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The characteristics of the polarization must be considered for a complete and correct description of radiation transfer
in a scattering medium. Observing and identifying the polarizition characteristics of the thermal emission of a hot semi-
transparent medium have a major significance to analyze the optical responses of the medium for different temperatures.
In this paper, a Monte Carlo method is developed for polarzied radiative transfer in a semitransparent medium. There are
mainly two kinds of mechanisms leading to polarization of light: specular reflection on the Fresnel boundary and scattering
by particles. The determination of scattering direction is the key to solve polarized radiative transfer problem using the
Monte Carlo method. An optimized rejection method is used to calculate the scattering angles. In the model, the treatment
of specular reflection is also considered, and in the process of tracing photons, the normalization must be applied to the
Stokes vector when scattering, reflection, or transmission occurs. The vector radiative transfer matrix (VRTM) is defined
and solved using Monte Carlo strategy, by which all four Stokes elements can be determined. Our results for Rayleigh
scattering and Mie scattering are compared well with published data. The accuracy of the developed Monte Carlo method
is shown to be good enough for the solution to vector radiative transfer. Polarization characteristics of thermal emission in
a hot semitransparent medium is investigated, and results show that the U and V parameters of Stokes vector are equal to
zero, an obvious peak always appear in the Q curve instead of the I curve, and refractive index has a completely different

effect on I from Q.
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1. Introduction

In certain wavelengths, the radiatively participating
medium or absorbing—emitting—scattering medium is com-
monly called as the semitransparent medium. For some appli-
cations, such as space target detection,!!"?! the thermal emis-
sion characteristics (infrared characteristics or ultraviolet char-
acteristics) of a hot semitransparent medium have great signif-
icance. The research on thermal emission has developed for
many years, but most of studies concentrate on the scalar ra-
diation transfer which does not take the light polarized prop-
erties into account. In fact, polarization is one of the most im-
portant characteristics of light. The polarizition characteristics
of the thermal emission of a hot semitransparent medium can
be applied to analyzing the optical responses of the medium
for different temperatures. The study of polarized radiative
transfer has been developed for more than forty years in nu-
merical simulation aspect, including Monte Carlo method,"!
Fxn method,!¥ adding-doubling method,?! discrete-ordinate
method, %3] multi-coupled single scattering method,"! and
other methods have been put to use. Compared with the clas-
sical scalar radiative transfer equation, the polarized radiative
transfer equation is much more complex due to the introduc-
tion of Stokes vector and parameter matrices, which brings ad-
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ditional difficulties in the solution to the vector radiative trans-
fer equation (VRTE). Most numerical methods based on the
discretization of VRTE cannot avoid the tedious derivations
and using a lot of mathematical skills, so they have certain
limitations in solving VRTE. With obvious advantages such
as high accuracy, good adaptability of complicated geome-
tries and various optical boundary conditions, clear physical
conception, simple programming and so on, the Monte Carlo
method has become one of the most popular method in the
investigation of polarized radiative transfer.

In 1968, Kattawar ef al.’] first attempted to calculate the
status of polarization of the light after multiple scattering us-
ing a Monte Carlo method. Since then, many researchers pub-
lished their works on Monte Carlo models of vector radiative
transfer and their applications. In 1989, Kattawar et al.!'"!
wrote a large-scale Monte Carlo program to calculate the com-
plete four-component Stokes vector at any region in a fully
inhomogeneous atmosphere-ocean system with inclusion of a
stochastic interface. Wang et al.!''! made an experimental and
numerical investigation of polarized light transport through
randomly scattering media, and the experimental data matched
the theoretical results by the time-resolved Monte Carlo tech-
nique. Vaillona et al.!'?! presented a vector Monte Carlo
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method to model the polarized radiative transfer in optically
thick, multiple scattering and particle-laden semi-transparent
medium and gave simulated results for a plane-parallel atmo-
sphere layer; the model was also applied to the simulation of a
nephelometric experiment to derive the effective Mueller ma-
trix of the complete system. Ramella-Roman ez al.l'3! sum-
marized two Monte Carlo methods including Meridian Planes
Monte Carlo and Euler Monte Carlo, and then based on quater-
nion algebra, they originated a new way to build a quaternion
Monte Carlo model for light propagation with polarization into
scattering media. Some authors studied 3D Monte Carlo im-
plementations of radiative transfer with polarization. Davis et
al.""! developed a 3D polarized radiative transfer model to as-
sess the influence of cirrus clouds on radiances measured by
the Earth Observing System Microwave Limb Sounder instru-
ment. Coté et al.!'! presented a validated 3D polarization-
sensitive Monte Carlo model to study the concentration deter-
mination of optically active species in moderately turbid sus-
pensions. They pointed that to avoid systematic errors in con-
centration determination of optically-active molecular species
in turbid samples, the scattered light in the forward direction
should be used. Gay er al.l'® developed an integral-vector
Monte Carlo method to analyze the transfer of polarized radi-
ation in 3D multiple scattering particle-laden media.

