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ABSTRACT

Images of sea surface roughness—for example, obtained by synthetic aperture radars (SAR) or by radi-

ometers viewing areas in and around the sun glitter—at times provide clear observations of meso- and sub-

mesoscale oceanic features. Interacting with the surface wind waves, particular deformation properties of

surface currents are responsible for those manifestations. Ignoring other sources of surface roughness vari-

ations, the authors limit their discussion to the mean square slope (mss) variability. This study confirms that

vortical currents and currents with shear in the wind direction shall not be expressed in surface roughness

images. Only divergent currents or currents with no divergence but strained in the wind direction can exhibit

surface roughness signatures.More specifically, nondivergent currentsmight be traced with a 458 sensitivity to
the wind direction. A simple method is proposed in order to interpret high-resolution roughness images,

where roughness variations are proportional to ›u/›x 1 a›y/›y, a linear combination of the along-wind and

crosswind current gradients. The polarization parameter a depends upon the sensor look direction and the

directional properties of the surface waves selected by the sensor. The use of multiple look directions or

possible acquisitions with different wind directions shall thus help to retrieve surface currents from surface

roughness observations.

1. Introduction

Images of sea surface roughness are routinely obtained

using active or passive sensors—such asmicrowave radars

including synthetic aperture radar (SAR) (e.g., Beal et al.

1981) or optical radiometers viewing areas in and around

the sun glitter (e.g., Apel et al. 1975)—that operate at

different wavelengths, polarizations, and viewing angles.

Under low to moderate wind conditions, those images

provide clear observations of a wide range of oceanic

phenomena at scales of about 1 to 30km, including in-

ternal waves, mesoscale, and submesoscale features

such as fronts, filaments, and spiraling eddies (e.g., Fu and

Holt 1983; Alpers 1985). Figure 1 shows an example of

such an image. Because surface currents can strongly
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affect small-scale (capillaries and short gravity) waves

under moderate wind conditions, it is possible to track

and quantify current gradients (Kudryavtsev et al. 2005;

Johannessen et al. 2005).

Spurred partly by improvements in computing power,

numerical models have recently confirmed the impor-

tance of ocean features at the submesoscale for ex-

changes within the ocean and between the ocean and the

atmosphere (e.g., Fox-Kemper et al. 2011; Lévy et al.
2012; Ferrari 2011). There is however a lack of system-

atic observations at these scales. Efforts to remedy this

situation are under way, as illustrated by the upcoming

Surface Water and Ocean Topography (SWOT) satel-

lite mission (Fu et al. 2012), but at the moment obser-

vations at these scales come mainly from images of

infrared-based sea surface temperature and ocean color

reflectance. The use of surface roughness images has

been largely overlooked in that context, whereas with

large footprints and high-resolution capabilities, surface

roughness images can already be valuable to further

improve qualitative and quantitative understandings of

upper-ocean submesoscale processes.

Surface roughness variations in sun glitter images are

controlled by specularly reflected sunlight (Cox and

Munk 1954) and related to changes of wave slope dis-

tribution. The latter mostly correspond to variations of

mean square slope (mss) (Kudryavtsev et al. 2012b). For

radar images, the interpretation is more complex as ra-

dar backscatter intensity is affected by the mss but also

by scattering effects and geometrical properties of the

surface (Kudryavtsev et al. 2005). Details on how to

estimate mss from glitter brightness or from radar

backscatter are beyond the scope of the present paper,

and the reader is referred to Kudryavtsev et al. (2012b).

For simplicity in this paper, we will assume an un-

equivocal relationship between surface roughness and

mss, which is an adequate assumption at least for optical

observations.

Local variations of surface roughness have been at-

tributed to three main processes: direct wave–current

interactions (e.g., Johannessen et al. 1996), attenuation

by surfactants accumulated in current convergence

zones (e.g., Espedal et al. 1998), and varying wind field

resulting from transformations of the atmospheric

boundary layer across sea surface temperature fronts

(e.g., Beal et al. 1997). Surface slicks have specific

roughness signatures and mainly occur in coastal waters

under light wind conditions (e.g., McWilliams et al.

