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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- transmitter, interacts with the target or the clutter, and after the

mensional (2-D) Gaussian rough sea surface are investigated. Thejnteraction this signal is observed and measured. Examples of
emissivity and reflectivity study is of importance for accurate active systems are lidar and radar.

measurement of the temperature distribution of a wind-roughened Th | emissi in the inf d band b dt b
water surface by infrared thermal imaging. The radius of curva- ermal emissions in the intrared bands can be used to probe

ture of the capillary waves being much larger than the wavelength the sea surface parameters: wave height and direction, surface
involves the fact that our statistical model is based on the first temperature, foam distribution, and sea state. Passive thermal
order geometrical-optics method. In this paper, the first order imaging of the ocean surface is currently measured from an
geometrical optics approximation is considered because the higher 5o ia| platform. If the platform is located near the sea surface, it

order approximations can be neglected compared to the first order e : . o .
approximations. Indeed the total reflected electromagnetic field is becomes difficult to directly obtain the intrinsic radiation of the

damped by the multiple reflections on the surface. We introduce S€a surface due to the fact that for grazing angles, the emissivity
the 2-D shadowing function, and the observed surface length in is of the same order as the hemispherical reflectivity. Therefore,
the azimuthal direction with respect to the wind direction. Our e have to take into account the reflected sky background. In
emissivity and reflectivity model is obtained from recent works this case, it is interesting to compute the emissivity and reflec-

[11-[3]. In order to use the 1-D (1-D) shadowing function [1], [2], tivity i der to det ine the intrinsi f t ¢
assume that the average slope of the surface is smaller than unity. Ivity In order to determine the INtrnsic sea-surtace temperature

Assuming an infinite observed surface length as [1]-[3] determines from the emissivity knowledge by substracting the reflected sky
only the emissivity with the 2-D shadowing function. Applying background flux. Inthe case of high altitude observation, the ob-
our emissivity and reflectivity model, the relation determining the  served zone may be considered infinite compared to the correla-
apparent ocean surface temperature is given, in the considered i, |angth of the rough sea surface. For lower altitudes hundreds

wavelength band, according to the following parameters: wind f meters to th ds of met the ob d f b
speed, wavelength, polarization, intrinsic surface temperature, oI meters 1o thousands of meters, the observed sunace may be-

atmospheric transmission coefficient as evaluated by the Taylor COMe finite comparatively to the correlation length.
and Larmor model [4], receiver location, and the camera field of Contrary to the scattering problem in the microwave band,

view. the first order geometrical-optics approximation can be used
Index Terms—infrared remote sensing, ocean emissivity, reflec- Pecause the curvature radius of the capillary wave is much
tivity, rough surface, shadowing function. 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
EMOTE sensing of the Earth’s environment by passive ifi5], [6]. Since shadowing effect is included, the multiple re-
frared sensing systems is important because it providefigction can be neglected due to the fact that both phenomena
tool in the study of weather forecasting, weather modificatioare antagonist versus the incidence angle. Indeed, for grazing
pollution studies, and storm warning. These studies need a catgles, the reflection number increases, whereas the illumi-
lection of environmental data over wide range of space withitated surface decreases. We will verify this from simulations.
a limited time. In this paper, we discuss remote sensing of gaa-the microwave frequency band, the sea emissivity is lower
physical data in the ocean environment and the problems as$@mn in infrared band, and the reflection coefficient on the sea
ciated with passive infrared systems. In passive infrared equifarface is greater than for infrared wavelength [6], [7]. Con-
ment, the observing camera simply receives the natural radi@quently, the multiple reflection is noticeably larger in the
tion from the environment, such as the radiation from gas anglcrowave band.
aerosol, the radiation from the earth and the sun, and the rain this paper, the theoretical study of the two-dimensional
diation reflected by the earth. An example is thermal camef2-D) rough sea surface emissivity and reflectivity is investi-
techniques. In an active system, the signal is sent out from @ted 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-
Manuscript received February 3, 2000; revised May 23, 2000. owing function allows computation of the emissivity and reflec-
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with the 2-D shadowing function. This paper quantified the siz&. 1-D Monostatic Shadowing Function
effect of the observed surface. In several articles, the emissivityrha smith monostatic shadowing functish, equal to the

have been modeled, but the sea surface is considered 1-D (1R}, of jlluminated surface to the entire surface, is given by [13,
[71-[11], which involves that the wind direction not being mtrouo)]

duced. Moreover, the shadowing effect is ignored.

