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Fig. 1. The basic frame of radiative transfer model.
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Fig. 2. Schematic diagram of ray-tracing process in

g

spherical refractive atmosphere: (a) For solar zenith

angle < 90°; (b) for solar zenith angle > 90°.
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JEREN0.5, BigIRA A4 1. W AT, &K
SR 0.1, Fi A O R R A T 150 0.0279, A%
JEAA W USCRASE. 4 T BRI 5 1 71 29 0° % 30°,
RIGAAAX5Z90.1, 0.5 1 1.0, PIRERLRELSE 5%t
A T3 3.

B & 3 7] %1, VSPART £ 41l 45 8 5 de Haan
S 2V 25 ) bR A — SO R E, IR IE T AR B
e Bf P R P

%8 R A KB LM, B VSPART 5
SPDISORT # L i) 4 5 5 LA 56 1iE A Y 1) 4 if
# (SPDISORT & Dahlback 1 Stamnes B 4 H 1)
DISORT Dy BRIE AL 2, SEBl 7 3K KK T
(R S AL A g R B SR A, AER % T i 7). At

014203-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 65, No. 1 (2016) 014203

UL R, BORABBZCN AFGL ) #vi KRB 4K,
KA R33)F, KA S92l 5 FIHUH KA, B
PR35 05 BROKBH R T0UAA 9 85°, NS GBS 737l
40.343F10.55 pm, 1 [T HHL0; BT SPDIS-
ORT 75 J& R BRI LTS5 4, T JF AR 25 RS
Prosemd, H I R b, & B R T R iR

N1.0. BUTAL A4 310 00, 90° K 180°, 1 A 4 45
P15 B HO T T A7 18 3 58 5 S R T AT 18 S 4% 4
R EE T 3 AR,

FH P 3 AT R A R AL 4 TR — ot e, i
LIAREG, WHHTEBRIE LA 64, AE AR

B B HERA P S R SR

#3 CFHTATRAEM T VSPART 58 29 bk
Table 3. Comparison of the simulation results of VSPART and the Benchmark results given by de Haan et al. [29].

o pn=0.1 w=0.5 w=1.0
I
Ref.[29] VSPART Ref.[29] VSPART Ref.[29] VSPART
1 0.532950 0.532898 0.208430 0.208443 0.093680 0.093673
—0°
¥TOA_O 0.5 Q —0.028340 —0.028331 —0.036299  —0.036311 —0.024156  —0.024160
HTOA_0 = VY-
(p = 0°) U 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
\% 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
I 0.418140 0.418135 0.184970 0.184972 0.093680 0.093682
=0°
$TOA_O 0.5 Q —0.000058 —0.000057 —0.019649  —0.019648 —0.012078  —0.012080
HTOoA_0 = Y-
(¢ = 30°) U —0.073705  —0.073718 —0.041401 —0.041404 —0.020920 —0.020916
\% 0.000106 0.000104 0.000040 0.000038 0.000000 0.000000
0.025 0.12
—— Our model, ¢ =0°
o SPDISORT, ¢ =0° —— Our model, ¢ =0°
T —— Our model, ¢ =90° 7 0.10 o SPDISORT, ¢ =0°
% 020l ¥ SPDISORT, ¢ =90° 5 — Our model, 4 = 90°
T ----Our model, ¢ = 180° 9 v SPDISORT, ¢ = 90°
g + SPDISORT, ¢ = 180°/” g 0.08 --—-Our model, ¢ = 180°
= g = + SPDISORT, ¢ = 180°
~ ~
= 0.015 < 0.06
5 5
g g
8 2 0.04
S 0.010 5
=~ =~ 0.02
0 20 40 60 80 0 1.00 1.20 1;10 160 180
/() /()
(a) A =0.343 pm
0.10 0.10
—— Our model, ¢ =0°
7 o SPDISORT, ¢ =0° n —— Our model, ¢ =0°
= 0.08 — Our model, ¢ =90° 1 = 0.0813 o SPDISORT, ¢ =0°
o v SPDISORT, ¢ = 90° ! o —— Our model, ¢ = 90°
‘E ---- Our model, ¢ = 180° ,/ ‘E 4 v SPDISORT, ¢ = 90°
- 0.06f + SPDISORT, ¢ = 180° gl 1 > 0.067 Y ---- Our model, ¢ = 180°
% v % 4 + SPDISORT, ¢ = 180°
= =1
g 0.04 g 0.04
o o
g g
3 0.02 3 0.02
~ ~
0 ; 0 y : y p
0 20 40 60 80 100 120 140 160 180
/() 0/()

(b) A =0.55 pm

(a) A = 0.343 pum; (b) A = 0.55 pm; Frp 72 By b 1 4 5 AR

K3 (IR PR RSO FR e L A L
WU, A B R TR BEAE

Fig. 3. (color online) Comparison of radiance calculated by two models: (a) A = 0.343 pm; (b) A = 0.55 pm.

