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Theoretical Study on Two-Dimensional Gaussian
Rough Sea Surface Emission and Reflection in the

Infrared Frequencies with Shadowing Effect
Christophe Bourlier, Gérard Berginc, and Joseph Saillard

Abstract—The emission and reflection properties of a two-di-
mensional (2-D) Gaussian rough sea surface are investigated. The
emissivity and reflectivity study is of importance for accurate
measurement of the temperature distribution of a wind-roughened
water surface by infrared thermal imaging. The radius of curva-
ture of the capillary waves being much larger than the wavelength
involves the fact that our statistical model is based on the first
order geometrical-optics method. In this paper, the first order
geometrical optics approximation is considered because the higher
order approximations can be neglected compared to the first order
approximations. Indeed the total reflected electromagnetic field is
damped by the multiple reflections on the surface. We introduce
the 2-D shadowing function, and the observed surface length in
the azimuthal direction with respect to the wind direction. Our
emissivity and reflectivity model is obtained from recent works
[1]–[3]. In order to use the 1-D (1-D) shadowing function [1], [2],
assume that the average slope of the surface is smaller than unity.
Assuming an infinite observed surface length as [1]–[3] determines
only the emissivity with the 2-D shadowing function. Applying
our emissivity and reflectivity model, the relation determining the
apparent ocean surface temperature is given, in the considered
wavelength band, according to the following parameters: wind
speed, wavelength, polarization, intrinsic surface temperature,
atmospheric transmission coefficient as evaluated by the Taylor
and Larmor model [4], receiver location, and the camera field of
view.

Index Terms—Infrared remote sensing, ocean emissivity, reflec-
tivity, rough surface, shadowing function.

I. INTRODUCTION

REMOTE sensing of the Earth’s environment by passive in-
frared sensing systems is important because it provides a

tool in the study of weather forecasting, weather modification,
pollution studies, and storm warning. These studies need a col-
lection of environmental data over wide range of space within
a limited time. In this paper, we discuss remote sensing of geo-
physical data in the ocean environment and the problems asso-
ciated with passive infrared systems. In passive infrared equip-
ment, the observing camera simply receives the natural radia-
tion from the environment, such as the radiation from gas and
aerosol, the radiation from the earth and the sun, and the ra-
diation reflected by the earth. An example is thermal camera
techniques. In an active system, the signal is sent out from the
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transmitter, interacts with the target or the clutter, and after the
interaction this signal is observed and measured. Examples of
active systems are lidar and radar.

Thermal emissions in the infrared bands can be used to probe
the sea surface parameters: wave height and direction, surface
temperature, foam distribution, and sea state. Passive thermal
imaging of the ocean surface is currently measured from an
aerial platform. If the platform is located near the sea surface, it
becomes difficult to directly obtain the intrinsic radiation of the
sea surface due to the fact that for grazing angles, the emissivity
is of the same order as the hemispherical reflectivity. Therefore,
we have to take into account the reflected sky background. In
this case, it is interesting to compute the emissivity and reflec-
tivity in order to determine the intrinsic sea-surface temperature
from the emissivity knowledge by substracting the reflected sky
background flux. In the case of high altitude observation, the ob-
served zone may be considered infinite compared to the correla-
tion length of the rough sea surface. For lower altitudes hundreds
of meters to thousands of meters, the observed surface may be-
come finite comparatively to the correlation length.

Contrary to the scattering problem in the microwave band,
the first order geometrical-optics approximation can be used
because the curvature radius of the capillary wave is much
larger than the infrared wavelength. For microwave frequen-
cies the emissivity is obtained by integrating the scattering
coefficient over the half-space [5], where the scattering coef-
ficient may be computed from the small perturbation method
[5], [6]. Since shadowing effect is included, the multiple re-
flection can be neglected due to the fact that both phenomena
are antagonist versus the incidence angle. Indeed, for grazing
angles, the reflection number increases, whereas the illumi-
nated surface decreases. We will verify this from simulations.
In the microwave frequency band, the sea emissivity is lower
than in infrared band, and the reflection coefficient on the sea
surface is greater than for infrared wavelength [6], [7]. Con-
sequently, the multiple reflection is noticeably larger in the
microwave band.