Section Il presents an extension of Smith’s monostatic and Lo
bistatic 2-D shadowing functions [12] obtained from Smith’s  Sm (8, Lo, ') = T(1 — 7o) X exp [—/ g() dl] 1)
1-D shadowing function [13], [14] by including the effect of the 0
observation length. Smith’s approach [14] is chosen becaus
is more accurate than Wagner’s [15], as noted in [12]. In [1%1
the correlation between the slopes and the heights have bee
vestigated on the average 2-D monostatic shadowing functi
Since the difference between the correlated and uncorrelated re- 0 ifv>p
sults is small, the uncorrelated shadowing function is used. This T(pw—0) = { (1a)
allows to have a shadowing function simpler. For 2-D Gaussian 1 else.
surfaces, the monostatic shadowing function depends on the incontrary to article [13], a finite observation length is con-
cidence anglé onthe slope variances in the wind and crosswingldered. For an uncorrelated Gaussian process the Smith func-
directions on the azimuthal directigraccording to the wind di- tion becomes [13]
rection and on the new parameter, which is the normalized ob-
servation lengthy, to the length correlation with respectdoln &o + pl 2
the bistatic 2-D case, the shadowing function is expressed from \/5 Xp |~ < w2 ) (v)

™

ffh # the incidence anglé&, the observation lengtth = cot 8,
e slope of incident ray, an#l, a point of the surface of height
%;J]r,]'and slopeyy. Y(1x — 7o) is the unit step function defined as

{61, &1, yo1, B2, P2, Yoz}, Which denote the incidence angles, g(l) = (Al 2)
the azimuthal directions according to the wind direction, and the w 1+ erf <§0 - “l>
normalized observation length with respect#toof the trans- wV2
mitter and the receiver, respectively. .

In Section Il from the results of article [1]-[3], the 2-D emis-Wlth
sivity, which is a monostatic magnitude and the reflectivity, exp(—v?) — vy/merfe(v)
which is a bistatic magnitude, are computed and simulated for Alv) = NG (2a)
a rough sea surface. According to the two-scale model [5], tgﬁd
capillary waves give the slope behavior provided by the Cox an n cot @
Munk model [16], whereas the gravity waves are characterized V= o (2b)
by the height spatial autocorrelation function [17], giving the

correlation length. Section IV presents the sea surface appasgith {w, o} the surface height and slope standard deviations,
temperature (SST) obtained from a radiative transfer methoqespectively. Substituting (2) into (1), the integration dvgives

1 &o )
1— Zerfe [ =2

2erc<wvé

1 o + plo
1— —erfc

The roughness of the sea surface involves that for grazing an- 2 wv2

gles, a part of the sea surface is hidden. With the aim of quantifyereerfc denotes the complementary error function. When the
this phenomenon, the shadowing function is computed for t,BEservation lengtlL, is infinite, (3) becomes [13, (22)]. For a

1-D and 2-D stochastic surfaces, and in the monostatic (receiyel| ;ssian process, the average 1-D monostatic shadowing func-
and transmitter located as the same place) and the bistatic ( l§n S overthe heightg, and the slopes, is expressed as
tinct receiver and transmitter) cases. Theories of the analytical ~ ™ 0 0

1-D shadowing function have began with Bekman [18], Smith — 1 /oo /oo
— 00 2700

A(v)

Il. SHADOWING FUNCTIONS Sm (8, Lo, F') = T(pe—"0) X

[13], [14] and Wagner [15], which are particular cases of Ric- ~ Sm(f;, Lo) = S8, F'{&o, 70})

ciardi-Sato’s works [19], [20]. Indeed, Wagner’s formulation 9
retains only the first term of the Ricciardi—Sato’s series, whereas X exp <——° - —) déo dryo (4)
Smith considers Wagner’s approach by introducing a normaliza-

tion function. Mor_eover the e_ffect of the correla_tio_n _is ignore_ nd we show by using the variable transformation
and the observation length is assumed to be infinite. Bourllﬁr — & /(wy/2) that

[12] explains in detail these different approaches and notes t a ¢

Smith’s results are better than Wagner’s. Since the set of these _ 1 1 o0
approaches assumes an infinite surface, this section presents the Sm (v, %o) = NG {1 -5 erfC(“)} /
monostatic and the bistatic 2-D shadowing functions [12] for a
given observation length obtained from Smith’s [13], [14] 1-D y { 1 —  erfc(ho) }
modeling. 1 — L erfe(ho + yov)

2mow

exp(—hg)

ade o)

A(v)
dho  (5)
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Fig. 1. One-dimensional (1-D) monostatic shadowing function versus

with with 8, < 0. Equation (6) indicates that the bistatic configu-
ration is similar to two independent monostatic configurations.
Yo = % Lg = w (5a) Using (3), the first case of (6) is written as
S g

whereyy is the normalized observation length with respect to 1_ lerfc <§_0) A
the lengthLs. For an infinite observation length, [13, (24)] is S, =11 v 2 w2
obtained. [=lnalipz] L Lo (St ko

As depicted in Fig. 1, for normal angles {ends to 2) and T e w2
for any o, the shadowing function converges to one due to the Alos)
fact that the surface is entirely illuminated. For grazing angles ( 1— lerfc <i>
tends to 0), the shadowing function becomes equal to zero when 2 wyV?2 7
Yo — 00, Whereas it is not equal to zero whegnis small. For 1 o+ pn2lg
example, with § = 80°; 02 = 0.4}, v = 0.2 [(2b)], andS = 1 - erf <T\/§>

