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Fig. 1. (color online) Multilayer atmospheric model and reference coordinate system for simulation.
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Fig. 2. A schematic description of radiative transfer simulation considering atmospheric

refraction.
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Fig. 3. Polarized radiative transfer in uniform atmospheric layer by Monte Carlo method.
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Fig. 4. Flowchart of determining the scattering direction of photon by rejection method.
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Fig. 5. (color online) Diagram of photon reflection and refraction at the interface between adjacent

atmospheric layers.
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I, Rl 38 52 2RSS IS, B 2R & 25 &
FHIEH, #1721 B, BRI 15 B85 G
Stokes I & Saip A B3k H 1 R T O S T7 LA
ONz, FAPE AR (31) A1 (32) XFR, Kb N2 A
S

Sair = So exp(—7nz/ cosOn>)
Nz—1
X H exp(—7i/cos0;)G(6;), (31)
=1
Nz—1

sin Oy, = sinfy H n(i)
=1

n(i+1)

_on(l) B
= av2) sinfly, ©N» = ©o- (32)

3.4 Stokes XETEN MG

RN 0] 2(0 x o) A M x N AN
i1, T LTI (0, ) S H S, WX (6, ) P
I (G5 N (4, §)) P Stokes REBATE M. %
FAOE TRAUEE A, R (33) SR 2 8 A1 (1,
Jj) B Stokes K& S;; #AT G HIHA.

o Iy cos By Mg &
Y Jeos 6] dS2 = N

B I cos g i &
~ |cos|sin@ - df - dep Pt N’

Herp T R K BH 2 35 B O B S R P, 00 9 R BH R Tt

i1, Nig ISRV (4, 5) ARG T, N 9k
BT 8. K B IE Nt Stokes K& S I
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2%, RIT3IE 56 1 Stokes J% & 25 [A] 43 i

I cos g N %
|cosf|sin® - df - dy = N

Sij =

- Sdirém,mo 6n,n07 (34)

T Oy, AFKBLIE BRI, (Mo, no) Fom ELHOGTT IR
JIT A 8] £ R AL AR
FESRILIE SO Stokes % & (1A F, 3 —5 0]
FRADLIE S D't i 1R P2 1) 725 [ 2 A B e Sy T B S i, G
8 S IR B P A B i IR . Plinear 712K (35)
Bav A o 1P B e - A A [ I N TP B
FE F+ AR (36) F1(37) RiT5L.
VRN
A
I1(0, ) cos6d 2

Q
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I

P

(35)
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1(6, ) cosfsinfdOd . (37)
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%) (a) Stokes K1 I 43 1E; (b) Stokes KiE Q 47 #E; (c) Stokes K& U 41 #; (d) Stokes Kt V 43
Fig. 6. (color online) Stokes vector of diffuse light just above the sea surface. MC refers to the results of
Monte Carlo method, CAW refers to the results of CAW-VDISORT.
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(a) Stokes K& I 4} %; (b) Stokes K Q 42 %;(c) Stokes Ki U /3 #; (d) Stokes K& V 40 &

Fig. 7. (color online) Stokes vector of diffuse light just below the sea surface. MC refers to the results of
Monte Carlo method, CAW refers to the results of CAW-VDISORT.
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Fig. 8. (color online) Comparison of I component of diffuse light simulated by different radiative transfer

models.
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Fig. 9. (color online) Comparison of @ componentof
the diffuse light simulated by different radiative trans-

fer models.
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Fig. 10. (color online) Comparison of U componentof
the diffuse light simulated by different radiative trans-

fer models.
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Table 2. Results of the flux simulated by different radiative transfer models.

bl Gy £ st AR /W-m—2 - pm—?! DISORT/W-m~2 - um~?! RT3/W-m~2 . um~!
KTV a) L4 o5 7.6070 x 1071 7.6073 x 1071 7.6080 x 101
HOTH 7] 48 5 5.5279 x 10~ 14 5.5281 x 10~ 14 5.5276 x 10~ 14
HOTH ) N AR A 8.2126 x 102 8.2124 x 102 8.2128 x 102
HOTH 17 T B R 7.4197 x 102 7.4195 x 102 7.4198 x 102

4.2 KSIFEXT AR5 B2 Stokes &
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BB T A B 1 x 102 A (FR4E STk [19, 31],
FOBEAUNE BEAE 1070 fE g, mT 3l 2 A 400K B LK),
RSB AT KL, R N4E, KM
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F Snovete (0, ), SR 5 SR EUTH & (1) 2 H Saie(0, @)
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Fig. 11. (color online) The difference of the Stokes vec-
tor simulated on condition that atmospheric refraction

is considered and is not considered.
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Fig. 12. (color online) Stokes vector and degree of polarization of diffuse light for different solar zenith angles. The
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figures from left to right are the I, @, U component and degree of polarization of diffuse light in order.