In this paper, the theoretical study of the two-dimensional
(2-D) rough sea surface emissivity and reflectivity is investi-
gated in the infrared band in order to determine the apparent
temperature of the sea surface. Our model is based on recent
works [1]–[3]. Unlike [1], [2], the introduction of the 2-D shad-
owing function allows computation of the emissivity and reflec-
tivity thoroughly, without the use of assumptions on the slope
behaviors in the wind and crosswind directions. Assume an infi-
nite observation length, as [1]–[3] computes only the emissivity
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with the 2-D shadowing function. This paper quantified the size
effect of the observed surface. In several articles, the emissivity
have been modeled, but the sea surface is considered 1-D (1-D)
[7]–[11], which involves that the wind direction not being intro-
duced. Moreover, the shadowing effect is ignored.

Section II presents an extension of Smith’s monostatic and
bistatic 2-D shadowing functions [12] obtained from Smith’s
1-D shadowing function [13], [14] by including the effect of the
observation length. Smith’s approach [14] is chosen because it
is more accurate than Wagner’s [15], as noted in [12]. In [12]
the correlation between the slopes and the heights have been in-
vestigated on the average 2-D monostatic shadowing function.
Since the difference between the correlated and uncorrelated re-
sults is small, the uncorrelated shadowing function is used. This
allows to have a shadowing function simpler. For 2-D Gaussian
surfaces, the monostatic shadowing function depends on the in-
cidence angle on the slope variances in the wind and crosswind
directions on the azimuthal directionaccording to the wind di-
rection and on the new parameter, which is the normalized ob-
servation length to the length correlation with respect to. In
the bistatic 2-D case, the shadowing function is expressed from

, which denote the incidence angles,
the azimuthal directions according to the wind direction, and the
normalized observation length with respect toof the trans-
mitter and the receiver, respectively.

In Section III from the results of article [1]–[3], the 2-D emis-
sivity, which is a monostatic magnitude and the reflectivity,
which is a bistatic magnitude, are computed and simulated for
a rough sea surface. According to the two-scale model [5], the
capillary waves give the slope behavior provided by the Cox and
Munk model [16], whereas the gravity waves are characterized
by the height spatial autocorrelation function [17], giving the
correlation length. Section IV presents the sea surface apparent
temperature (SST) obtained from a radiative transfer method.

II. SHADOWING FUNCTIONS

The roughness of the sea surface involves that for grazing an-
gles, a part of the sea surface is hidden. With the aim of quantify
this phenomenon, the shadowing function is computed for the
1-D and 2-D stochastic surfaces, and in the monostatic (receiver
and transmitter located as the same place) and the bistatic (dis-
tinct receiver and transmitter) cases. Theories of the analytical
1-D shadowing function have began with Bekman [18], Smith
[13], [14] and Wagner [15], which are particular cases of Ric-
ciardi–Sato’s works [19], [20]. Indeed, Wagner’s formulation
retains only the first term of the Ricciardi–Sato’s series, whereas
Smith considers Wagner’s approach by introducing a normaliza-
tion function. Moreover the effect of the correlation is ignored,
and the observation length is assumed to be infinite. Bourlier
[12] explains in detail these different approaches and notes that
Smith’s results are better than Wagner’s. Since the set of these
approaches assumes an infinite surface, this section presents the
monostatic and the bistatic 2-D shadowing functions [12] for a
given observation length obtained from Smith’s [13], [14] 1-D
modeling.

A. 1-D Monostatic Shadowing Function

The Smith monostatic shadowing function equal to the
ratio of illuminated surface to the entire surface, is given by [13,
(10)]

(1)

with the incidence angle , the observation length ,
the slope of incident ray, and, a point of the surface of height

, and slope . is the unit step function defined as

if

else.
(1a)

Contrary to article [13], a finite observation length is con-
sidered. For an uncorrelated Gaussian process the Smith func-
tion becomes [13]

(2)

with

(2a)

and

(2b)

with the surface height and slope standard deviations,
respectively. Substituting (2) into (1), the integration overgives

(3)
whereerfcdenotes the complementary error function. When the
observation length is infinite, (3) becomes [13, (22)]. For a
Gaussian process, the average 1-D monostatic shadowing func-
tion over the heights and the slopes is expressed as

(4)

and we show by using the variable transformation
that

(5)
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Fig. 1. One-dimensional (1-D) monostatic shadowing function versusv.

with

(5a)

where is the normalized observation length with respect to
the length . For an infinite observation length, [13, (24)] is
obtained.