{0.3, 0.33, 0.50} foryy, = {0, 5, 1}, respectively. The reflec-

tivity requires the knowledge of the bistatic shadowing functiomvith TIj_,,, |. ., = T (p11 4+ 70) Y (112 —v0). Since the emitter is
defined fory < 0, the sign ofye in T(u1 + o) is positive, and

B. 1-D Bistatic Shadowing Function

. o . . cot |61, 2|
For a stochastic process, the bistatic shadowing function rep- v = o (7a)
g

resents the probability (6, 6>|F) that the incidenty < 0)

and reflectedy > 0) rays of incidence angle#,, 6}, respec-  gypstituting (7) into (4) and making the variable transforma-
tively, are not crossed by the surface, knowing that they crogsy ho = &/(wV/2), the average bistatic shadowing function

each other at the pqidf located on the surface with heigfy S, over the heights, and the slopesy is expressed as
and slopeyy. For a given observation length, Wagner’s formu-

lation [15] leads to the following three cases: —
Sl(vl7 V2, ZJO)

- {1 - % fexfe(v,) + erfc(UQ)]}
S"l(elv 927 F7 LO) \/7_r
= oo 1 — Lerfe(h
S1 = 8Sm(01, F, Lo) X Sm(62, F, Lo) % / exp(—h2) x [ - erfc(ho)
for 65 € [0; 7 /2] 5 oo 1 — 5 erfe(ho + yov1)
T So = Su(61, F, Lo) for6s € [61; 0] ©) { 1— Lerfe(ho) r‘””
X
Ss = Sp(ba, F, Lo) forby € [—n/2; 61] 1 — Lerfe(hg + yovo)

:| A('Ul)

dho. 8)
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{v1 2, A} are given by (7a) and (2a). The cases (a) and (b) bein. ' poo0000,
monostatics, we finally obtain o9t “q

for vy € [0; oo k)

o

o
~

T
Peg

Sy(v1, v2, Yo) = m(v1, yo), forws € [—wy; O] 9

o
)
v

Wl Wl Wl

rn(UQa yO)a for V2 E]—OO; _Ul[

o
o
T

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

Fig. 2 represent§, (vy, vo, o) as a function of for yy =
{5, oo} and v; = {0.5, 1.5}. We observe that the shadowing  o2-
function increases witjvy, |u2|} and decreases withy. As
in the monostatic case, the effect of the observation length i ‘
important for grazing angles correspondingstoor |vz|. Since e o2 os o7 o o iz e
the surface is 2-D, the monostatic and bistatic 2-D shadowin Parameter v,

functions have to be determined for calculating the emissivity
and reflectivity, respectively. Fig. 2. Two-dimensional (2-D) bistatic shadowing function versis
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C. Two-Dimensional (2-D) Shadowing Function

We have seen that the 1-D monostatic shadowing function ¢ 1 T e o
pends on the incidence andlethe slope standard deviation
and the normalized observation lengih In the 2-D case, the rd ,
azimuthal directior» must be introduced according to the winc [ | { , 1
direction (Fig. 3). Bourlieet al. [12] show that the 2-D shad- y !
owing function is obtained from that defined in the 1-D case k !
substituting in (2b) for the monostatic case, the surface slo 0|/ [ M P
variances? by the surface slope varianed. expressed in the ET_ o
(0X) direction characterized by the azimuthal directiarFor . o ;
the bistatic case in (7a)” is substituted by%, | defined ac- e e
cording to the azimuthal directiod, ¢} of the transmitter e
and receiver. We have &

L Wi dimssnen

0%, , = a+ 3% cos(2p1,2) (10)
’ Fig. 3. Definition of the two-dimensional (2-D) monostatic shadowing
function.

with
or+o; 02 -0} with a wind speed:;» defined at 12.5 m above the sea equal
a=—p— A= (11 {6 10.3 m/s. We observe in Fig. 4 that the shadowing function

varies slightly with the directiop and decreases with the in-
cidence anglé@. 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

where{o?, 02} are the surface slope variances in the wing) (O
and crosswind (@) directions, respectively. This involves, from
(5a), that the lengtli. s in the monostatic case becomes

Lo w (yo = o0) with respect to the incidence anglewith ¢ = ¢; =
vo =7~ Ls= o (12) ¢, ={0, 45, 90¥, |6, | = {75, 80, 85}, andwu;» = 10.3 m/s.
andLs, , in the bistatic configuration is [ll. EMISSIVITY AND REFLECTIVITY
Lo w The emissivity is a pertinent parameter for evaluating the sea
Yoi.: = Ls Ls, , = ox (13)  surface temperature (SST). In most SST retrieval algorithms, the

sea surface emissivity has been assumed, explicitly or implic-
Fig. 4 depicts the 2-D monostatic shadowing function asitdy, to be a constant (e.g., 0.98). This assumption is verified for
function of the azimuthal directiop according to the wind di- normalincidence angles smaller thar? 3d it may be used for
rection for different incidence anglés= {75, 80, 85, 88, 893 acameralocated on a satellite platform. But for infrared systems
and with a normalized observation lengih = {5, infinite}. ~ at low altitude, i.e., for angles greater tharf 6the emissivity