2009). In this paper, we do not consider the effects of

surfactants. Atmospheric boundary layer adjustments

depend on the atmosphere stability induced by changes

in the sea surface temperature.1 Variations of atmo-

spheric stability seemingly occur at scales larger than

FIG. 1. Surface roughness in the Libyan region of theMediterranean Sea observed by optical

sensor in the sun glitter. Clouds are colored in blue and land is colored in brown. This imagewas

obtained on 3 March 2010 from the 900-nm radiance measured by the Medium Resolution

Imaging Spectrometer (MERIS) (Huot et al. 2001) onboard Environmental Satellite (Envisat),

in the area within 208 of the specular sun glint. This image has a resolution of 250m and has

been high-pass filtered at 25 km.

1Under moderate wind conditions, there is also a local coupling

between the atmosphere flow and surface roughness. This effect

shall follow roughness variations and further enhance them, as the

form drag scaled by the squared friction velocity is directly linked

to the mss (Plant 1982).
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those shown in Fig. 1 (see, e.g., Kudryavtsev et al. 2005,

their section 4), therefore we do not consider these ef-

fects either.

Thus, not considering the processes associated with

surfactants and atmospheric stability, the primary pro-

cess that helps imaging the underlying flow dynamics is

governed by interactions between surface wind waves

and surface currents. Accordingly, questions arise.What

information on ocean turbulence at meso- and sub-

mesoscale is contained in surface roughness variations?

Surface current gradients can be described with four

types of deformations: divergence, vorticity, strain, and

shear2 (Fig. 2, sketches 1 to 4). Which type of current

deformation is mostly visible in roughness images? Can

we develop a method that inverts surface roughness into

current information?

The surface roughness images that are most easily

interpreted are those depicting currents induced by

bottom topography or by internal waves (e.g., Alpers

1985), where clear patterns of convergence/divergence

of surface currents are detected as bright/dark contrasts.

More generally, an individual surface wave traveling

over a varying currentmight be deflected by the gradient

of the cross-propagation current (sometimes inadequately

called current shear, Fig. 2, sketch 5, if we suppose that

the wave travels in the x direction), but the gradient

of the along-propagation current (sometimes inade-

quately called divergence, Fig. 2, sketch 6) can more

strongly alter the steepness properties (e.g., Phillips

1984). As such, remote sensing experts often refer the

current deformation as current divergence, implicitly

assuming that it refers to the gradient of the along-

propagation current (Phillips 1984; Alpers and Hennings

1984).

Based on the conservation of action (e.g., Phillips

1984), modulation not only of an individual wave but of

a full spectrum of wind waves can be determined. Such

spectrum with waves propagating in different directions

is modulated by different current deformation types,

including current divergence but also current shears.

Dulov and Kudryavtsev (1990) demonstrated the latter

effect by considering fluctuations of wave breaking in-

tensity. Yet, subsequent works reported the effect of

current shear to be negligible compared to that of cur-

rent divergence (e.g., Jansen et al. 1998). As such, it has

FIG. 2. Sketches (1)–(4) are the deformation tensor decomposition into divergence, strain in

the x direction, vorticity, and shear in the x direction. The typical sign of the upwind and

crosswind (for a broad wave spectrum see section 3b or without roughness generation by

breaking see section 3d) mss response to such a current is also shown as a function of the wind

direction. (5)–(6) Simple current features such as alongfront and cross-front currents are shown

with their decomposition on such deformation basis. Note that here the wind is no longer along

the x axis so that we replace the x and y projections of the mss by the upwind and crosswind

projections.

2 In the literature, ‘‘strain’’ is also called ‘‘stretch’’ (e.g., Okubo

1970) or ‘‘normal strain’’ (e.g., Hua 1994) and ‘‘shear’’ is also called

‘‘shear strain.’’
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become customary to assume that divergence was the

dominant deformation type (e.g., Johannessen et al.