As depicted in Fig. 1, for normal angles (tends to 2) and
for any , the shadowing function converges to one due to the
fact that the surface is entirely illuminated. For grazing angles (
tends to 0), the shadowing function becomes equal to zero when

, whereas it is not equal to zero whenis small. For
example, with { 80 ; 0.4}, 0.2 [(2b)], and
{0.3, 0.33, 0.50} for { , 5, 1}, respectively. The reflec-
tivity requires the knowledge of the bistatic shadowing function.

B. 1-D Bistatic Shadowing Function

For a stochastic process, the bistatic shadowing function rep-
resents the probability that the incident ( 0)
and reflected ( 0) rays of incidence angles , respec-
tively, are not crossed by the surface, knowing that they cross
each other at the point located on the surface with height
and slope . For a given observation length, Wagner’s formu-
lation [15] leads to the following three cases:

for

for

for

(6)

with 0. Equation (6) indicates that the bistatic configu-
ration is similar to two independent monostatic configurations.
Using (3), the first case of (6) is written as

(7)

with . Since the emitter is
defined for 0, the sign of in is positive, and

(7a)

Substituting (7) into (4) and making the variable transforma-
tion , the average bistatic shadowing function

over the heights and the slopes is expressed as

(8)
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are given by (7a) and (2a). The cases (a) and (b) being
monostatics, we finally obtain

for

for

for

(9)

with given by (5). When the observation length is infinite,
(9) becomes [12, 2.34].

Fig. 2 represents as a function of for
{5, } and {0.5, 1.5}. We observe that the shadowing
function increases with and decreases with . As
in the monostatic case, the effect of the observation length is
important for grazing angles corresponding toor . Since
the surface is 2-D, the monostatic and bistatic 2-D shadowing
functions have to be determined for calculating the emissivity
and reflectivity, respectively.

C. Two-Dimensional (2-D) Shadowing Function

We have seen that the 1-D monostatic shadowing function de-
pends on the incidence angle, the slope standard deviation,
and the normalized observation length. In the 2-D case, the
azimuthal direction must be introduced according to the wind
direction (Fig. 3). Bourlieret al. [12] show that the 2-D shad-
owing function is obtained from that defined in the 1-D case by
substituting in (2b) for the monostatic case, the surface slope
variance by the surface slope variance expressed in the
(0 ) direction characterized by the azimuthal direction. For
the bistatic case in (7a), is substituted by defined ac-
cording to the azimuthal directions of the transmitter
and receiver. We have

(10)

with

(11)

where are the surface slope variances in the wind (0)
and crosswind (0) directions, respectively. This involves, from
(5a), that the length in the monostatic case becomes

(12)

and in the bistatic configuration is

(13)

Fig. 4 depicts the 2-D monostatic shadowing function as a
function of the azimuthal direction according to the wind di-
rection for different incidence angles {75, 80, 85, 88, 89}
and with a normalized observation length {5, infinite}.
The slope variances are obtained from the Cox and
Munk model [16]

(14)

Fig. 2. Two-dimensional (2-D) bistatic shadowing function versusv .

Fig. 3. Definition of the two-dimensional (2-D) monostatic shadowing
function.

with a wind speed defined at 12.5 m above the sea equal
to 10.3 m/s. We observe in Fig. 4 that the shadowing function
varies slightly with the direction and decreases with the in-
cidence angle . Since the normalized observation length de-
creases, the illuminated surface increases for grazing angles.

Fig. 5 plots the 2-D shadowing function of an infinite surface
( ) with respect to the incidence anglewith

{0, 45, 90} , {75, 80, 85} , and 10.3 m/s.

III. EMISSIVITY AND REFLECTIVITY

The emissivity is a pertinent parameter for evaluating the sea
surface temperature (SST). In most SST retrieval algorithms, the
sea surface emissivity has been assumed, explicitly or implic-
itly, to be a constant (e.g., 0.98). This assumption is verified for
normal incidence angles smaller than 30and it may be used for
a camera located on a satellite platform. But for infrared systems
at low altitude, i.e., for angles greater than 60, the emissivity
depends on the incidence angleand on the azimuthal direc-
tion according to the wind direction. Moreover, the reflected
radiation by the surface is of the same order as the one radiated
by the surface, which involves that the reflectivity also must be
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Fig. 4. Two-dimensional (2-D) monostatic shadowing function with respect to the azimuthal direction� according to the wind direction.