The slope{c2, 52} variances are obtained from the Cox andepends on the incidence anglend on the azimuthal direc-
Munk model [16] tion ¢ according to the wind direction. Moreover, the reflected

radiation by the surface is of the same order as the one radiated
02 =3.16x 10 3uy, o; =0.003+1.92x10"%uy, (14) 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 direaimrording to the wind direction.
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Fig. 5. Two-dimensional (2-D) monostatic shadowing function with respect to the incidencefamwith ¢ = ¢, = 6, for an infinite surface.

determined, in order to substract this signal, for computing tie@shimori [2] neglects the cross-wind slop§ in comparison
infrared intrinsic radiation from the sea surface. with 1 +~2, with 42 the wind slope, and assumes that the
Emissivity models developed by Watts—Allen—Nightinebserved surface is infinite. Bourlier [3] includes only the 2-D
gale [7], Masuda-Takashima-Takayama [8], Saunders [8hadowing function of the emissivity determination, assuming
Wu-Smith [10], Zeisse—McGrath—Littfin [11] neglect the dethat the observed surface is infinite.
pendence of the directiaf and the shadowing effectisignored. The two-scale model is commonly used for representing the
Our model is based on the works of Yoshimori—Itoh—Ichioksea surface [5]. The small scale gives the capillary waves be-
[2] and Bourlieret al. [3]. Unlike [2], in the introduction of the havior, whereas the large scale corresponds to the gravity waves.
2-D shadowing function, no assumption is made on the slopBse ocean surface is obtained from the superposition of these
variances. Indeed, in order to use the 1-D shadowing functidwo scales. The capillary waves have a radius of curvaligre
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on the order of millimeters, which is much larger than the wave- As the integration overx is not computed, the term 1
lengthX in the visible and infrared range. This involves that eacherfc(v)/2 is replaced byl'(cot® — ~vx) in (5). The substitu-
facet can be regarded as flat with respect to the radiation, armh of (19) into (17) leads to

the interaction of the sea surface with light can be treated with 1

geometric optics. For example, in the 1-D case, the mathemat> #)= m

ical criteria is expressed as [10]

00 ~cot ¢
27 Re cos®(6) > A (15) x / {/ [1 = [r(le))I*]
and for a Gaussian autocorrelation function, the radius of cur-
vature [5] is x exp(—ayd — 2byx vy — cv%)
W w W
Consequently, for a slope standard deviatiotower than 00 1— L exfe(ho) Av)
unity and for a height standard deviation larger than a mil- ></ exp(—h3) x { T 2 0 } dhy.
limeter, the criteria (15) is valid in the infrared band. —oo 1=35 erfe(ho+yov) (20)
A. Emissivity

Therefore, the calculation of average emissivity requires two
From the approach developed by Yoshimori [1], [2], Bourlielinked integrations over th¢yx, vy } and an independent in-

[3] showed that the 2-D emissivity with respect to the wind dkegration over the heiglf,. For an infinite observation length

rectiong with a Gaussian process and for an infinite observatign — oo, (20) becomes [3, (3.21)].

length is expressed as

B. Mathematical Development of the Reflectivity

1 o> o>
(6, ¢) = m /_oo /_00[1 = [r(leDP] Let O be a point of the surface defining the origin of Cartesian
coordinates4, ¥, 2) (Fig. 6),7 the unitary vector in the direc-
tion z, 77 the unitary vector normal to the facet, afif], s>} the
(17) unitary vectors of observation directions of the transmitter and

X exp(—afy% — 2byxvyy — nyg() X X Sm dyx dyy

with receiver, respectively. These vectors in polar coordinates are de-
( _ cosf —yxsinf B fined as i
cosp=————— g=1—~vyxtanf 0 _
VIR ) P S b
a @ + 3 cos(2¢) b Bsin(2¢) (17a) K /1+42+ 2|1
20 — 7 20 — 32
o — /3 COS(2¢) . S1p = S.%Il 91 C.OS (/)1
\ c= W 51 = | s1y =sinf;sin ¢
where{vyx, vy} are the slopes of the surface in ttie\() and - #12 = cosfy N
orthogonal QY) directions.{«, 3} are given by (11)r are S22 = sin b3 cos ¢o
Fresnel's coefficients either in vertical polarizatigh(electro- §2 = | s34 = sin b sin ¢ (21)
magnetic field parallel to the incidence plane) or in horizontal | 52, =cosfh
polarization (electromagnetic field orthogonal to the incidenggnere
plane) given by {vz,v,} surface slopes in the wind and crosswind direc-
ncos @ — cos ¢’ tions;
rv(p) = n.c0s @ + cos g’ o sing {6,, 6;} incidence angles of the transmitter and receiver,
08— 11008 ¢ with sin¢’ = (18) respectively;
r(p) = ——————— {¢1, #2} azimuthal directions according to the wind direc-