The left figure is for down-welling diffuse light observed at surface, and the right is for up-welling light

observed at TOA (top of the atmosphere).
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4 2RZRREXGTEEERIAN

4.1 IEFEHFHETRERREXTE

A Hi A ROR 265 8, BEAIF 20 Fr 2R 23 i 4R
e BB AR, OB e 2 A1 S 7 8 A 20 990
2° F10°, KABELLI AFGL #ii KB ZR, B2 K

90° 100 90° 100
- o ; 60°

270

» I T O -l::- I::-x/o-::-

0.2 0.4 —80 —40

(a) A =0.35um

KN 332, BNGHEE K459 0.35, 0.45, 0.55
H10.65 pm, HBEHLK 2 i = B2 (DOP) S i 4% 77 7]
(AOP) Ky At 4 Fr . AR AR 3R 2 /N T~ 5% B
B VR AT R IR R, T R R 2 R 5%—10% B,
T2 R B PRI 3% 22 A R4, 1% IR R 4 4 e 1 h
AMwIRFEX 8], 253 e it H A o L.

0.2 04 0.6 —80 —40

(b) A =0.45um

r T T ) -::- -::- x/()Il:-
0.2 04 0.6 0.8 —80 —40 0.2 04 0.6 0. —80 —40

(c) A=0.55pum

(d) A= 0.65um

B4 (RTUR () B MU 20 R A RSB R 2 R (6f T RN B, e B IRE, AR MIRTT ) (a) X =

0.35 pm; (b) A = 0.45 pm; (¢) A = 0.55 pym; (d) A = 0.65 pm

Fig. 4. (color online) The sky polarization patterns for Rayleigh scattering atmosphere at different wavelengths
(for each wavelength, the left figure is the distribution of DOP, while the right is the AOP): (a) A = 0.35 pm;

(b) A =0.45 pm; (c) A =0.55 pm; (d) A = 0.65 pm.

W A FT7R: R 258 58 fh % BE 1 ABL 06 T K
FHTF- - e o BR, BLAE 7746 X3k B e ks T4
2 0 418 (B 55 /D, JF BT Arago H i A
Babinet H P g fdi 7 ] 3 A 5 F R T 06
PR, ARG b B eI IE R B NSk
£ 4350 nm i, Babinet HF4 5 85 5 25 A BH N
75 1), 55 B B RO R AR 22 K TR X B AS
I % B 1) R 2 A R E AT ki, B N Sl i K K
R P55 B R B 2 38, 7 A P B0 ) KR T
77 S, LAt s 0 B 55t 4R X S80E 29
R | B = B R i 4 S a  V
PGB IR R, B RO RS NSOGB 4 R07

JR LY, BIRRRE, Xof L PR it A TS D' =72 J52 R
K, BRI 22 RSO RANE i 2 18 5, 1T 22 DR HBUR 8
S AR IR AR A AT ST RN, R T 98 S O e i P 8
PRBE BN T BEAR. LA EBLRAB LR, 2% A
SERAETS, FERE P BL, SR A B R A AE
SEZE, 5225 8 2 U RO, T A K 3 B i )
RO R JE B ACE HI 1Y), R 4 FT N, B K3
TN, A iR AR AR A X Sl 2 18K, fEL [R] I 234
B R, IR N T 5% B DR R 2E N, (iR AR
5% F110% DX [] {4y LE G AR A b Bcha e, DR i A
LR, AU RS, M KOt &EE T
P L.
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R4 AR T ZRMMIRE K7 X RS 455R

Table 4. The statistic results of polarization in different scopes for Rayleigh scattering atmosphere.