3 RRERMAEZMNT Sair(0;) HLHE (Hh: Wm—2sr7! - pm—1)

Table 3. Values of Sg;¢(0;) for different zenith angles (unit: W-m~=2.sr~1 . um~1).

0 = 30°

0 = 60°

0 = 80°

0 = 85°

6 = 90°

0 = 95°

6 = 100°

0 = 160°

30°
60°
80°
30°
60°
80°
30°
60°
80°

2.89 x 10~
2.28 x 1075
3.87 x 1075
1.71 x 1076
2.22 x 1076
2.12 x 1076
7.97 x 1077
2.01 x 1076
2.38 x 1076

2.47 x 1075
4.84 x 1077
9.29 x 1075
1.82 x 1075
1.92 x 1075
3.06 x 1075
2.30 x 1076
3.00 x 1076
4.68 x 1076

3.62 x 104
4.46 x 10—+
4.97 x 104
1.76 x 10~*
1.19 x 1074
1.89 x 1074
1.18 x 1076
4.41 x 10~
1.20 x 1076

0.0011
0.0012
0.0014

6.53 x 104

4.05 x 1074

4.73 x 1074

1.09 x 1072

1.48 x 1072

1.61 x 1072

0.0020
0.0021
0.0024

4.43 x 10~4

4.64 x 10~4
0.0010

3.49 x 1075

7.29 x 1075

8.94 x 107°

3.74 x 10~4
3.87 x 104
8.72 x 10~4
1.99 x 10~%
6.81 x 10~4
7.24 x 1074
1.03 x 1072
1.52 x 1072
1.57 x 1072

1.18 x 10—%
1.23 x 10—%
1.28 x 10—4
1.25 x 1075
4.66 x 107°
9.24 x 1075
9.90 x 10~ 7
1.85 x 1076
1.95 x 1076

1.55 x 107°
1.54 x 1075
4.31 x 1075
3.68 x 10~
4.25 x 10~
8.67 x 1076
9.97 x 1077
1.04 x 1076
1.50 x 1076
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7.3% M 8.5%. HIFKE, i KFHRTUMHE K, B
SN T 18 SR A A TR AR A AR, ARG
SRR T (R F AN, NIREHR A B AT T A
[6] U RE UG 028 A0 ) W 15 T AT, AL, 7R T S
REFF, BRI A1 75 17 B TBON 6 RE S AR R 95, 1M
JCERN B AABOK, YRR, BBl KA
ST 5 A i R 01 5 e i

4.4 ARIXSEBREFHETRKITGFITEH
3 Stokes K= I

B AR, 7 A B UBRE Iy #vir L Hh 4 i
R, PHRAT LR E (US) brifE KBk, K

FH R T A 60 S T7 58 411 o 23 7 B 40° F110°, Monte
Carlo BEfUG T HBH 5 x 1024, HASHKES
4.2 T AHTA].

5 4.3 Wit 7 S, Gt AR R T A i
Saie(0;) WA, BRI T4, 54355 RHML, o
FUM R TI AR 0 FI3E K, KA 1,Q MU &
VP QI T DN NS S = O N
KERLEI Saie(0;) FTRIN, TEAFR KWLM T,
KA 5 0 % 4% ok 2 7 s e A — 3, Hop
FEH A FE A TR RARBRE SR AT T, KA (1 50
K, H G R R AN [F] BR80T B B RS HT 5 38 2 B4 A
FEAEZE 5, TACHA RSB 5, hAEATR
BRGNS R AT 5 2 e B AL R FE AR UK,
DAL AT 55 I 2 Ak A 4.

F*4

AFERABLEFAT Saie(0;) SR (467 W-m=2.Sr=1 - um~1)
Table 4. Values of Sq;t(6;) for different atmospheric profiles (unit: W-m=2.Sr~1 . ym~1).