/
oS +ncosy tion (Oxx).

wheren is the refractive index of the sea water, affdienotes The reflectivityw for a Gaussian surface is expressed as [2]
the refraction angle given by Snell-Descartes’s law. The air re- 1 0o poo
/ / §(6— 01) x 6(6— ¢1) x g x S

fractive index is assumed to be equal to 0ofg, denotes the =
&o. Contrary to [3], a finite observation lengtly is considered, o < y2 Yy )
exp | ——=

2-D monostatic shadowing function integrated over the height 2777y
and we have shown that dryz dryy (22)
T(cotd — e —
Yleotb = 7x) / exp(—h3) wherey is given by

i ) gl

Alv) n-s

} dho. (19) T @-m)@-5

gnl(ev (/)7 ’YX) =

1 — (72 cos o + vy sin ) X tan 6.
(22a)

[ 1 — % erfe(ho)
1 — Lerfc(hg + yov)
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r are (18) Fresnel's coefficients), is the 2-D bistatic shad-
owing function integrated over the height, ¢ is the Dirac dis-
tribution, andy = (7', 53). Contrary to the determination of
the emissivity, the integrations over the sloges, -, } are not
required due to the fact that there is a uniqueneds/af, v,0}
that gives the specular direction whéh= 6, ¢ = ¢, } in the

double integrations (22). We propose to find this set. The spec- ) -_
ular reflection is expressed as
_’1:2><(ﬁ’-§’2)-ﬁ’—§’2:2xcos(<p)Xﬁ’—§’2 (23)
with
. . Fig. 6. Reflectivity of a facet.
o - cos By —sin O2(7y, cos ¢2 + v, sin ¢2)
Cos ¢ =1 - 8§92 = .
V31+E -+ For a plane, i.e.{v.0, 7,0} = 0, the specular reflection is
(23a) obtained fromds = —6; and¢» = ¢, which involves
Hence S92z + Six S2y + Sly
_ - e (28)
Yy
9 S12 + S22 S1z 1 S22
Ve COS .
S$1p = — | —=—= +sin 6 cos ¢2 with
1+97+7;
) 61 € [-n/2;7 /2] @1 € [0;7]. (28a)
51= S1y = — S Y + sin 5 sin ¢o . . ) )
1492 442 Hence, integral (22) is written as
2 cos @ w(f1, g1, b2, $2)
8§l = ————— + cos 05 ) 5
L+92 +73 b (Dm0 w
L _(23b) 2mogoy 202 207

X |7(|<P(92, ¢27 Y0, 7y0)|)|2

Substituting (23a) and (23b) into (21), the ang{és, ¢1} X 9(82, B2 Ye0s 140) X 5u(81, b1, 62, b2, 1x0, 1y0)

are

cos Oy = 5. = 2[cos By —sin §2(v5 cos Pa+yy sin ¢2)] _ o _ (29)
z 1472472 wherey andg are obtained by substituting (28) into (23a) and
— cos 02 - (229)
bam by = Sy _ vy (cos B14cos 62)+sin 67 sin P9 . COS P|~a0, 740
51z 7a(C0s B14cos 02)+sin b cos ¢, (24) B \/1+COS 61 cos 62 +sin 6 sin 62 cos(pa—¢1)
2

The integral (22) is not equal to zero whéé = 6,, ¢ =
¢1}, we have to calculate the values{of.o, 40} Which veri- [ .
fied (24), i.e., to resolve the equations system of two variable Y cos fa(cos f1+cos ba) (29a)
{7=» 7y}, and we show that the componeny, verifies the so-
lution of the following equation of second degree

1+cos 1 cos Bz+sin 61 sin Oy cos(pa—d1)

J is the Jacobian introduced by the variable transformations
equal to

720 X Sg + 2’7390 X 823239 + 5. (Sgac - S%x) =0 (25) J = a’Ya:O a’YyO a’Ya:O a’YyO
) T 08, 0y 091 06
with
_|sin 61[14-cos 6 cos f2+sin 61 sin 6y cos (2 —¢p1)]
$» = cos 01 + cos b9 (25a) (cos 61 +cos 6)° (29b)
where the solutions are The reflectivity depends then off;, ¢1, 62, ¢», 7., and
Sop & [$1.] oy }. We have proved that the 2-D bistatic shadowing functions
V0 = T S1. + S2. (26) Se(61, ¢1, 02, ¢2, 05, o) integrated over the heiglfg is
Substituting (26) into (24), the slope in the cross-wind direc- Su(b1, ¢1, b2, ¢2, 04, 0y)
tion is given by 5, for 6y € [0:7/2]
_ sy sy, @) =9 Sz foré: € [|6];0] (30)
T e Ss for6y € [-m/2;—164][
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with