2005; Kudryavtsev et al. 2005, 2012a). This is indeed

a good approximation for currents with significant di-

vergence, as those induced by bottom topography

(Alpers and Hennings 1984), by internal waves, or along

sharp density fronts (Jansen et al. 1998). On the other

hand, for meso- and submesoscale turbulence, currents

are constrained by Earth rotation and consequently

exhibit weak divergence and larger shears. Thus, it

might be somehow misleading to immediately assume

that current divergence is into play whenever effects of

current deformation are explored.

In this paper, we wish to clarify the interpretation of

surface roughness variations in terms of current defor-

mation. In section 2, we recall the modulation of waves

by currents, extend it from a single wave to a spectrum

symmetrical about the wind direction, and calculate

resulting mss variations. Out of the four types of sur-

face current deformations, two can exhibit a roughness

signature, the divergence and the strain in the wind

direction, whereas the vorticity and the shear in the

wind direction have no signature. The wind direction

and the sensor look direction are irrelevant for di-

vergence detection. This is not the case for strain de-

tection. In section 3, we describe the roughness

responses to divergence and strain for different spec-

tral angular spreads of wind waves. This provides

a simple method to interpret roughness images, de-

pending on the wave directional spread and the sensor

look direction. In section 4, results are illustrated using

a forward numerical simulation including mss varia-

tions. Conclusions and perspectives are finally drawn in

section 5.

2. Surface roughness and current deformation
types

a. Surface waves in currents

In the presence of a current, the conservation of wave

action N(x, k, t) reads as (e.g., Phillips 1984)

›N

›t
1 (cgi1 ui)

›N

›xi
5 kj

›uj

›xi

›N

›ki
1

S

v
, (1)

where cg is the group velocity, u is the current, x is the

horizontal position, k is the wavenumber, v is the in-

trinsic frequency, and S is the energy source that con-

tains input from the wind, dissipation, and wave–wave

nonlinear interactions. Repeated indices i,j 5 1 to 2 in-

dicate summation over horizontal components.

Following a relaxation approach (e.g., Keller and

Wright 1975; Hughes 1978; Alpers and Hennings 1984),

the action is written N(x, k, t)5N0(k)1 ~N(x, k, t),

where it is supposed to experience a small disturbance
~N with respect to a background valueN0 corresponding

to the state undisturbed by currents. Sources rapidly re-

store equilibrium and are represented by a linear re-

laxation S/v52 ~N/tc, where the time scale tc(k) depends

on the wavenumber. Assuming that the typical length

scale L of the current is larger than the relaxation length

scale lr 5 tcjcgj, the advection term on the left-hand side

of (1) can be ignored. In a steady state, the action

anomaly ~N due to current variations then is

~N(x, k)5 tckj

›uj

›xi

›N0

›ki
. (2)

And in polar coordinates

~N(x, k,f)5 tcN0

�
›u

›x
[cos2(f)mk 2 cos(f) sin(f)mf]

1
›u

›y
[cos(f) sin(f)mk1 cos2(f)mf]

1
›y

›x
[cos(f) sin(f)mk 2 sin2(f)mf]

1
›y

›y
[sin2(f)mk 1 cos(f) sin(f)mf]

�
,

(3)

where k and f are the wavenumber magnitude and di-

rection, where mk 5 › lnN0/› lnk and mf 5 › lnN0/›f,

and where notations x, y and u, y are used in place of x1,

x2 and u1, u2.

b. Surface roughness changes

As stated in the introduction, we suppose that the

detected variations of surface roughness directly relate

to local mss variations. From the wave action anomaly
~N, the mss anomalies are

gmsst(x)5

ð
k

ð
f
v21k ~Nk2 dkk df,

gmssx(x)5

ð
k

ð
f
v21k ~Nk2 cos2f dkkdf,

gmssy(x)5

ð
k

ð
f
v21k ~Nk2 sin2f dkkdf , (4)

where gmssx and gmssy are the x and y projection of the

total mss anomaly gmsst.
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The wavenumber interval where the integration has

to be performed is sensor dependent. For instance, at

high zenith incidence angles, SARs in the C band

are rather sensitive to scattering by waves of the order

of 0.1-m wavelength. On the contrary, sun glitters in-

volve specular reflections by waves from the whole

spectrum.