Fig. 5. Two-dimensional (2-D) monostatic shadowing function with respect to the incidence angle� with � = � = � for an infinite surface.

determined, in order to substract this signal, for computing the
infrared intrinsic radiation from the sea surface.

Emissivity models developed by Watts–Allen–Nightin-
gale [7], Masuda–Takashima–Takayama [8], Saunders [9],
Wu–Smith [10], Zeisse–McGrath–Littfin [11] neglect the de-
pendence of the direction, and the shadowing effect is ignored.
Our model is based on the works of Yoshimori–Itoh–Ichioka
[2] and Bourlieret al. [3]. Unlike [2], in the introduction of the
2-D shadowing function, no assumption is made on the slopes
variances. Indeed, in order to use the 1-D shadowing function,

Yoshimori [2] neglects the cross-wind slope in comparison
with 1 , with the wind slope, and assumes that the
observed surface is infinite. Bourlier [3] includes only the 2-D
shadowing function of the emissivity determination, assuming
that the observed surface is infinite.

The two-scale model is commonly used for representing the
sea surface [5]. The small scale gives the capillary waves be-
havior, whereas the large scale corresponds to the gravity waves.
The ocean surface is obtained from the superposition of these
two scales. The capillary waves have a radius of curvature
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on the order of millimeters, which is much larger than the wave-
length in the visible and infrared range. This involves that each
facet can be regarded as flat with respect to the radiation, and
the interaction of the sea surface with light can be treated with
geometric optics. For example, in the 1-D case, the mathemat-
ical criteria is expressed as [10]

(15)

and for a Gaussian autocorrelation function, the radius of cur-
vature [5] is

(16)

Consequently, for a slope standard deviationlower than
unity and for a height standard deviation larger than a mil-
limeter, the criteria (15) is valid in the infrared band.

A. Emissivity

From the approach developed by Yoshimori [1], [2], Bourlier
[3] showed that the 2-D emissivity with respect to the wind di-
rection with a Gaussian process and for an infinite observation
length is expressed as

(17)

with

(17a)

where are the slopes of the surface in the () and
orthogonal ( ) directions. are given by (11). are
Fresnel’s coefficients either in vertical polarization(electro-
magnetic field parallel to the incidence plane) or in horizontal
polarization (electromagnetic field orthogonal to the incidence
plane) given by

with (18)

where is the refractive index of the sea water, anddenotes
the refraction angle given by Snell–Descartes’s law. The air re-
fractive index is assumed to be equal to one. denotes the
2-D monostatic shadowing function integrated over the height

. Contrary to [3], a finite observation length is considered,
and we have shown that

(19)

As the integration over is not computed, the term 1
is replaced by in (5). The substitu-

tion of (19) into (17) leads to

(20)

Therefore, the calculation of average emissivity requires two
linked integrations over the and an independent in-
tegration over the height . For an infinite observation length

, (20) becomes [3, (3.21)].

B. Mathematical Development of the Reflectivity

Let be a point of the surface defining the origin of Cartesian
coordinates ( ) (Fig. 6), the unitary vector in the direc-
tion , the unitary vector normal to the facet, and the
unitary vectors of observation directions of the transmitter and
receiver, respectively. These vectors in polar coordinates are de-
fined as

(21)

where
surface slopes in the wind and crosswind direc-
tions;
incidence angles of the transmitter and receiver,
respectively;
azimuthal directions according to the wind direc-
tion ( ).

The reflectivity for a Gaussian surface is expressed as [2]

(22)

where is given by

(22a)
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are (18) Fresnel’s coefficients, is the 2-D bistatic shad-
owing function integrated over the height, is the Dirac dis-
tribution, and . Contrary to the determination of
the emissivity, the integrations over the slopes are not
required due to the fact that there is a uniqueness of
that gives the specular direction when in the
double integrations (22). We propose to find this set. The spec-
ular reflection is expressed as

(23)

with

(23a)
Hence

(23b)

Substituting (23a) and (23b) into (21), the angles
are

(24)
The integral (22) is not equal to zero when
, we have to calculate the values of which veri-

fied (24), i.e., to resolve the equations system of two variables
, and we show that the component verifies the so-

lution of the following equation of second degree

(25)

with

(25a)

where the solutions are

(26)

Substituting (26) into (24), the slope in the cross-wind direc-
tion is given by

(27)

Fig. 6. Reflectivity of a facet.