¢ 1 oo
ﬁ/ exp(—h3)
1 — 5 erfc(hy)
T Terfen
1 — 5 erfc(ho + yov1)

{ 1 — % erfc(hy)
1 — jerfc(ho + yova)

e —
i {’Vxlo [

x50 € [05 2]

gl
[l

\ else0

( % /_C: exp(—h)

2
[+
|

1-— %erfc(ho + y(ﬂ}g)
if vx,0 < po
. else0

4 1 o>
Ve L
_ 1— Lerfoh
Sg = X |: 1 2 C( 0) :|
1-— §erfc(h0 + y(ﬂ}l)
if yx,0 — [#]
\ else0

:| A(wr)

Ava)
} dho

;0]

y { 1— 1 erfo(ho) r"’”

A(in)

dho

dho

TABLE |
Lel3siu o ey
£,(0,0) £,(90,90) Ag; £(0,0) €,(90,90) Ag;
up=60ms | V:0996 | V:0.666 | V:0.330 || V:0.998 | V:0.672 | V:0.326
H:0.973 | H:0.456 | H:0.517 || H:0.988 | H:0.533 | H:0.455
upp=103m/s| V:0994 | V:0.739 | V:0.255 |} V:0.997 | V:0.744 | V:0.253
H:0972 | H:0.527 | H:0.445 || H:0.987 | H:0.606 | H:0.381
upp=139m/s| V:0993 | V:0.776 | V:0.216 || V:0.996 | V:0.780 | V:0.216
H:0971 | H: 0567 | H:0.404 || H: 0987 | H:0.646 | H:0.341
(30a)

where {vy, vo} are given by (7a) witv = ox, , (10), and
Yo, » = Lo/Ls defined from (13), which are the normalized ob-
servation lengths in thép,, ¢} azimuthal directions, respec-
tively. Since the integration over the slopes is not calculated, the
termserfcin (9) are replaced by the conditions{inx, o, vx.0}
corresponding to the (11 +vx,0) T (p2—vx,0), T (k2 —7x20),
T(u1 + vx,0)} functions, respectivelyvx, o, vx,0} denotes
the surface slopes defined in the transmitt@KX(; ) and receiver
(30b) (OX,) directions (Fig. 6) _
(YX10 = Y20 COS 1 + Yyo Sin
sin 61 + sin 65 cos(¢pa — ¢1)
cos 61 + cos 85
VX0 = Yz0 COS (2 + Y0 Sin P2
sin 6o + sin 61 cos(¢pa — ¢1)
\ cos 81 + cos 6 '

(1)

(30c¢) . .
C. Simulations

In this paragraph, the emissivity and the reflectivity of a 2-D
sea surface is simulated. They depend on Fresnel’s coefficients
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Fig. 8. Normalized reflectivity by Max( ;) versus the azimuthal directign according to the wind direction and the incidence afigls V and H polarizations
with w2 = 10.3 m/s,A = 4 um, and for an infinite surface.

(18), defined from the sea indexgiven by Hale and Querry [21] defined forfp = atan(|n|) = 53° in V polarization. As shown
for a temperature equal to 2%. The wavelength is in the in- in Table I, the variation of the emissivitse is less important
frared band and near-infrared band at about 0.7 to&0The with the wind speed and il polarization.

attenuation of infrared radiation is frequency and temperatureln Fig. 8, the normalized reflectivity with the maximumag;
dependent. A number of so-called windows exist in the prais-represented with respect to the azimuthal directipand the
tical range of infrared radiation frequencies. In these windowiscidence anglg, in V' and H polarizations, withu;2 = 10.3
the transmittance of the infrared radiation is high. The windows/s and\ = 4 um for an infinite surface. We observe that the
of practical interest for the infrared optronic systems are at 8teflectivity is maximum around the specular direction given by
13 :m, the 3 to 5um window, and the near-infrared window is{¢y = ¢», 6; = —6,}, and the maximum increases with the
0.7 to 2xm. Between these windows, we find absorption bandiscidence anglé, with a diminution of lobe width. Since the
mainly due to the presence of water vapor and carbon dioxidelues of the reflectivity are much smaller than the unity, the
In this paper, we do not study the near infrared band. multiple reflections are negligible.