From the published papers available, it is seen that the
cold media are usually considered, and the work on polariza-
tion behavior of thermal emission in hot semitransparent me-
dia has not been reported up to now. In this paper we develop
a Monte Carlo model of polarized radiative transfer in semi-
transparent media with consideration of Fresnel or Lamber-
tian boundaries. Section 2 discusses the basic theory of Monte
Carlo simulation of vector radiative transfer, including concept
of Stokes vector used to describe the polarization state of a
light, stochastic process description for emitting, transferring,
absorbing, scattering, reflection and transmission of photons,
and normalization of Stokes vector. We focus on how to de-
termine scattering directions using the modified reject method
and the definition of VRTM. In addition, the normalization of
Stokes vector is also important. In Section 3, the validation
of Monte Carlo model built in this paper is performed through
comparison with published results, and the Rayleigh scatter-
ing and Mie scattering are considered. Finally, we focus on
the problem of polarized radiative transfer considering ther-
mal emission in a hot semitransparent medium.

2. Theory
2.1. Propagating

The radiative transfer problem considering polarized ef-
fects is described by the vector radiative transfer equation
(VRTE). The steady state 3D VRTE for polarized monochro-
matic radiation in media with randomly oriented particles can

be written as
2-VS(r,02)+k.S(r, 2)
=tklh(r)+ | Z(r .2 — 2)S(r,2)d2', (1)
4

where S is the Stokes vector; §2 is the discrete direction vec-
tor; 7 is the spatial coordinate vector; K. is the extinction ma-
trix; K, is the absorption vector; I3, is the black body intensity;
and Z is the scattering phase matrix. In the following sections,
we will introduce how to use Monte Carlo technique to solve
VRTE in detail.

In this paper we use Stokes vector to characterize the in-
tensity and state of polarization of the radiation. According to
Chandrasekhar,[!”! the Stokes vector is defined as

S=10UV). @)

From Eq. (2), there are four parameters (I, Q, U, V)T con-
structing the Stokes vector S, where [ is the intensity, Q is
the linear polarization aligned parallel or perpendicular to the
z axis, U is the linear polarization aligned £45° to the z axis,
and V is the circular polarization.

The photons are tracked in the semitransparent medium
which experience free propagation, scattering, reflection and
transmission and other events until the photons escape from
the boundaries or are absorbed. The deterministic behavior of
light is determined by the random behavior of a finite number
of photons in the medium, and each photon randomly propa-
gates along a possible path. The distance a photon travelling
without being absorbed, scattered, reflected or refracted is de-
termined by

LZ*]I’I(l—RL)7 (33)

K
where L is the free distance, K is the extinction coefficient, and
Ry is a pseudo random number with an uniform distribution.
After travelling a free distance, the new coordinate position

(', ¥, Z) of the photon is obtained by

X' =x+Lsinfcos @,
y =y+Lsin@sing, (3b)
7 =z+Lcos6.

2.2, Scattering

The following Monte Carlo analysis of multiple scatter-
ing events of light in semitransparent media is based on the
assumption that the scattering event of light is independent
and has no coherence effects. Also it is based on statistics.
The deterministic behavior of incoming light is determined
by the random behavior of a finite number of photons in the
media, and each photon randomly simulates the possible path
the light propagates. By analyzing the distribution of all pho-
ton bundles from any observation direction, we can obtain the
physical and realistic radiation fields for the outcome of the
simulation experiment.
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In the propagation of the photons, the photons will prob-
ably interact with the particles in the semitransparent medium.
The photons may be absorbed by the medium or scattered to
other directions by the particles. We compare a random num-
ber to the scattering albedo @ of the medium to judge whether
the photon is absorbed or scattered. If the random number
Ry > o, the photon will be absorbed by the medium, other-
wise the photon will be scattered by the particle.