S DOP
WK/ pm
<5% 5%—10% 10%—30% 30%—T70% 70%—100%
0.35 0.9896% 4.2188% 20.3125% 72.9167% 1.5625%
0.45 1.4063% 3.5417% 15.4688% 34.0625% 45.5208%
0.55 2.1875% 4.1667% 13.4375% 29.5312% 50.6771%
0.65 3.2813% 3.2813% 12.6042% 28.0208% 52.8125%

4.2 FERBERFHTHXRSEKRSTH
BAME

SEBR RAFEA R A E A R, BT
YRR AR, R 2 iR AR ot oRs 22, e ) A2 B o
SR EOC S B FE RN, 2 U RN 1 5, HRE
WA BN . ST, BN IR KO
FJRPE, M EN R IR AR . B R
NG EN 0.55 pm, ABH =5 FE £ K 7 8 1 43

il Ay 20 F0°, UK Z N AFGL Hh 46 % 2 2=
2k, [ BR R AFEY i A (mineral dust, £
) A (soot) AR ER Y (sea salt, FUERALAS) =
%, B 25 (R 5) BUE OPAC $df 7 51 =371,
I3 VB 5 B SR RO 4 IR (AOD) 7240.5, 1.0
L5, HUBHH Y i £ SRR G5 R BE 709 0.5,
PRADL R 2 Al 91 B2 % Al 9 75 170 53 A 4 P 5 A0 B 6 e
7, [ 41T T 3, GEvh & X TR R BEAE /Y 2
A, @RI TKG.

£5 AR SF RIS HSHEE R (A = 0.55 pm)
Table 5. Micro-physical properties of different aerosol types (A = 0.55 ym).

Bt L BHERIEE SHTH IR Tmod o Tmin Tmax
gt — 1.530 —5.500 x 1073 3.90 x 10!  2.00  5.00 x 1073 2.00 x 10?
FEARAY — 1.361 —4.400 x 107! 1.18 x 1073 2.00  5.00 x 1073 2.00 x 10!
wHA 0% 1.373 -3.319 x 1079 3.78 x 107! 2.03 850x1073  3.63 x 10!

90° 100 90" 100 0100

60°

180°|+

01 02 03 04 05

vo T Tl
0.1 0.2 0.3 04 0.5 0.6 —80 —40 0 40 80
(b) Mineral dust (accunmulation mode, AOD = 1.0)

—80 —40 0 40

(c) Mineral dust (accunmulation mode, AOD = 1.5)

K5 (MTRO) 5B GRIRATT, ANFDGE RO B R 2 R

Fig. 5. (color online) Sky polarization patterns for atmosphere with mineral dust of different optical depths.
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60°

—80 —40
Soot aerosol (AOD = 0.5)

90° 100
- 60°

0.1 02 03 04 05 0.6
Sea salt aerosol (AOD = 0.5)

K6 (MTIRO) ARAE BB TR iRt (72 BO9BHR B E R, B 3R IR)

Fig. 6. (color online) Sky polarization patterns for atmosphere with different aerosol types (left figure is for

soot aerosol, and right figure for sea salt)

B 5 AT 6 f 3% 6 mT 4, BLARTE AT L e I B
IR RS A B R AR R E 2 R, (1
TEAR R BH =3 B F 264, BRI R S m IR 5 A 5
Bt P U R SRR SRARRL, HAZ o3 A RRAE A
B A R R e e 2 TR B I R T . B R
W62 BB 3N, R 23 m R (B % A0 AR, LA
PR R A R B 5 AR A DX 3 A 38 i, 1 7 R
PE BB 2 A IR 7 RS IR 2 SR N
UK, BE AL R FER I, R 5 A Lo s o
O 1E 573 5 A8 Ak AR R T ¥ 2, L K BH 7 1 1)
ZARFAESE T IOK B J7 119 2% 38 iz 3 % 1) Ji [

&, FER PR A BN, BEE RO R
HEIN, 2 URES RSB GE I 58, AN R BSR R NS
R AR AR AT — g s, A B < I
SN B R 2 R B W 2 9 T B VA R B i
AR, R BRI I — U7, AR
TN, HEYHR BB, BUHRE /153,
TV 22 UCHBUR o 38 55 Dl i 4iR  E L A 1 22 H)
RN, PR e KT 220 55 e 0 ol gs; 5 — D5 T,
I BB AR /S, FLHUR R T 3 R B, B
SRR, X8 A 17 B 638 Ik 1 FH 5, BT AR
RRLT 25 A T R 22 i (B B AR