InFig. 7, the average emissivity integrated o¥eg [3; 5] xm In Fig. 9, the average hemispherical reflectivity ok [3; 5]
andA € [8; 12] xm with an integration step equal to Q:&1 (this  pm andA € [8; 12] um is plotted as functions of the azimuthal
step is sufficient because the sea refraction index varies weattlsection ¢ according to the wind direction and the incidence
with the wavelength) is plotted versus the incidence afigled angled in V' and H polarizations with the same conditions as
the azimuthal directio according to the wind direction il Fig. 7. Itis obtained by integrating the reflectivity over the half-
andH polarizations with:;» = 10.3 m/s and an infinite surface.space
We see that the emissivity is largerknpolarization, decreaseswhem(e’ )
with the incidence angle and the directignbut varies weakly

. .. L. 61=(m/2 =7
with ¢. For incidence angles smaller tharf3the emissivity is :/ w/ )d91 [/ w(by, ¢1, B2, ) d%]
o ¢

equal to a constant, and it is given approximately by the emis- Jo;, =—(x/2) 1=0 PP
sivity of a plane withd = 0° " (33)
2
ey —eg =1— n—1 (32) Contrar)_/ to the_ er_nissivity, the hemispherical emissivity in-
n+1 creases with the incidence angle. In fact, these two magnitudes

and séﬁ [3; 5] = 0.97,5@E [8; 12] = 0.99. We also observe aare antagonists, and we have approximately the relatioaship
slight enhancement of the emissivity to near Brewster's andle-wy,..,,. Consequently, for grazing angles, the atmospheric ra-
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(12) Ls = w/ox is computed by using a gravity wave charac-
terized by the 2-D spatial autocorrelation functiBBgy(l, ¢) of

the heights modeled as [17, (1.45)]. Hence
Ls(¢, wi0) = 52 “
\/ = Raall. )]
1=0
. Le (35)

wherewuyo is the wind speed at 10 m above the sea. Unlike
[1], [2], the parameter [(2b) witkk = o] 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) withr = ox, we obtain

Fig. 10. Determination of the observed surface length

2 2
diation reflected from the sea surface may be affected by the in- 24 <L_/C> + 4 cos(2¢) <L_/C>
trinsic radiation of the surface. X Yo = 2H x Abo Le 4 L

Fig. 10 shows that the observation lengthgirdirection is Lc 2[ac+ Beos(29)]
written as 1
% sin(26)° (36)
Lo = (H x Afy)/ cos*(6) (34)

The producw = 1 is minimum wher? = 45° and becomes
whereH is the height of the camera of field of vietndy, which  infinite whené = {0, 90}°. For awind speed;, =10m/sand
is of the order mrad. From two-scale model [5], the paramet& =200 m,we havé.c =17.2m,Ls(¢ ={0°,90°}) ={8.9,
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andAd, = 1 mrad.

13.2\lm,H * Afy =0.2m,and = yo(¢ =\{0°,90°}) ={0.16, several different sources (specifically, self-emitted radiation
0.13}/sin(26). from the surface quantified by the emissivity, self-emitted

Fig. 11 represents the unpolarized emissivty ¢+ £;)/2 upward radiation from the atmosphere characterized by the
versus the incidence angle with ¢ =\{0°, 90°}, H =\{200, atmospheric transmission coefficient, and downward-emitted
500, 1000/} m, A = 4 um, andAé, = 1 mrad. We see that atmospheric radiation that is reflected by the surface in the
a diminution of the heighH, involves an enhancement of thedirection of the camera, quantified by the hemispherical
emissivity around? = 80°, due to the fact that the shadowingeflectivity). Consequently, the surface intrinsic radiation
function is larger, but the emissivity remains a decreasing funis- modified by the presence of the atmosphere. In this
tion of the incidence angle. Abové = 1000 m, the emissivity calculation, we assume there is no sun reflection on the
becomes equal to the emissivity of an infinite surface for arsea. The optronic imaging is measured by the camera at
6. Consequently, the effect of the observation length is notallight. In the previous paragraph, we have shown that the
for grazing angles and at low altitude. Of course, if the fieldmissivity is much larger than the hemispherical reflectivity
of view A#d, increases, the limit height where the effect of théor normal incidence angles, but they become of the same
observation length is negligible also increases. Fig. 11 also deder for incidence angles larger than°6his paragraph
picts the hemispherical reflectivity in the same conditions @&@mpares the intrinsic sea surface apparent temperature with
previous. To note that in the 2-D bistatic case, 1o becomes the one measured by the camera corresponding to the total
{v1 *yo1, v2*yo2 } according to the transmitter and the receiveiadiation. Including the atmospheric radiation, the brightness
by replacing{f = 61, ¢ = ¢1},and{f = b3, » = ¢2}in(36), l..m received by the camera obtained from the radiative
respectively. transfer method is