The scattering problem for polarized radiative transfer is
much more complicated to deal with than that for scalar one.
Figure 1 shows the geometry of the problem. The photon di-
rections, before and after scattering, are represented as points
A and B respectively on the unit sphere. The unit vector of inci-
dent Stokes vector Sj and the unit vector of scattering Stokes
vector S determine a plane AOB, defined as the scattering
plane. The vector of incident Stokes vector Sj and the z axis
determine a plane, and the AOC plane is the meridian plane.
When a scattering event occurs a new meridian plane is cre-
ated by the new direction of propagation S (scattering Stokes
vector) and the z axis, the Stokes vector must be transformed
so that the polarization is properly represented with respect
to the new meridian plane BOC. Two rotations of the Stokes
vector, in and out of the scattering plane, are required by the
Monte Carlo method. Based on the above analysis, the result-
ing Stokes vector after scattering is

Ss = L(n— i) M(®)L(—i1)S;, )

where the matrix M is the single scattering Mueller matrix
defined in van de Hulst,[!8! and L is a rotational matrix. The
phase matrix Z in Eq. (1) is equal to L(w — i) M (®)L(—i,).

xT

Fig. 1. (color online) Geometry of scattering plane and Meridian planes.
The photon’s direction of propagation before and after scattering is (6,
¢1) and (62, @), respectively.

The matrix M is a matrix with 4x4 elements used for
describing the transformation of the Stokes vector of the inci-
dent wave into that of the scattered wave. For spherical parti-
cle scattering, the matrix M can be simplified as one that has

eight non-zero elements,!'”! of which only four are indepen-
dent. The form is as follows:
M, M, 0 0
. M, M, 0 0
0 0 —My M

where O is the scattering angle between the incident direction
and the scattering direction. The simplified Muller matrix ap-
plies to both Mie scattering and Rayleigh scattering.

The matrix L represents a rotation in the clockwise direc-
tion with respect to an observer looking into the direction of
the photon propagation.?”! The form is as follows:

1 0 0 0

| 0 cos2¢ sin2¢ O
L{9) = 0 —sin2¢ cos2¢ 0 |° ©)

0 0 0 1

Then we can see the physical meaning of Eq. (3). We
rotate the incident Stokes vector Sj counterclockwise i; angle
from the meridian plane AOC to the scattering plane AOB. Af-
ter that the incident Stokes vector \Sj interacts with the particle
and scatters into a new direction. Then, we rotate the scat-
tering Stokes vector clockwise m—i> angle from the scattering
plane AOB to the meridian plane BOC. Finally, the scattering
Stokes vector S; is obtained.

For a given incident direction (6;, ¢;) as shown in Fig. 1,
if we know i; and ®, then the angles i>, 6, and @;—¢, can
be calculated from the spherical laws of sine and cosine.!]
In order to obtain these angles, some papers use the cumu-
lative distribution method.??) Whitney!?*! present a rejection
method to obtain i; and ® by using a brute-force numerical
method over all angles. In this paper we developed an opti-
mized rejection method to obtain i; and @, which obviously
saves the computing time. The specific steps are given as fol-
lows.

Firstly we should do some preparatory works. Before we
rotate the scattering Stokes vector from the scattering plane to

the meridian plane BOC, equation (4) can be rewritten as
S¢=M(O)L(~i1)S;. (Ta)

Then the I Stokes parameter can be computed according to
Eq. (7a) as

Ib{ = LM, (@) + QiMz(@) cos2iy — UM, (@) sin2i;. (7b)

By using trigonometric function formula, equation (7b) can be

rewritten as
I =M, (@) + /02 +U2M>(O)cos(2i1 + ¢),  (7c)

where ¢ is some angle we are not interested in. Regarding i;
as independent variable and considering the maximum abso-

lute value of cosine function, we can obtain the maximum of
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r.
IS’@.

!/
Is,@,max

=M (©)+1/0?+U? |M(©))]. (7d)

Then we regard ® as independent variable and compute the
maximum of I with numerical method over @. Ultimately,

the resulting expression of the maximum of I is written as

Ié,max = max {IiMl (@) + Q12 + U12 |M2(@) |}7
O €0, x]. (7e)

Now we can use the rejection method to obtain these angles.