For a plane, i.e., , the specular reflection is
obtained from and , which involves

(28)

with

(28a)

Hence, integral (22) is written as

(29)

where and are obtained by substituting (28) into (23a) and
(22a)

(29a)
is the Jacobian introduced by the variable transformations

equal to

(29b)

The reflectivity depends then on , , , , , and
. We have proved that the 2-D bistatic shadowing functions

integrated over the height is

for

for

for

(30)
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Fig. 7. Average emissivity on� 2 [3;5] �m and� 2 [8;12] �m versus the azimuthal direction� according to the wind direction and the incidence angle� in
V and H polarizations withu = 10.3 m/s for an infinite surface.

with

erfc

erfc

erfc

erfc

if

else

(30a)

erfc

erfc

if

else

(30b)

erfc

erfc

if

else

(30c)

TABLE I

where are given by (7a) with (10), and
defined from (13), which are the normalized ob-

servation lengths in the azimuthal directions, respec-
tively. Since the integration over the slopes is not calculated, the
termserfc in (9) are replaced by the conditions in
corresponding to the , ,

functions, respectively. denotes
the surface slopes defined in the transmitter ( ) and receiver
( ) directions (Fig. 6)

(31)

C. Simulations

In this paragraph, the emissivity and the reflectivity of a 2-D
sea surface is simulated. They depend on Fresnel’s coefficients



BOURLIER et al.: THEORETICAL STUDY ON ROUGH SEA SURFACE EMISSION 387

Fig. 8. Normalized reflectivity by Max(w ) versus the azimuthal direction� according to the wind direction and the incidence angle� in V and H polarizations
with u = 10.3 m/s,� = 4 �m, and for an infinite surface.

(18), defined from the sea indexgiven by Hale and Querry [21]
for a temperature equal to 25C. The wavelength is in the in-
frared band and near-infrared band at about 0.7 to 100m. The
attenuation of infrared radiation is frequency and temperature
dependent. A number of so-called windows exist in the prac-
tical range of infrared radiation frequencies. In these windows,
the transmittance of the infrared radiation is high. The windows
of practical interest for the infrared optronic systems are at 8 to
13 m, the 3 to 5 m window, and the near-infrared window is
0.7 to 2 m. Between these windows, we find absorption bands
mainly due to the presence of water vapor and carbon dioxide.
In this paper, we do not study the near infrared band.

In Fig. 7, the average emissivity integrated over [3; 5] m
and [8; 12] m with an integration step equal to 0.2m (this
step is sufficient because the sea refraction index varies weakly
with the wavelength) is plotted versus the incidence angleand
the azimuthal direction according to the wind direction in
and polarizations with 10.3 m/s and an infinite surface.
We see that the emissivity is larger inpolarization, decreases
with the incidence angle and the direction, but varies weakly
with . For incidence angles smaller than 30, the emissivity is
equal to a constant, and it is given approximately by the emis-
sivity of a plane with 0

(32)

and [3; 5] 0.97, [8; 12] 0.99. We also observe a
slight enhancement of the emissivity to near Brewster’s angle

defined for 53 in polarization. As shown
in Table I, the variation of the emissivity is less important
with the wind speed and in polarization.

In Fig. 8, the normalized reflectivity with the maximum at
is represented with respect to the azimuthal directionand the
incidence angle in and polarizations, with 10.3
m/s and 4 m for an infinite surface. We observe that the
reflectivity is maximum around the specular direction given by

, and the maximum increases with the
incidence angle with a diminution of lobe width. Since the
values of the reflectivity are much smaller than the unity, the
multiple reflections are negligible.

In Fig. 9, the average hemispherical reflectivity on [3; 5]
m and [8; 12] m is plotted as functions of the azimuthal

direction according to the wind direction and the incidence
angle in and polarizations with the same conditions as
Fig. 7. It is obtained by integrating the reflectivity over the half-
space

(33)

Contrary to the emissivity, the hemispherical emissivity in-
creases with the incidence angle. In fact, these two magnitudes
are antagonists, and we have approximately the relationship
1 . Consequently, for grazing angles, the atmospheric ra-
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Fig. 9. Average hemispherical reflectivity on� 2 [3;5] �m and� 2 [8;12]�m versus the azimuthal direction� according to the wind direction and the incidence
angle� in V and H polarizations withu = 10.3 m/s for an infinite surface.