SR OKRAEL 0=30°

0 = 60°

0 = 80°

0 = 85°

0 = 90°

0 = 95°

0 = 100°

0 = 160°

2.28 x 1075
FLEE 2.82 x 107°
AL 2.97 x 1070
US Frife

I oy

1.62 x 10—°

4.84 x 1075
4.95 x 1075
4.93 x 1075
3.87 x 1075

4.46 x 10~4
4.58 x 1074
4.71 x 104
3.74 x 10~

0.0010
0.0012
0.0017
0.0013

3.63 x 104
4.06 x 1074
4.84 x 1074
4.36 x 104

3.30 x 104
3.45 x 104
3.87 x 1074
3.70 x 104

4.42 x 1075
5.25 x 1075
9.46 x 10~°
8.03 x 10~°

6.37 x 107
5.06 x 1076
1.72 x 106
5.43 x 10~

Q A 2.22x 1076
LR 2.77 x 1076
FEEA 3.61 x 1076

US #aifE 8.75 x 10~7

1.92 x 1072
1.71 x 1073
2.27 x 1075
2.12 x 1075

1.19 x 10~*
1.30 x 1074
1.41 x 1074
1.18 x 1074

3.20 x 10—4
3.48 x 104
4.05 x 1074
3.63 x 104

4.08 x 1075
8.94 x 1075
2.36 x 1074
2.16 x 104

6.81 x 1075
6.40 x 107°
9.51 x 107°
8.22 x 107°

1.25 x 1072
2.45 x 1076
2.85 x 1076
1.22 x 107°

1.68 x 1076
2.75 x 1076
2.69 x 1076
1.95 x 106

U i 2.00 x 1076
FEEE 3.24 x 1076
LA 4.97 x 1076

US rffE 4.62 x 107

3.00 x 10~
3.22 x 1076
412 x 10~
3.75 x 10~

4.41 x 10~
4.10 x 10~
5.33 x 1076
5.03 x 1076

3.08 x 104
3.27 x 104
4.08 x 104
3.75 x 104

4.98 x 1075
4.95 x 1075
6.44 x 1075
5.17 x 1075

4.94 x 10~
4.81 x 10~
6.99 x 10~6
3.43 x 10~

1.95 x 106
3.86 x 1076
5.83 x 1076
3.05 x 1076

4.32 x 10~7
6.18 x 10~
7.90 x 1076
6.72 x 1076

4.5

BEBRASFHTASTFES

AU B AR T 525 SR AU S R K T R R B

fREGEIRNT

BN AR KT R iig Eh 7, LR I it
5 RV 2 80 B OPAC $ds 3 2 e 5
B, Forpryb AR it £R 7 U B OB SR AR S R AN
(R A T BOE 2 20 A, 4 (40) 3X). SR Mie

S I IR R U AR . 25 890 AR BRI B AR ER
RN, KM THE LT SN R L a/b = 0.5 A0
1.5 AIRRERIE IR B AR G IR R 1

1 1/Inr —In7r poq \2
= - - — ) 4
n(r) T b [ 2( Ino ) } (40)

®5  AFEEAIERI S E B RE (A = 0.55 um)
Table 5. Micro-physical properties of different aerosol types (A = 0.55 pm).

KM RSE RIATERSE R ER

Tmod Tmin Tmax FHUR R RS/ km !
wahaR 1.530 —5.500 x 1073 3.90 x 10~! 2.00 5.00 x 103 2.00 x 10! 0.8783 2.741 x 1073
KER 70% 1.414 —2.470 x 1073 2.85x 1073 224 6.40x 1073 2.74x 10°  0.0296 7.931 x 1076
WA 50% 1.373 —3.895 x 1079 3.36 x 10! 2.03 7.70 x 1073 3.22 x 10! 0.9963 2,513 x 1073

T YRR U R I O RO BRI AE TR A
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Influence of atmospheric refraction on radiative transfer
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Abstract

Refraction is an important factor influencing radiative transfer since it can change both the propagation path and
polarization state of electromagnetic wave. In order to discuss the influence of atmospheric refraction on radiative transfer
process, a Monte Carlo vector radiative transfer model, which takes atmospheric refraction into account, is introduced.
By using this model, photon random movement in uniform atmospheric layer and at the interfaces between adjacent layers
is simulated, Stokes vectors and degrees of polarizations of both directly transmitted and diffuse light, and irradiance
at the specific layer is also calculated. The model is validated under two conditions: with taking atmospheric refraction
into account, and comparing the simulation results with those in the literature; with taking refraction index distributed
homogeneously in space, in which case the model is validated against DISORT and RT3. So, the results indicates that
our model is accurate and reliable. The influences of atmospheric refraction on the Stokes vectors of diffuse light in
different directions are discussed for pure molecular atmosphere, with only Rayleigh scattering considered. Simulations
are performed respectively for different solar zenith angles, for different atmospheric profiles, for aerosols with different
types and particle shapes, and for clouds with different base heights and optical depths, and correspondingly, the effect
of atmospheric refraction on radiative transfer process is discussed as well. Simulation results show that Stokes vector of
diffuse light is influenced by atmospheric refraction to a certain extent, especially for light with a zenith angle ranging
from 70° to 110°, and with the increasing of solar zenith angle, the influence becomes stronger. When atmospheric
profile changes, the effect of atmospheric refraction on polarized radiance field is also changed, for which the possible
reason is that deference between atmospheric profiles leads to the variation of refraction index profile. When aerosol and
cloud are taken into account, the influence of atmospheric refraction is reduced because of the decreasing of the ratio
between side-scattering energy and backward scattering energy. Comparing the simulation results for different aerosol
particles shows that the influences of atmospheric refractions in mineral and sea salt aerosol are much stronger than that
in water soluble aerosol, besides, there is also great discrepancy among results for aerosols with different shapes. This
phenomenon may be explained by the differences in scattering ability and spatial distribution of scattering energy among
different aerosols. For cloud, there is no significant difference in result among different cloud base heights, while with the

increasing of cloud optical depth, the influence of atmospheric refraction on polarized radiance is gradually weakened.

Keywords: atmospheric refraction, vector radiative transfer, Monte Carlo, Stokes vector
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