(i) Random sample i; and ® from a uniform distribution

O <c(0,n], i €[0,2m). (3)

As shown in Fig. 1, i is the angle between the meridian plane
AOC and the scattering plane AOB, and @ is the scattering
angle. As i) € [0,7), @2 < @1; as ij € (7,2%), G2 > @y; as
i1=7, Q= 0.

(ii) Insert i1 and © into Eq. (7b) and obtain I (i1, ®). Then
compare the value of [{(i1,®) with that of {I{ ,,, where & is
If I!(i1,0) >

EIL x> We accept ij and © as the new scattering angles. Oth-

a uniform random number between 0 and 1.

erwise, if [((i1,0) < &I 1y, We reject (iy, @

tering angles and go back to step (i) to resample them again.

) as the new scat-

(iii) Once getting the new scattering angles i; and O,
we are able to determine the new propagation direction and
Stokes vectors after scattering in the observer’s frame (the x—
y—z frame in Fig. 1). The angles i>, 0>, 6;, ¢1—¢,, and ¢, can
be derived from the spherical laws of sine and cosine./?*!

From the definition of Stokes vector, the first component
stores the energy carried by photon, and the other three com-
ponents store the states of polarization in the Stokes vector.
Therefore, in the Monte Carlo simulation, in order to ensure
the conservation of energy, the normalization must be applied
to the Stokes vector in the propagation of the photon. That is
to say, the /-Stokes parameter of the photon is equal to 1 as it
propagates through. The expression of the normalized Stokes
vector is written as

s-5_(s

where S’ is just used to describe the polarized state of the pho-

U v\T
Q ) ©)

I

ton and has nothing to do with the intensity of photons. The
normalization procedure should be carried out for every state-
change event such as emitting, scattering, reflection, and trans-

mission.

2.3. Reflection and transmission

When the photon hits the boundary of semitransparent

medium, the reflection or transmission will occur on the

boundary. According to the reflection characteristics, the
medium surfaces include Fresnel surface and Lambertian sur-
face. The reflection Stokes vector and refraction Stokes vector

are written as

Sref = RSi7
Stra = TSi»

(10a)
(10b)

where R and T are reflection matrix and transmission matrix,
respectively. Note that Sper and Sy, also need to be normal-
ized.

For the Lambertian surface, the reflection matrix is given

as follows:

(11a)

[=NeNekhel
(=Nl e)
(=Nl e)
(=Rl )

where p is the reflection coefficient of the boundary which is
independent of the incident beam and just related to the prop-
erty of the surface. The reflected direction is determined by

the following equations:

6; = arccos (\/ 1 —Re) @ = 27R,

where Rg and R, are uniform random numbers. Both the in-

(11b)

cident angle and reflection angle are measured with respect
to the normal direction of the reflection plane. We compare
a uniform random number Ry with p to judge whether the
reflection takes place or not on the surface. If Ryr < p the
photon is reflected, otherwise absorbed by the surface.

The Fresnel reflection and transmission matrices for a flat

dielectric interface have been presented in a few papers.[>>:26]
The reflection matrix is written as
r‘2 + ;’2l r‘2 — ri 0 0
1| =1 rr+7 0 0
A R
B&=31 "0 o 2Re{riri}y 2mm{nri} |12
0 0 2Im{rlr"“} 2Re{rlrﬁ}
in which
njcos(6;) — /n? —n? sin?
r.=
nicos(6;) ++/n 12 sin?
n? cos( \/n7? —n? sin’
VH (12b)

) —n
n, cos(6;) + nir/n; —nlzsm

where L and || denote the components perpendicular and par-
allel to the plane of incidence, respectively; Re{ } and Im{ }
denote the real and imaginary parts, respectively; n; and n, are

the refractive indexes of the media for the incident side and
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the transmitting side, respectively. The transmission matrix is

expressed as

1 ncos(6)

T(6) = ~ 20
(61) 2 njcos(6;)
2,2 2 2
tg+té @_% 0 0
=ttt 0 0
0 0 ZRe{tltlT} ZIm{tH/ti}
0 0 ZIm{tltl’l‘} 2Re{tlt|’|‘}
(13a)
where
[ = 2n;cos(6;)
n;icos(6;) + \/n? —n?sin*(6,)
= 2n;n, cos(6;) . (13b)

n? cos(6;) +n :

