at 8:45 UTC. The large image shows the radiance contrast for the − 46°
(aftward) camera. Small images show a zoom on the region highlighted in black, for the cameras at + 46°, + 26°, nadir, − 26°, − 46° and − 60°. Pink contours and
arrows show zenith θr and azimuth φr view angles.

Fig. 7. Synthesis of the radiance contrasts of the converging IW as function of the view angle. (a) Above the northeast/southwest propagating IW trains A, B, C, D. (b)
Above the northwest/southeast propagating IW trains L, M, N, O, P. Setting the wind speed to 5m s−1, a good fit is obtained with mss contrasts of (a): + 3% upwind
and + 1% crosswind, and (b): + 1% upwind and + 5% crosswind.
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6. Discussion

6.1. Sources of anisotropic mss contrasts

There are many sources of mss contrasts: change of wind speed or
direction, presence of surfactants, and direct wave-current interactions.
Fig. 9 summarizes which sources are expected to produce isotropic mss
contrasts: change of wind speed (see next section), surfactants, and
current divergence. On the contrary, anisotropic mss contrasts are ex-
pected from changes in wind direction (see next section) as well as from
anisotropic currents like fronts with current shear and diverging fronts
(e.g. internal waves).

If sheared frontal currents with slanting wind are expected to create
mss contrasts largely anisotropic (see sketches in Fig. 2a and 2b), this
was less expected from diverging frontal currents of IWs, which exhibit
current gradients very close to isotropic divergence. It is suspected that
anisotropic mss contrasts are mainly created by one component of the
current gradient, the strain in the wind direction (Rascle et al., 2014,

2016). This should explain the differences observed between IW trains
with orthogonal propagation directions (Fig. 7a and b). However, the
wind was slanting to the IWs, creating no strain in the wind direction
but rather shear in the wind direction (see Rascle et al., 2016, their
Fig. 4, for more explanations on this current gradient decomposition). It
is thus unclear what creates the mss anisotropic response to those IWs.
Other possible candidates are a change of the major axes orientations
(see next section), non-Gaussian effects (see next section), or non-local
effects due to relative IW - surface waves propagations (see e.g.
Thompson and Gasparovic, 1986). In addition to those wave-current
interaction mechanisms, other candidates could also involve the pre-
sence of surface slicks on the leading edge of the IW, or a feedback of
surface roughness on the wind field (e.g. Mitsuyasu and Honda, 1986).
As mentioned, the MISR observations do not have sufficient angular
discretization to clarify the matter with a precise detection of the
contrast inversion zone for each individual IW train.

6.2. Non-Gaussian surface slope PDF

We must emphasize that to first order, the PDF is supposed Gaussian
with the major axes in the upwind and crosswind direction. Considering
short scale waves (less than 30 cm), it is well known that associated
surface slopes can become locally very steep and asymmetrical, leading
to non-Gaussian PDF, including skewness (Chapron et al., 2002;
Longuet-Higgins, 1982) and kurtosis (Chapron et al., 2000; Munk,
2009). Further, note that correlations are reported between the occur-
rence of upwind steep slopes and the overall rise of crosswind slope
variance. As such, increased or reduced numbers of breaker elements in
frontal areas shall impact the resulting directionality of the slope PDF.
Fig. 10 shows PDF contrasts, expected for a change of wind speed and of
wind direction. In this plot, we relax the assumption of Gaussian PDF
and we use the skewness and kurtosis estimated by Bréon and Henriot
(2006). If the patterns resemble those described with the isotropic and
antisymmetric modes, the exact location of the contrast inversion is
modified. Further investigations of such effects are certainly necessary,
but are beyond the scope of the present analysis. Future studies will
await until further measurements, preferably airborne with high an-
gular discretization - like those of Fig. 2b or those of the Cloud Ab-
sorption Radiometer (CAR, Gatebe et al., 2011; Gatebe and King, 2016)
- will be acquired over well instrumented areas.

6.3. Impact of skyglint and other sources of radiance

Another strong assumption of the present work is that of negligible
sources or radiance other than direct sunglint. As shown by Lin et al.
(2016), the skyglint can make a non-negligible contribution to the
background radiance, especially for radiometers in the blue or green
channels. It is also the case for the water leaving radiance in those
channels. In such case, the background radiance might be corrected as
B= BSunG+ Bcor, with Bcor= BSkyG+ BWL+ BWC.