RO AFIELSFET BIRE 2> XRG4 2R

Table 6. The statistic results of polarization in different scopes for different aerosol.

e DOP
gaire St
<5% 5%—10% 10%—30% 30%—70% 70%—100%
WA (r =0.5) 3.9583% 4.8438% 20.1042% 70.6771% 0.4167%
B (1 = 1.0) 4.8958% 5.7292% 24.3229% 65.0521% 0
WA (1 = 1.5) 3.1771% 7.8125% 31.0937% 57.9167% 0
WA (7 = 0.5) 3.5937% 6.1979% 16.6146% 50.2083% 23.3854%
W™ (1 =0.5) 3.1250% 6.4062% 22.9688% 67.5000% 0

R s BUER AU KA & R IR AR
REEE R, A — BB X AR
R, BB AR A KOG BRI N,
P RURF LR BRI 2, H b i 8 A BN 57 1)
R X5 RN, RO R BN,
Ve AL 2, (EREE G2 R BN, T A
TORFIAS 7, Ak e B 2 B, X ARl 2
JE . o3 A R AT gt T rp o RS B AR
2 UCTBUN RE MR 3E G, 3 A HICR K261 F,
BEE PR AN, RAUG R R BRI N, HE k&

PAFAK, KB 2 EUN & BRI, B S
HISIN, BIR R AL R EERE I N, UM T2
JS3G5E, rh P R B A AT A

5 ARAIM LA RATH N K= M ik B
Ziil: b AL

5.1 ImFlESTASEH TRIRN
RIS A1, SPHT KRR T LA B 52
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97X} R A i I FE . AU RE R R s ER 2 AR
RN 10"%km (i KT 6400 km), &= 2 iR
WN1.0, KASHKE S 4.1 MR, A
SPAT KGR N, BT JE AT O 1R
R EE 734 DOP,,. A5 RH (31) XitHHE4.1

90° 100 90° 100
60° . 7 o

10

A =350 um A =450 um

TR ZE AR ZAE Rere, HFLHIEHIEREN
O3 AT, 7 ps. Hob DOP v 4.1 8 3 ) %t
N 25T B R 2 I P 50 AT

Re(0,9) = (DOP — DOP,,)/DOP x 100%.
(31)

A =550um A =650 um

7 (TR ) BB AT T IR BRI LA 2 3 56 22 s i 2 A

Fig. 7. (color online) The influences of spherical geometry and refraction effect for Rayleigh scattering atmosphere.

HI P 7 R, KAERIE LA L3 S OB x R 4%
(AR 5L 73 AT A R 25, 4B I, 1252
WA, Jrh 2 NSRBI K D 350 nm I, i KAH X
{2 Rere P35 £ 35%; 5 W 5 KA X 38 3 2240 455
b1 28 T3 T X3 (ORF RLBCR [ R T A ) Arago Al
Babinet o4 gl BT B R TH XI5, Rp 2 PR A 1
R, MR OV R . BEE AGHOEBAR KGN,
KAERIE LA L A7 555 RS IR SN I8 A0 U858, e ol e
R R B R T X3, HLE M IZ 0 K, (BRI
ST 1) e FL ST e AR N R XM I, R
MGG LRRTR. IHTIZILR R B A, AR e Kbk
K, B AR GS , X L PR i 1) BRSO 272 T2 BE N,
1115 R ERIE T UART B KA S 280 1) 5 i i i i
SHE IR & RSO, T EE A B A
OIS, 2R B 2 I 59

5.2 SRARFEHTHEM

BE— LM BRI KRR A T RAERTE L
] ST 55 S8R0 R 2 I JEE RV 2. St Bk~ A A 3
SFAREA W E S 5. 1WA, 24279 SE.
KA S TR R S RO &L, AR Bh T
AT RAGEAET, BEAUANE 8 R 5 RONL IR R 2 i
PREEGH AT DOP,,y,, F EE 4.2 715 (AN 45 L I SR
FARLHIANT ZEME Rerr, 45 R AN 8 F7S.