\/n?2 —n?sin®(6;)
The reflection and transmission events abide by the laws of
retraction and reflection. The angles after reflection and trans-

mission are decided by the following equations:

61’ = 9i7
ng sin 6 = n;sin 6;,

o= o= @i (14)

We also need to compare the reflection coefficient p with
a uniform random number R to judge whether the reflection
or transmission take place when the photon hits the Fresnel
surface. For the Fresnel surface, the reflection coefficient is
written as
rﬁ + ri

5 15)

P

2.4. Photon’s statistics and post-processing

For one-dimensional problem, in order to obtain the an-
gular distribution of Stokes vector at a cross section of the
medium, we need to record numbers of photons passing
through the cross section in each direction. In this paper, we
present the concept of VRTM used to solve the Stokes vector.
For one-dimensional problem, the VRTM denoted by D; g
is defined as

=1
Digy="—, (16)

where N indicates the number of photons emitted from the
light source; N; denotes the total number of the photons pass-
ing through the cross-section i along the (0, ¢) direction in
the solid angle AQ2; and S, is the normalized Stokes vector
carried by photon ¢g. The physical meaning of VRTM is clear

and it represents the transfer of intensity and polarized states

of photons from the emission position to receiving position.
Finally, we obtain the Stokes vector in terms of VRTM

Iy |cos 6|

Sipp = —LICOSEOL
2097 Jeos 6] AQ

D;p.0, a7

where Iy is the intensity of incident wave, and cosfy is the

incident-direction cosine.

3. Results and discussion
3.1. Validation of the Monte Carlo model

Case 1 Polarization by Rayleigh scattering The Monte
Carlo model built in the present work is validated against the
results by Monte Carlo method developed in Ref. [12] for a
pure Rayleigh scattering atmosphere layer. As shown in Fig. 2,
a homogeneous plane-parallel slab subjected to collimated ir-
radiation is considered. The number of the photons for the
simulation is taken as 1.0 x 10%. The angular discretization is
uniform and taken as Ng x Ny = 40 x 24. Figures 3(a) and
3(b) plot values of I and Q Stokes parameters for the radia-
tion exiting the area element at z = 0 and zn,x in the case of
an atmosphere with Tpax = KZmax = 0.5 and a collimated ra-
diation Stokes vector Iy = (7,0,0,0)T incident at z = 0 with
Uo = cos By = 0.4 and @y = 0°. The scattering Mueller matrix
for Rayleigh scattering is given by

cos2® +1 cos?2® — 1 0 0
3| cos2@—1cos2@®@+1 0 0
M(®) =5 0 0 2¢0s0 0 -(18)
0 0 0 2cos®
A7
Iout(z = Zmax; fzout)
/,Y
’;max
0] »
- >y

Iout(zzov Qout)‘ /
Io(z2=0, £20(00, ¢0))

x

Fig. 2. Schematic diagram of the plane—parallel slab configuration.

The simulation results are in perfect agreement with the
reference values, indicating the good accuracy of the Monte
Carlo algorithm developed in this paper. Reference [12] did
not give the U and V Stokes parameters, and in this paper we
present the U Stokes parameter of the simulation example in
Figs. 3(c) and 3(d). The V Stokes parameter has been verified

to be equal to zero constant.
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© = 150°, p = 30°, ¢ = 90°
0 1 1 1 1

—0.6
cosf

—0.4 —-0.2 0

3.0 ; . . .
(b1)

o this paper
Ref. [12]

25

2.0 g

1/10-!

1.5 E

1.0 b =30°, ¢ = 150°, ¢ = 90° ]

0.2 0.4 0.6

cosf

2.0 T T T T

(c)

U/10-1!

—— ¢ = 150°
_10 L L L L

—-1.0 —0.8 —0.6 —0.4

cosf

—-0.2 0

0.8 1.0

2.0 T T T T
(a2)
o this paper
1.5F Ref. [12] §
- 10} _
o
i
~
C 05 i
of i
05 © =90°, ¢ = 150°, ¢ = 30°
210 —08 —06 —04 —02 0
cosf
1.5 T T T T
(b2) o this paper
Lok Ref. [12]
7
=
Z 05t
<
(0]8 i
@ =90°, ¢ = 150°, p = 30°
_0.5 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
cosf