If one supposes that Bcor has a weak dependency on the sea state (i.e.
on the mss), dBcor ≪ dBsunG and we have

=dB
B

dP
P

B
B

,SunG
(19)

which gives a small correction to Eq. (5).
It is expected that skyglint BSkyG has a relatively weak dependency

on the sea state at low to moderate view angles θv (e.g. Cox and Munk,
1954, their Fig. 4) . The water leaving radiance BWL is also relatively
independent on the sea state, but it is strongly affected by the particle
content of the upper ocean, which can drastically change at oceanic
fronts. Also, the contribution of whitecaps radiance BWC might become
important (Frouin et al., 1996) as the whitecap coverage can drastically
increase around oceanic convergent fronts. Investigation of those cor-
rections are left for future studies, possibly using sensors with multiple
polarization capabilities (e.g. Harmel and Chami, 2013).

Fig. 8. Estimated isotropic mss contrast dm/m from a slope PDF with aniso-
tropic contrasts dP/P. The PDF contrasts dP(zx,zy)/P(zx,zy) are obtained from
Eq. (4) by setting the wind speed to 5m s−1 and by setting the mss contrasts to
dmu/mu=+1% (upwind) and dmc/mc=+5% (crosswind). This would corre-
spond to the case of IW trains L, M, N, O, P shown in Fig. 7b. For each slope zx
and zy, an isotropic mss contrast dm/m is calculated with Eq. (9) to reproduce
the PDF contrast dP(zx,zy)/P(zx,zy). The estimation obviously diverges near the
ellipse of isotropic contrast inversion (dashed black line).

Fig. 9. The different sources mss contrasts, classified whether they are thought
to induce rather isotropic or anisotropic mss contrasts.
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7. Future surface current missions

Lastly, we illustrate how surface roughness measurements shall be
used in the context of satellite remote sensing of currents at high re-
solution. Several techniques are available and/or are being proposed to
observe surface currents at relatively low (∼ 20 km) resolution. Those
include across-track altimetry, with the upcoming Surface Water and
Ocean Topography (SWOT) mission (Fu et al., 2012) in 2021, high-
frequency (e.g. Ka-band) real aperture radar techniques, like the pro-
posed Sea Surface KInematics Multiscale monitoring (SKIM) concepts
(Ardhuin et al., 2017a) and the Doppler scatterometer concept
(Rodríguez et al., 2018), and multi-antenna Synthetic Aperture Radar
(SAR) as proposed with the Wavemill concept (Buck, 2005; Martin and
Gommenginger, 2017). Noise and viewing geometry of these instru-
ments will generally require spatial averaging of the retrieved currents
at about 20 km. Those medium resolution currents will thus likely un-
derestimate the surface current gradients occurring at smaller scales
(Fig. 11a). To complement those observations of absolute currents,
surface roughness at high (≃ 750m) resolution contains information on
the gradients at high resolution (Fig. 11b). That information can be
used to reconstruct high resolution current field (Fig. 11c), especially

improving location and gradients.
This resolution issue is illustrated in Fig. 11 using numerical simu-

lations of waves and currents over the Gulf Stream region. Currents are
simulated using the Regional Ocean Modelling System (ROMS) at
750m resolution in a realistic configuration. More details can be found
in Gula et al. (2015). The waves are simulated using WaveWatch3
(WW3), also at 750m resolution, and include wave-current interac-
tions. More details can be found in Ardhuin et al. (2017b). The wind is
set to 5m s−1 from the NW. At a medium resolution of about 20 km,
currents are obviously largely smeared. The original and degraded
currents are shown in Fig. 11c and Fig. 11a. The sharpness of the in-
ternal front of the Gulf Stream is largely lost, and original current
gradients accordingly reduced. The colors in Fig. 11 show the current
gradient magnitude, calculated as ∂ + ∂ + ∂ + ∂u u v v( ) ( ) ( ) ( )x y x y

2 2 2 2 ,
where u,v are the surface current components in arbitrary x,y horizontal
directions.

The omnidirectional wave mss contrast is calculated as dm/m, with
dm the 20 km high-pass filtered mss. A threshold of the mss contrast is
set to 2%. Below this threshold, observations should contain instrument
noise as well as roughness variations induced by wind variations (e.g.
Kudryavtsev et al., 2005). Above this threshold, surface roughness

Fig. 10. Surface slope PDF contrast dP/P expected for (a) an increase of wind speed of 0.5 m s−1, (b) a rotation of wind direction by 30°. The wind is set to 9m s−1.
The PDF are not supposed gaussian but follow the Gram Charlier decomposition with the skewness and kurtosis measured by Bréon and Henriot (2006).