Additionally, a sensor might not be sensitive to the

total slope distributionmsst but rather to the distribution

of slopes in the azimuthal look direction of the sensor

(e.g., mssx if the sensor looks in the x direction). That

sensitivity is not well established yet fsee Kudryavtsev

et al. [2005, their (10)] for the SAR and see Kudryavtsev

et al. [2012b, their (6)] for the sun glitterg. Awaiting

further improvements, one might consider that a sensor

detects a weighted average of the total mss and the mss

projection in the look direction.

c. Current tensor decomposition

To ease the analysis, the deformation tensor ›uj/›xi is

separated in divergence D, vorticity V, strain St, and

shear Sh:

D5
›u

›x
1

›y

›y
, St 5

›u

›x
2

›y

›y
,

V5
›y

›x
2

›u

›y
, Sh5

›y

›x
1

›u

›y
, and (5)

2
6664
›u

›x

›u

›y

›y

›x

›y

›y

3
77755 1

2

�
D1 St 2V1Sh
V1 Sh D2 St

�
. (6)

That decomposition is sketched in Fig. 2.

The action anomaly in (3) is then rewritten

~N(x,k,f)5
tcN0

2
fDmk2Vmf1St[cos(2f)mk

2sin(2f)mf]1Sh[sin(2f)mk1cos(2f)mf]g.
(7)

d. Wind-wave spectral symmetry

The proposed decomposition is valid in any direction.

Yet, wind-wave spectral energy is concentrated in the

wind direction. Without loss of generality, we will as-

sume that the wind direction is aligned with the x axis.

We will also assume that the angular spread of the

wave spectrum is symmetrical about the wind direction.

The wave spectrum is then an even function of f, and

the same property is transferred to the relaxation time

tc(k, f). Note that mkN0 is even whereas mfN0 is odd.

Any integral over the wave directions f of an odd

function will cancel out in the mss response

(Kudryavtsev et al. 2005). Consequently, this results in

the following:

d The mss (any mss, i.e., mssx, mssy, or msst) response to

vortical currents (V) is zero, since mf is an odd

function of f. This physically means that mss anomaly

due to the modulation of waves traveling in the

direction f is exactly compensated by that of waves

traveling in the direction 2f.
d The mss response to sheared currents (Sh) is also zero,

since sin(2f)mk 1 cos(2f)mf is also odd.
d The mss response to divergent currents (D) is non-

zero, since mk is even.
d The mss response to strained currents (St) is nonzero,

since cos(2f)mk 2 sin(2f)mf is also even.

Vortical and sheared currents will thus not appear as

surface roughness variations. Only currents with di-

vergence or with strain in the wind direction will have

a signature on the mss.

These results are translated onto the canonical base of

the tensor [(3)] as follows: ›u/›y and ›y/›x will have no

signature in terms ofmss, while ›u/›x and ›y/›ywill have

a nonzero signature. A polarization in the wind direction

(i.e., the nonzero response to strain in that direction)

appears because the responses to ›u/›x and to ›y/›y are

generally not equal. This will be quantified in section 3a

by defining a polarization index.

e. Wind direction dependency

Divergence D and vorticity V of the currents are in-

dependent of the axis orientation. This is not the case for

the strain St and shear Sh. For a change of coordinates, if

u is the rotation to the new coordinates,3 the strain and

shear are not conserved and transform as follows:

�
S0t
S0h

�
5

�
cos2u 2sin2u

sin2u cos2u

��
St
Sh

�
. (8)

This explicitly shows that the strain in one direction

is related to shear in a direction rotated by 458. The

3 For a change of coordinates, Q5

�
cosu 2sinu
sinu cosu

�
is the u ro-

tation tensor to the new coordinates. A deformation tensor T

changes in the new coordinates to T0 5 QtTQ. The divergence

tensorD5

�
D 0
0 D

�
and the vorticity tensorV5

�
0 2V
V 0

�
of the

current are then conserved, that is, D0 5 D and V0 5 V, because

they commute with Q. On the contrary, the strain tensor St 5�
St 0
0 2St

�
and the shear tensor Sh 5

�
0 Sh
Sh 0

�
are not conserved.
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two orthogonal directions for which S0h 5 0 define the

major and minor axes of the deformation (e.g., Kundu

1990, p. 60).