Fig. 10. Determination of the observed surface lengthL .

diation reflected from the sea surface may be affected by the in-
trinsic radiation of the surface.

Fig. 10 shows that the observation length indirection is
written as

(34)

where is the height of the camera of field of view , which
is of the order mrad. From two-scale model [5], the parameter

(12) is computed by using a gravity wave charac-
terized by the 2-D spatial autocorrelation function of
the heights modeled as [17, (1.45)]. Hence

(35)

where is the wind speed at 10 m above the sea. Unlike
[1], [2], the parameter [(2b) with ] is determined from
(14) Cox and Munk capillary model, whereas they use the JON-
SWAP gravity spectrum. Substituting (35) and (34) into (12),
and using (2b) with , we obtain

(36)

The product is minimum when 45 and becomes
infinite when {0, 90} . For a wind speed 10 m/s and

200 m, we have 17.2 m, {0 , 90 }) {8.9,
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Fig. 11. Unpolarized emissivity and hemispherical reflectivity for� = {0, 90}� versus the incidence angle� with H = {200, 500, 1000, infinite} m,� = 4�m
and�� = 1 mrad.

13.2\}m, 0.2m,and \{0 ,90 }) {0.16,
0.13}/ (2 ).

Fig. 11 represents the unpolarized emissivity (
versus the incidence angle, with \{0 , 90 }, \{200,
500, 1000, } m, 4 m, and 1 mrad. We see that
a diminution of the height , involves an enhancement of the
emissivity around 80 , due to the fact that the shadowing
function is larger, but the emissivity remains a decreasing func-
tion of the incidence angle. Above 1000 m, the emissivity
becomes equal to the emissivity of an infinite surface for any
. Consequently, the effect of the observation length is notable

for grazing angles and at low altitude. Of course, if the field
of view increases, the limit height where the effect of the
observation length is negligible also increases. Fig. 11 also de-
picts the hemispherical reflectivity in the same conditions as
previous. To note that in the 2-D bistatic case, becomes

according to the transmitter and the receiver
by replacing , and in (36),
respectively.

IV. SEA SURFACE APPARENTTEMPERATURE

The radiation incident upon the infrared camera from any
specify direction may contain components originating from

several different sources (specifically, self-emitted radiation
from the surface quantified by the emissivity, self-emitted
upward radiation from the atmosphere characterized by the
atmospheric transmission coefficient, and downward-emitted
atmospheric radiation that is reflected by the surface in the
direction of the camera, quantified by the hemispherical
reflectivity). Consequently, the surface intrinsic radiation
is modified by the presence of the atmosphere. In this
calculation, we assume there is no sun reflection on the
sea. The optronic imaging is measured by the camera at
night. In the previous paragraph, we have shown that the
emissivity is much larger than the hemispherical reflectivity
for normal incidence angles, but they become of the same
order for incidence angles larger than 60. This paragraph
compares the intrinsic sea surface apparent temperature with
the one measured by the camera corresponding to the total
radiation. Including the atmospheric radiation, the brightness

received by the camera obtained from the radiative
transfer method is

(37)
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Fig. 12. Intrinsic and total surface average apparent temperatures on� 2 [3;5] �m and� 2 [8;12] �m versus the azimuthal direction� according to the wind
direction and the incidence angle� in V and H polarizations withu = 10.3 m/s for an infinite surface.

with the atmospheric coefficient transmission,the sea sur-
face emissivity given by (20), the hemispherical emis-
sivity determined by (29), the surface and atmo-
spheric temperatures, respectively, and the blackbody
radiation given by Planck’s law at a wavelengthand at a tem-
perature . The first term of (37) corresponds to the surface in-
trinsic radiation, and the second term is the radiation provided
by the atmosphere composed of the reflected radiation and the

intrinsic radiation. The surface apparent temperature is
given by [3, (3.23a)]

W.m
m.K

(38)
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Since the emissivity is smaller than unity (for a blackbody it is
equal to one) the surface apparent temperature is always
smaller than the surface temperature. In microwaves regions,

is much smaller than unity, which involves
being a linear function of the emissivity. The sea surface

apparent intrinsic temperature within the atmosphere, and
the total atmospheric apparent temperature are calculated
from (38), with and