—e— = 90°
[ —a— = 150° 1
704 Il Il Il 1
0 0.2 0.4 0.6 0.8 1.0
cosf

Fig. 3. Comparisons of I and Q Stokes parameters against the data from Ref. [12]: (a) z =0 and (b) z = zmax; U Stokes parameter of

the simulated example: (c) z= 0 and (d) Z = Zmax-

Case 2 Polarization by Mie scattering In this case, the
‘L = 13’ problem was investigated by Garcia and Siewert.*!
As seen in Fig. 4, an oblique solar beam (oblique angle is
UpcosBy = 0.2, ¢y = 0) penetrates into a scattering atmo-
sphere layer from above. The irradiation flux intensity of the
beam is w. The optical thickness T based on the thickness
of the atmosphere H is 1, and the single scattering albedo is
0.99. The phase matrix is for Mie scattering at a wavelength
of 0.951 um from a gamma distribution of particles with ef-
fective radius of 0.2 um, effective variance of 0.07, and re-
fractive index n = 1.44. The Legendre coefficients for the four
unique elements of the phase matrix have been obtained by
Evens and Stephens. ! The lower boundary of the atmosphere
layer is of diffuse reflection with p = 0.1. The emission of
the atmosphere and the boundary are omitted. The Monte

Carlo method is applied to obtaining the angular distribution
of Stokes parameters along 1t = cos6 at ¢ — ¢y = /2. The
number of the photons for the simulation is taken as 3.0 x 10°.
The angular discretization is given by Ng X Ny = 20 x 40.

So(t0, ¢o)
L’

v

e

Y

Fig. 4. Schematic of the oblique incident solar beam irradiating into a
layer of atmosphere.
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At z/H = 0.5, all components of Stokes vector are non-
zero for both upward and downward directions resulting from
multiple scattering. As displayed in Fig. 5, the Stokes parame-
ters at different positions obtained by the Monte Carlo method

) (a)
1.2L o this paper i
Ref. [4]

L 038
)
~
~

0.4

0 1 1 1
-1.0 —-0.5 0 0.5 1.0
cosf
0.5 T T T
o this paper (c)
Ref. [4]

. —05
S
—
~
=

—1.5

2/H=0.5]
—2590 T —05 0 05 1.0
cosb

in this paper agree very well with the results of Garcia and
Siewert!¥ by using the Fiy method. The selected angular dis-
cretization is demonstrated to be enough to obtain convergent
results with good accuracy.

0.6 T T
o this pe (b)
is paper
Ref. [4]

_ 04
S
i
~
&

0.2

0 ) ) )
—-1.0 —-0.5 0 0.5 1.0
cosf
0.4 T T
. (d)
o this paper

0.2 Ref. [4]
N 0
o
=
> 0.2

—04 2/H=05 |
0675 —0.5 0 0.5 1.0
cosf

Fig. 5. Comparisons of Stokes parameters against the data by Fy method.!¥ (a) I vs. cos8; (b) Q vs. cos@; (c) U vs. cos 0; (d) V vs. cos 6.

3.2. Polarization characteristics of thermal emission in hot
media

The work of above sections only considered cold
medium, and the term of x,/, was ignored in Eq. (1). In
this section, we investigate the polarization behavior of ther-
mal emission in a plane-parallel hot semitransparent medium.
According to the physical meaning, using the VRTM, the
upwelling Stokes vector from the top surface of the one-

dimensional medium as shown in Fig. 6, can be obtained by

S(Ga(l)) =

N
Amic,dVinily (Tj) Djs, (0, 9)
Jj=1

+emn’ly (Ty,) Dy;s, (8,0) | (cos 0AQ) ™!, (19)

where I,(T) = 6T*/x, 6 = 5.6703 x 1078, N is the number
of control volumes, D is the VRTM, and ¢ is the emissivity of
the bottom surface of the medium.

Through the calculation, we find that the Stokes param-
eters of U and V are equal to zero, so figure 7 just plots the
curves for the results of the upwelling / and Q parameters of
Stokes vector from the medium top surface. The top surface of

the medium is Fresnel semitransparent. Figures 7(a) and 7(b)
show the results for the medium with a Lambertian opaque
bottom surface with an emissivity of €, while figures 7(c) and
7(d) show those for the medium with a Fresnel semitranspar-
ent bottom surface. The Mie scattering is considered and the

S1

Fig. 6. Sketch for polarization transfer of thermal emission in a hot
plane-parallel participating medium.
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scattering phase matrix of particles is the same as that taken
in Case 2 of Section 3.1. The refractive index of background
environment surrounding the medium is equal to 1.0, and the
scattering albedo of the background environment is zero. The

1.6
1.24
. L
o
—
> 08 —a— T)=1000 K, Thnedium =0 K ]
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number of the photons we used is 1.0 x 10°, the angular dis-
cretization is taken as Ng X Ny = 60 x 20 and the medium is

equally divided into N = 20 control volumes for the simula-
tion.