To illustrate our purpose, consider an infinite front

with alongfront current [u5 0; y 5 y(x); see sketch 5 in

Fig. 2]. This current has no divergence and no strain in

the x direction, D 5 St 5 0, but has nonzero vorticity

and nonzero shear in the x direction, V5 Sh 5 ›y/›x. If

the wind blows at an angle u, the strain in the wind

direction reads S0t 52sin(2u)Sh according to (8). Such

a front will therefore not appear in roughness images

when the wind blows in the north–south or east–west

directions. But, if the wind blows obliquely (the maxi-

mum being at 458 angle), the current will have a non-

zero strain in the wind direction and will thus appear in

roughness images.

In summary, divergent currents with no strain and no

shear will appear in surface roughness images in-

dependently of the wind direction, with a roughness

anomaly independent of the wind direction (see Fig. 2).

For nondivergent currents, the relative direction of the

wind is crucial. Only currents strained in the wind di-

rection will exhibit an mss signature, while currents

strained 458 to the wind will not appear. If the wind turns

by 908, the signature of strained currents will further

change sign.

3. Toward a practical interpretation of surface
roughness variations

The analysis presented so far demonstrates that some

current deformations appear in surface roughness im-

ages. Analysis of such images in the sun glitter spot (Cox

andMunk 1954), or use of ancillary sources (e.g., models

or other satellite data), can provide additional in-

formation about the wind speed and direction. It is then

of interest what information we can extract about the

current deformation field when we combine all this

information.

a. Polarization index

In this section the wind is set again in the x direction.

Because the mss responses to ›u/›x and to ›y/›y are

generally not equal, we introduce a new parameter, the

polarization index, to quantify the relative contribution

of each current gradient. The total mss response to

current can be rewritten from (3) and (4) as

gmsst 5

�
›u

›x
1at

›v

›y

�
3

ð
k

ð
f
v21tck

3N0[cos
2(f)mk2 cos(f) sin(f)mf] dkkdf , (9)

where we define the polarization index as

at 5

ð
k

ð
f
v21tck

3N0[sin
2(f)mk1 cos(f) sin(f)mf]dkkdfð

k

ð
f
v21tck

3N0[cos
2(f)mk2 cos(f) sin(f)mf]dkkdf

. (10)

We can define similarly the polarization indexes ax and

ay for the x and y components of the mss.

Note that a combination ›u/›x 1 a›y/›y corresponds

to a divergence and strain combination in the formD1
bSt, with b 5 (1 2 a)/(1 1 a):

(i) If a ’ 1 (i.e., b ’ 0), the roughness equally adjusts

to ›u/›x and ›y/›y. The roughness patterns represent

divergence, and this is independent of the wind/

current angle. Nondivergent currents do not appear

even if they are strained in one direction. The imaging

mechanism, that is, the mechanism to detect currents

from roughness variations, is thus unpolarized.

(ii) If a� 1 (i.e., b’ 1), the roughness adjusts to ›u/›x

and is insensitive to ›y/›y. The imaging mechanism

is completely polarized in the wind direction, that

is, roughness patterns solely represent current

gradients in the wind direction ›u/›x.

(iii) If a � 1 (i.e., b ’ 21), the imaging mechanism is

completely polarized in the crosswind direction.

b. Polarization and wave angular spread

The polarization index mainly depends on the angular

spread of the wave spectrum to be dependent on the

wavenumber (e.g., Elfouhaily et al. 1997; Yurovskaya

et al. 2013). The present subsection illustrates this by

considering an idealized spectrum of background wind

sea of the form

N0(k,f)} kmk cosn(f) for 2p/2,f,p/2 ,

5 0 elsewhere, (11)

where the wavenumber exponent mk is 24.5 for a

saturation spectrum (Phillips 1958) and where the

directionality cosine exponent n takes typical values
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from around 1 for a broad spectrum (i.e., with wide-

spread directions of wave propagations) to 9 for

a narrow spectrum (i.e., with waves propagating

mainly along the wind direction).