IV. SEA SURFACE APPARENTTEMPERATURE

The radiation incident upon the infrared camera from any leam = Tatm X € X L(A, Tow) + L(A, Tatm)
specify direction may contain components originating from X [1 = Tatm X (1 — Whem )] (37)
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with 7, the atmospheric coefficient transmissierthe sea sur- intrinsic radiation. The surface apparent temperatfligg, is
face emissivity given by (20)wL. the hemispherical emis- given by [3, (3.23a)]

sivity determined by (29{7sur, Tatm } the surface and atmo-

spheric temperatures, respectively, drd, T) the blackbody Topp = ] 1

radiation given by Planck’s law at a wavelengtland at a tem- In{ |exp AN l1+es| /es
peraturel’. The first term of (37) corresponds to the surface in- AT

trinsic radiation, and the second term is the radiation provided C1 = 1.192 x 10~ 16 w.m? 38
by the atmosphere composed of the reflected radiation and the Oy =1.439 x 1072 m.K. (38)
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Since the emissivity is smaller than unity (for a blackbody it iBrom a two-scale model, the simulations show that the sea
equal to one) the surface apparent temperdlfyyg is always emissivity and the sea hemispherical reflectivity decrease with
smaller than the surface temperatiitedn microwaves regions, observation length due to the fact that the illuminated surface
Cy/(AT) is much smaller than unity, which involv&s,,, = ratio also decreases. For the emissivity, an enhancement was
esT being a linear function of the emissivity. The sea surfagaserved up to an incidence angle equal t. 84 fact, if the
apparent intrinsic temperat 'gi) within the atmosphere, and observation length becomes very small, then this augmentation
the total atmospheric apparent temperaﬂ],j}gj’ are calculated is larger than the unity, which has no practical meaning.
from (38), with{es = 7Tatme, T = Tiw} and{es = 1 — The observation length becomes smaller than the correlation
Tatm(1 — Whem ), T = Taem }, respectively. (37) becomes 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
e i - the emissivity). This method may be applied on the satellite
polarizations withu» = 10.3 m/s for an infinite surface. The g, qtoms |ocated at high altitude. Unlike for incidence angles
atmospheric transmission coefficient., (1, A) along the path |54er than 60 corresponding to observation platforms located
of lengthh = H/cos 6 is evaluated by the Taylor and Larmoryy o,y aititude, the hemispherical reflectivity becomes signif-
model [4] with the following meteorological conditions: Visi-icant implying that the radiation reflected by the sea surface
bility distance equal to 10 km, humidity of the atmosphere equal, s pe taken into account with the atmospheric radiation for
10 60%, Tsws = 25° C, Toww, = 20° C, H = 200 m. The temper- determining the total SST measured by the infrared camera.
ature and the humidity atmosphere are assumed to be uniformrpe 4 giative transfer method allows us to calculate the total
the atmospherlf: tr_ansmlssmn coefﬂment_ is agsumed f[o_ be m%q—-l- composed of two terms. The first term gives the sea sur-
pendent of the incidence angleand the directio, butitis & ;.6 intrinsic radiation obtained from the emissivity. The second
function of the wavelength and the distancé. We can evaluate oy corresponds to the atmospheric radiation quantified by the
atmosp_henc_transm|SS|on coeff|C|er_1t V‘_"th_ Modtran code [zzgﬁmospheric transmission coefficient and the one reflected by
As depicted in Fig. 12, the surface intrinsic apparent ttmpeigy seq surface, characterized by the hemispherical reflectivity.
ture decreases with the incidence angle and varies very wegkly oien meteorological conditions, the atmospheric transmis-
with the direction¢. In general, the variations of the apparenf;,, coefficient is evaluated from the Taylor and Larmor model
temperature is Igrger il polarization and in the atmospherlc[4]_ We have simulated the total SST and compared it with the
transparence window € [8; 12] ym. We see that the atmo-jnyingjc STT according to the polarization, the wind direction,

"We incidence angle, and for two atmospheric transparence win-

Lo=L(\T0)+ L (A T2,

app

(39)

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

Cpf 1 1 .
FPUN \ T T T

Cy Cy
- -2
P <AT;;;> exp <AT;§;1)

(40)

C
72 In

ream

app

Fig. 12 represents the intrin "g;) and totalT; 5 surface
average apparent temperatures)og [3; 5] xm and\ € [8;
12] xm, with an integration step equal to Q.2n, versus the

azimuthal directionp and the incidence angte, in V and H

spheric radiation modified the intrinsic radiation under grazi

incidence angles due to the fact that the hemispherical refl

Hows. Other contributions can be added to this model such as

tivity is important and that for normal incidence angles the irEun reflection by the sea, cloud self-emission, etc
trinsic radiation remains affected by the atmospheric radiation. ' '

V. DISCUSSION ANDCONCLUSION

We have developed a method for correcting the SST by rig—m

orously including the surface emissivity and reflectivity. The
method is based on Yoshimori [2] and Bourlier [3] works. Con- [2]
trary to Yoshimori, our emissivity and reflectivity models use
the monostatic and bistatic 2-D shadowing functions instead of{3]
those obtained in the 1-D case. In addition, the effect of the ob-[4]
servation length is introduced contrary to [3], which determines
the 2-D emissivity for an infinite observation length. [5]
The model is valid for a stochastic 2-D surface, which has a
mean curvature radius much larger than the wavelength, whicIJiG]
allows the application of the geometrical-optics approximation.
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