, respectively. (37) becomes

(39)

Applying (38), we show that the apparent temperature
measured by the camera is

(40)

Fig. 12 represents the intrinsic and total surface
average apparent temperatures on [3; 5] m and [8;
12] m, with an integration step equal to 0.2m, versus the
azimuthal direction and the incidence angle, in and
polarizations with 10.3 m/s for an infinite surface. The
atmospheric transmission coefficient along the path
of length is evaluated by the Taylor and Larmor
model [4] with the following meteorological conditions: visi-
bility distance equal to 10 km, humidity of the atmosphere equal
to 60%, 25 C, 20 C, 200 m. The temper-
ature and the humidity atmosphere are assumed to be uniform,
the atmospheric transmission coefficient is assumed to be inde-
pendent of the incidence angleand the direction , but it is a
function of the wavelength and the distance. We can evaluate
atmospheric transmission coefficient with Modtran code [22].
As depicted in Fig. 12, the surface intrinsic apparent tempera-
ture decreases with the incidence angle and varies very weakly
with the direction . In general, the variations of the apparent
temperature is larger in polarization and in the atmospheric
transparence window [8; 12] m. We see that the atmo-
spheric radiation modified the intrinsic radiation under grazing
incidence angles due to the fact that the hemispherical reflec-
tivity is important and that for normal incidence angles the in-
trinsic radiation remains affected by the atmospheric radiation.

V. DISCUSSION ANDCONCLUSION

We have developed a method for correcting the SST by rig-
orously including the surface emissivity and reflectivity. The
method is based on Yoshimori [2] and Bourlier [3] works. Con-
trary to Yoshimori, our emissivity and reflectivity models use
the monostatic and bistatic 2-D shadowing functions instead of
those obtained in the 1-D case. In addition, the effect of the ob-
servation length is introduced contrary to [3], which determines
the 2-D emissivity for an infinite observation length.

The model is valid for a stochastic 2-D surface, which has a
mean curvature radius much larger than the wavelength, which
allows the application of the geometrical-optics approximation.

From a two-scale model, the simulations show that the sea
emissivity and the sea hemispherical reflectivity decrease with
observation length due to the fact that the illuminated surface
ratio also decreases. For the emissivity, an enhancement was
observed up to an incidence angle equal to 84. In fact, if the
observation length becomes very small, then this augmentation
is larger than the unity, which has no practical meaning.
The observation length becomes smaller than the correlation
length of the stochastic process. Therefore, the statistics of the
stochastic process are not included completely, which means
that the surface is described statistically with less accuracy.
We note a similar behavior with Wagner’s shadowing function.
Another explanation is that the Smith and Wagner approaches
assumed that the correlation between the slopes and the heights
is null, involving that for an infinite observation length, there is
an overestimation of the shadowing function [12]. For a finite
surface, this overestimation may become more important.

The simulations show that the hemispherical reflectivity
and emissivity are antagonistic and their sum is approximately
equal to one, similar to the relation provided by a plane. So
for normal incidence angles, the emissivity is much larger than
the hemispherical reflectivity, which involves the atmospheric
radiation reflected by the sea surface being negligible to
the sea surface intrinsic radiation (which is proportional to
the emissivity). This method may be applied on the satellite
systems located at high altitude. Unlike for incidence angles
larger than 60 corresponding to observation platforms located
at low altitude, the hemispherical reflectivity becomes signif-
icant, implying that the radiation reflected by the sea surface
must be taken into account with the atmospheric radiation for
determining the total SST measured by the infrared camera.

The radiative transfer method allows us to calculate the total
STT composed of two terms. The first term gives the sea sur-
face intrinsic radiation obtained from the emissivity. The second
term corresponds to the atmospheric radiation quantified by the
atmospheric transmission coefficient and the one reflected by
the sea surface, characterized by the hemispherical reflectivity.
For given meteorological conditions, the atmospheric transmis-
sion coefficient is evaluated from the Taylor and Larmor model
[4]. We have simulated the total SST and compared it with the
intrinsic STT according to the polarization, the wind direction,
the incidence angle, and for two atmospheric transparence win-
dows. Other contributions can be added to this model such as
sun reflection by the sea, cloud self-emission, etc.
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