The angular spread of the relaxation time tc has to be

prescribed. To do so we argue that, related to the growth

rate parameters, waves traveling in the wind direction

are more closely related to the local wind and adjust

quicker than waves near the crosswind direction. For

simplicity, the relaxation time is assumed to be separa-

ble, that is, tc(k, f) 5 t1(k)t2(f). By analogy with the

relaxation time of Kudryavtsev et al. [2005, their (40)]

we express

t21
2 (f)5max[2jcos(f)j cos(f), 1] . (12)

Physically, (12) means that waves have a relaxation

time independent of their direction except for waves

within 458 of the wind that have a shorter relaxation

time.

Polarization parameters ax, ay, and at (for the upwind,

crosswind, and total mss, respectively) are shown in

Fig. 3a for our idealized wave spectrum [(11–12)], as

a function of the directional spread. Prominent features

are the following:

d Very directional wave spectra (n’ 9) mainly adjust to

›u/›x, with any a (ax, ay, or at) of the order of 0.1–0.5.

This is expected as there are very few waves traveling

in the crosswind direction y in that case. On the

contrary, less directional spectra (smaller n) are more

sensitive to ›y/›y.
d The upwind mss, as expected, mainly adjusts to ›u/›x,

with ax of the order of 0.1–0.6 (thin solid line).

d The crosswind mss principally responds to ›u/›x

for narrow spectra (n ’ 9), whereas for broad spectra

(n ’ 1) it principally responds to ›y/›y.

c. Strain versus divergence signature

Written in the formD1 bSt, with b5 (12 a)/(11 a),

the polarization index gives information on the relative

mss response to strain and divergence of similar ampli-

tude. That is, a current divergence of magnitude D

(in s21) produces an mss response similar to that of

a current strain of magnitude St 5 D/b.

The polarization index b is shown in Fig. 3b from

which two important points are made:

d The magnitude of b is of the order of 0.5, which means

that the response to a current strain is smaller but has

a similar order of magnitude as that of divergence.

Quasigeostrophic surface currents have a small di-

vergence compared to strain and are therefore ex-

pected to be observed due to their strain in the wind

direction.
d Waves traveling in all directions become less steep

when currents are divergent. On the contrary, when

currents are strained in the wind direction, waves

traveling in the wind direction become less steep,

whereas waves traveling in the crosswind direction

steepen. Under certain conditions (especially for

crosswind-looking sensors), we thus expect b to be-

come negative, that is, we expect that themss response

to strain takes an opposite sign to that of the response

to divergence. As shown in Fig. 3, such conditions

occur when the wave spectrum is broad (e.g., n , 4)

for crosswind mss and when it is very broad (e.g., n ,
1) for the total mss. For upwind mss, such conditions

never occur and b is always positive.

FIG. 3. (a) Polarization index a as a function of the wave spectrum directionality (the cosine exponent n). We use the

idealized wave spectrum [(11–12)]. (b) Corresponding parameter b 5 (1 2 a)/(1 1 a).
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d. Polarization for a complete spectrum

For more realistic spectra, the energy-containing

waves are quite directional, while smaller waves tend

to be more omnidirectional (Donelan et al. 1985). In

turn, short gravity waves with parasitic capillaries

are often reported to gain directionality (Elfouhaily

et al. 1997; Kudryavtsev et al. 1999). For our purpose,

we use the background spectral form proposed by

Kudryavtsev et al. (2005) constrained by recent ob-

servations (Yurovskaya et al. 2013). The polarization

parameters a computed with this spectrum are shown in

Fig. 4a. For most wavenumbers (k . 2m21), the polar-

ization corresponds to a case of broad spectrum (n ’ 1)

in (11). The reason is that a cosh(u)22 (Donelan et al.

1985) is flatter than a cosn(u) angular distribution. The

crosswind mss response is then always dominated by

›y/›y (Fig. 4a, dashed line) and thus the imaging mech-

anism for a crosswind-looking sensor is strongly polarized

in the crosswind direction (ay . 1). On the contrary, the

imaging mechanism for an upwind-looking sensor is

solely polarized in the upwind direction (ax , 1).

e. Generation of surface roughness by breaking waves

Kudryavtsev et al. (2005) introduced an additional

source term to take into account short-scale generation

by longer breaking waves. The mechanism was shown to

help in reproducing observed large variations of mss.