2.5 T T T T
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Fig. 7. (color online) Upwelling Stokes vector from the top surface of the hot medium with homogeneous refractive index, (a) € = 0.7,
w=0.7,1=05n=144;(b) e=0.7, ® =0.7, n = 1.44, linear distribution of temperature for 7p = 1000 K and 71, = 500 K; (c)
w=0.7,7=0.5n=1.44;and (d) w =0.7, T = 0.5, linear distribution of temperature for 7p = 1000 K and 73, = 500 K.
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Figure 7(a) shows the curves of Stokes vector chang-
ing with different temperature distributions. For the medium
with a Lambertian opaque bottom surface, with the increase
in cos 8, parameter / monotonically increases, and parame-
ter Q first increases rapidly to some maximum value at about
cos O = 0.2 and then decreases slowly to some small value.
The effects of temperature distributions on the results are
great. For the distribution of temperature decreasing linearly
from the bottom surface to the top surface, the curves of I and
Q are far higher than those for the distribution of temperature
increasing linearly from the bottom surface to the top surface,
respectively. Figure 7(b) shows the curves of Stokes vector
changing with different optical thickness 7 for a distribution
of the temperature decreasing linearly from the bottom to the
top. The medium with a Lambertian opaque bottom surface
is also considered in the case. It is seen that the value of the
Stokes vector increases with decreasing optical thickness.

Figure 7(c) shows the results with the same parameters as
Fig. 7(a) except for the optical boundary condition. The semi-
transparent Fresnel bottom surface is considered in Figs. 7(c)
and 7(d). The results plotted in Fig. 7(c) is obviously different
from Fig. 7(a). The parameter I of Stokes vector first climbs
up to some peak value and then declines with increasing cos 6.
Two curves of Stokes vector for two linear distributions of
temperature are slightly different, and the curves for the dis-
tribution of temperature increasing from the bottom to the top
are slightly higher than those for the distribution of tempera-
ture decreasing from the bottom to the top, which is just op-
posite to the case shown in Fig. 7(a). Figure 7(d) presents the
results of the Stokes vector for different refractive indexes. We
can find that there is a peak in the curve of I parameter for the
small refractive index. The smaller the refractive index is, the
steeper the I curve looks, and the more obvious the peak be-
comes. Thus, the intersection of the / curves can be observed
for various refractive indexes. While for Q parameter, the peak
appears in the curve regardless of the refractive index, and
intersection phenomenon does not exist in the curves. From
Fig. 7(d), it can be seen that the smaller the refractive index
is, the more gentle the slope of curves for Q is, and the curve
for a big refractive index is always above that for small refrac-
tive index, which is completely different from the tendency of
I curve changing with the refractive index.

4. Conclusion

In this work, we developed a Monte Carlo model for vec-
One of
the difficulties in solving polarized radiative transfer by using

tor radiative transfer including Fresnel boundaries.

Monte Carlo is the determination of scattering direction. We
put forward the concept of VRTM used to describe the polar-
ized state transfer. Using the VRTM solved by Monte Carlo
method, we obtained four components of Stokes vector.

We compared the simulated results against those available
in published papers. The cases of Rayleigh scattering and Mie
scattering were tested. The results of Stokes vector obtained
by the present solution scheme are in good agreement with
those reported by other works. Finally, we investigated the
polarization behavior of thermal emission in a hot semitrans-
parent medium and analyzed the effects of temperature dis-
tributions, optical boundary condition of the bottom surface,
optical thickness and refractive index on the upwelling Stokes
vector from the top surface. Results show that the U and V
parameters are equal to zero, compared with the I parameter,
the significant peaks of the Q curves are always observed, and
refractive index has a completely different effect on I and Q.
Polarization characteristics of thermal emission of hot media
are expected to be applied in the field of infrared detection,
target recognition, and remote sensing.
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