Fig. 11. Numerical illustration of a strategy to observe high resolution currents from satellite. Panel (a) shows surface currents degraded to a resolution of 20 km.
Arrows are surface currents and colors are current gradient magnitude, normalized by the local Coriolis parameter f. Panel (b) shows the mss contrast dm/m at a high
resolution of 750m. The contrast is obtained by high-pass filtering m at 20 km. Only high values (> 2%) of the contrast are kept to mimic a filtering out of
atmospheric effects and of instrument noise. Panel (c) shows surface currents at the original resolution (750m).
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contrasts contain the usable information about the current gradients.
This information is sparse in space (Fig. 11b). One view angle would
provide the location of the intense current gradients, without in-
formation about their sign (divergence or shear or vorticity) and un-
certainty on their magnitude. Multiple look angles, as proposed in the
present work, would provide in addition the sign of the gradients and a
more precise estimation of their magnitude, whose information can be
used to constrain a reconstruction of the currents at high resolution.

The design of a dedicated future mission to retrieve and precisely
document surface currents at high resolution could thus build upon a
satellite constellation, building from standard altimeter data, to
medium resolution measurements (like SWOT or SKIM), completed
with high resolution multi-angle instruments detecting surface rough-
ness contrasts. One possibility for such high resolution instruments
could be mono-static multi-antenna SARs (e.g. Wavemill), with polar-
ization capabilities to help in separating resonant scattering elements
from wave breaking patches (Kudryavtsev et al., 2014, 2013). Another
possibility could be multi-angle bi-static radiometers as proposed in the
present work, combining a high angular discretization (like that of the
future 3MI sensor, see Fig. 5) and a very high spatial resolution (of the
order of 10m for Sentinel-2 (Kudryavtsev et al., 2017a) and 1m for
PRISM). The advantage of a very high spatial resolution would be the
additional estimation of currents from maximum cross-correlation
(MCC) techniques (e.g Warren et al., 2016), or more accurately, from
precise wave phase velocities (Kudryavtsev et al., 2017a). Such multi-
angle radiometers should also include polarization capabilities, which,
as mentioned, help in separating sunglint radiance BSunG from water-
leaving BWL, skyglint BSkyG and whitecaps BWC radiances (Harmel and
Chami, 2013), and help in retrieving additionally the background wind
field.

8. Conclusion

Sunglint images of the sea surface provide highly powerful means to
observe and quantify small-scale spatial variations of currents, wind
and surfactants. All these fine-scale geophysical variations are indeed
directly impacting measurable brightness contrasts. Since the first sa-
tellite sunglint images, it has been discussed that these geophysical
features can appear with different signs of the brightness contrast,
mainly depending on the zenith angle of light reflection at the time of
the observations. To quantitatively interpret these ocean surface sig-
natures, brightness changes must then be related to changes in slope
properties of the locally impacted wave field.

To first order, a practical analysis framework can build on the
classical concept of critical zenith angle, delimiting an area of contrast
inversion in the center of the sunglint image. In this paper, we recalled
the key hypothesis behind this classical concept of critical angle: the
wave slope variance (mss) partitioning between its upwind and cross-
wind components is supposed to remain constant.

More in-depth analysis and use of multi-angle sunglitter observa-
tions have recently evidenced that this assumption does not always
hold, especially for mss variations induced by upper ocean anisotropic
current gradients. Consequently, this paper proposes to shift from the
classical one-dimensional (isotropic) mss interpretation towards a two-
dimensional (anisotropic) interpretation, where the mss has two de-
grees of freedom, namely its upwind and crosswind components. As a
result, to more unambiguously interpret upper ocean roughness sig-
natures, single-angle sunglint images are no longer sufficient, and
multi-angle sunglint observations are needed. As demonstrated in the
present study with the MISR instrument, favorable multi-angle geo-
metry can be obtained using existing multi-look radiometer instru-
ments.

More field experiments are now required to better understand and
model possible anisotropic mss (and more generally slope PDF varia-
tions) created by local wind and current changes. Those efforts shall
help advance more direct quantifications of current gradients at high

resolution from satellite and drone sunglint observations. It shall also
open for new strategies to more consistently consider and combine
high-resolution radar and optical satellite observations, including bi-
static and multi-polarizations.
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