Waves of intermediate scales, which are indeed experi-

encing the largest modulations in the presence of cur-

rent, can further enhance the overall roughness through

their breaking modulation.

Accounting for the effect of breaking waves on sur-

face roughness leads to polarization parameters lower

than 1 (a ’ 0.44), for both upwind and crosswind mss

(see Fig. 4b). Short waves created by larger, more di-

rectional breaking waves become indeed more sensitive

to ›u/›x. Note that polarization parameters for the up-

wind, crosswind, and total mss are then very similar for

all short waves with k . 5m21.

f. Practical summary

The typical mss response to different current de-

formations is sketched on Fig. 2. To simplify, we as-

sume that for the upwind (crosswind) mss, the imaging

mechanism is polarized in the upwind (crosswind)

direction.

Figure 2 is therefore not valid for the case corre-

sponding to section 3e (for small waves, k . 5m21; see

Fig. 4b), where for the crosswind mss the imaging

mechanism is polarized in the upwind direction. In that

case the crosswind mss would have the same response as

that of the upwind mss.

In the special case of an unpolarized imaging mecha-

nism, the responses to strain and shear would be zero.

4. Illustration

The polarization sensitivity is illustrated next with

a numerical simulation of mesoscale and submesoscale

oceanic turbulence in a beta-plane channel performed

with a primitive equation model. The simulation is

forced by an unstable westerly zonal flow. The turbu-

lence is intensified at the surface where the sub-

mesoscale dynamics are active and the spectrum of

horizontal kinetic energy is shallow (slope in (2p/L)22).

The averaged horizontal kinetic energy is about 10 cms21

at the surface. The horizontal resolution of the model is

FIG. 4. Polarization index a as a function of the wavenumber k. We use a complete spectral shape of the wind sea as

described in Kudryavtsev et al. (2005). Wind is set to 6m s21. (a) The creation of short waves by longer breaking

waves is discarded, that is, we omit the term Qwb in Kudryavtsev et al. [2005, their (16)]. (b) Full model.
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2 km, and the vertical resolution is about 3m near the

surface. More details can be found in Klein et al. (2008).

Surface currents are shown in Fig. 5a.

The forward simulation of the mss variations uses the

model of Kudryavtsev et al. (2005) and includes wave

propagation [left-hand side of (1)]. The horizontal res-

olution of the wave model is also 2 km. The wind is

westerly 6m s21, and background waves are supposed

fully developed. We consider here the mss produced by

waves in the wavenumber range 5 , k , 28m21.

The resulting upwind mss is shown in Fig. 5b. The

current convergence (52D) is shown in Fig. 5c. It is not

correlated to the upwind mss (corr ’ 20.08). The av-

erage value of the polarization parameter ax in this

range of short waves is 0.44 (Fig. 4b, thin solid line),

which corresponds to bx 5 0.39. The field 2›u/›x 2
0.44›y/›y is shown in Fig. 5d. As can be visually checked,

it is correlated with the upwind mss (corr ’ 0.56). The

latter correlation is not perfect, but improves when the

long-wave propagation is omitted (corr . 0.9). This re-

sult validates the decomposition of the right-hand side of

(1) with our polarization parameter.

Yet, even without propagation effects, the correla-

tion between upwind mss and convergence remains

very low (corr ’ 0.2). The upwind mss anomaly gmssx
can thus be considered as a good tracer of ›u/›x 1
0.44›y/›y. This field corresponds to D 1 0.39St. In this

submesoscale turbulence simulation, strain is roughly 3

to 4 times larger than divergence. Strain and di-

vergence thus make equivalent contributions to the

upwind mss anomaly and cannot be distinguished from

a single image.

One can exploit properties of oceanic turbulence in

order to advance further. Namely, the magnitude of

divergence compared to that of strain varies with

the horizontal scale L. In Fig. 6, we show the energy

spectra of D and of 0.39St. Strain contribution is larger

at scales L . 25 km, whereas divergence contribution

is larger at scalesL, 25 km. For this particular oceanic

turbulence, the upwind mss variations shall pro-

vide a reasonable source of information related to the

divergence at high resolution (L , 25 km) and to

the strain in the wind direction at larger scales (L .
25 km).

FIG. 5. (a) Surface current field of a numerical experiment of submesoscale turbulence. (b)Upwindmss response to

those currents, simulated with the model of Kudryavtsev et al. (2005). The wind is westerly 6m s21 and background

waves are supposed fully developed. (c) Surface current divergence. (d) ›u/›x 1 a›u/›y with a 5 0.44.
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5. Conclusions

Surface wind waves interact with ocean currents to

reveal specific deformation properties of surface cur-

rents. Considering surface roughness images, we limited

our discussion to variations of wave mean square slope

(mss). We ignored other mechanisms that potentially

affect surface roughness, such as surfactants and atmo-

spheric boundary layer modifications. Under a classical

relaxation approach, the surface current gradient per-

turbs the background equilibrium sea state. We focused

on waves of short and intermediate scales, where the

propagation can be neglected compared to the current

length scale.We also supposed that the wave spectrum is

symmetrical about the wind direction.

Accordingly, the mss is modified by the along-wind

current gradient ›u/›x or by the crosswind current gra-

dient ›y/›y. The other terms of the deformation field,

›u/›y and ›y/›x, have no impact on the mss. This shows

that currents with pure vorticity or with pure shear in the

wind direction will not appear in roughness images.

The mss responses to ›u/›x and to ›y/›y are not equal

in general, and their ratio defined a polarization pa-

rameter a. If a 6¼ 1, the imaging mechanism is called

‘‘polarized’’ in the sense that current detection depends

on the relative direction between the wind and the

current feature.

A convenient way to look at the imaging mechanism

when polarized is through divergence and strain of the

current. Divergent currents appear in any wind di-

rection. On the contrary, only currents strained in the

wind direction exhibit an mss variation, while currents

strained 458 to the wind do not appear. As such, the wind

direction must be taken into account.

Additionally, the polarization parameter depends on

whether the observation geometry favors upwind or

crosswind components of themss.Divergent (convergent)

currents shall always appear as negative (positive) mss

anomalies, while currents strained in the wind direction

shall be sensor look (upwind or crosswind) dependent.

This latter aspect further depends upon the directional

spread of short wind waves and the interactions between

short waves and longer breaking waves.

Thus, a very useful application of surface roughness

images shall be to help diagnose upper-ocean vertical

velocities due to submesoscale turbulence. As discussed,

inversion of a single roughness image to obtain current

divergence is certainly not straightforward. Especially

when the imaging mechanism is polarized, the signature

of the strain can be comparable in magnitude (around

30%) to that of divergence of similar amplitude. Yet,

when using observations with very high resolution, the

analysis can concentrate on horizontal scales for which

divergence makes the dominant contribution. For larger

scales, additional observations are needed to assess and

possibly remove the strain signatures. The present

analysis suggests the potential use of multiple observa-

tions with different azimuthal look angles of the sensor

(for conditions and sensors for which the crosswind mss

imaging is polarized in the crosswind direction) or

multiple delayed observations with 458 or 908 different
wind directions. The use of multiple look directions or

possible acquisition with different wind directions can

then help to retrieve surface currents from surface

roughness observations.

Nevertheless, if individual images of surface rough-

ness are to be used to characterize turbulence regimes in

the upper ocean, a suitable diagnostic variable related to

the wind direction, that is, ›u/›x 1 a›y/›y including the

polarization parameter a, shall be used rather than the

isotropic current divergence ›u/›x 1 ›y/›y.

Finally, in the perspective of future wide swath radar

altimetry (e.g., the SWOTmission) for which the sensor

physics is principally dominated by the mss strength,

unique opportunities shall be offered to combine high-

resolution (1 km) detected surface roughness changes

with sea surface elevation measurements at about 5-km

resolution.
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