H &1 8 AT 5 5 A UM KRR, KR
BRI JUART B A7 565 (10 5 Wi (X3 3= 220 458 Y v 2 B

AT P2 B AT X8 A R T X 38 Bl o AR RO 2
JE (P86 o, R TO0 DX 5k P i 22 AL 2D 36 K, KA BR
T TUART B 3T S5 () s s BBl 0z 25 K, Hod, 20k
RN 15 I, Repe KT 2.0% BIXIRET (5 HL 7 iA
86.8%; 5 Z M, b2 B DX duk K 5 o 1 AP
e 5 AL () R K i 22 ) 12 80 0/ )N, L FR T3k 28 7 1]
(1) Dl FEE A AR B M0/, BSR M 221 Rere B
BTk /I, {5 (I FEE 1 24 5 508 AN K, TR b e Ak =
B, RAERTE TUAR] B AT 5 R0 1) 52 i Bl < e ol 2
JEL R 3 N 3 5. A b LR R, X iRk
T UART I A 558 2850 P 2 i 2 38 3o K <1500 1B FH
GRIEBHET, RBEBROCFEEBRR, 2 REUHE
FH R, KASERTE ) LART B 3 5 250082 P 5 1 12 2 e
K. SFHAFRSEREREM T Repe 1434 1T AT
PR SRR A AE T, KAERIE LA R 4T 5 3082 1
S B ST TR R A e AR AR IR S 2 A
K. o3BT R R 2 BT R 2 R B R ATIE 5
TR P e, S R AR /N T4 5 2 A
NS, FHU R 1 5 RO, X AT 1A
VIR A BRI mAE 1, i 58 TR R TR
WP B, B RE R S B A AT, (E AT
AR A N B HR R 1, Ol 2 B A TR B
R B B i 56 0 R X 5, RASBRIE T LT A
PriP N 20 RSB E AR G T8O G, g5
(TR R ALRER PO K SN
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(a) Mineral dust (7= 0.5)

2 4 6 8 10
(d) Soot aerosol (7= 0.5)

(b) Mineral dust (7= 1.0)

90° 100

2 4 6 8 10
(¢) Mineral dust (7= 1.5)

90° 100

2 4 6 8 10
(e) Sea salt aerosol (7= 0.5)

8  (MTIR M) & B FAT T B ERTE LA B 3 5 0 F 5

Fig. 8. (color online) The influences of atmospheric spherical geometry and refraction effect for atmosphere with aerosol.

6 % #
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1) &I RARAT T, iR 5 22 18] 7347 5 B A
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RSB AR R TT | 8N, K06 R RV
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RADCEEE R, IR H K, BAGEHK
BRI, 25 18 22 U B JORL A A6 L.

2) RAIRTE JUART S A1 555 808 %8 R 2 i 9% FEE 5
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T AT S 200 () s e it 2 3, FG R A A IR 5%
P, s sE T 5 Y i R SR R .

4) FEHR MBS KR, BB RO REE
Hn, A R S R BH N S 7 TR RO T AR R
KA, BEECEEE N, o & T K
FHNSRJ7 10, BB AR EO]. IZX AN JE IR
HhHE IR A R AT RESZ AR B 22 IR FE IR EOK.
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Abstract

To simulate the atmospheric polarization pattern for small solar elevation angle, we develop a the vector radiative
transfer model VSPART (vector pseudo-spherical radiative transfer model considering refraction), and use it to calculate
the polarization state of downwelling diffuse light. In this model, the propagation trajectory, transmittance rate and
polarization states of directly transmitted light are tracked by ray-tracing method for spherical refractive atmosphere.
Based on the matrix algorithm, an improved method to solve the radiative transfer equation is proposed. Output of this
model includes not only the Stokes vector and degree of polarization of diffuse light, but also the polarized irradiance.
The precision of VSPART is validated against the benchmark results, literature results and SPDISORT, and excellent
agreement is achieved. DOP (degree of polarization) and AOP (angle of polarization) are simulated for pure Rayleigh
scattering atmosphere and atmosphere with aerosol, and the characteristics of their angular distributions are analyzed.
In addition, the influences of atmospheric spherical geometry and refraction effect on the sky DOP are discussed as well.
Simulation results show that for low solar elevation angle, with the increasing of wavelength, DOP increases gradually,
and the Arago and Babinet neutral points move towards the horizon when Rayleigh scattering atmosphere is considered.
Although the existence of aerosol does not change the basic distribution of DOP, it has a significant influence on AOP.
With the increasing of aerosol optical depth, DOP decreases gradually, and the distribution of AOP changes dramatically.
By comparing the sky distribution of DOP, it could also be concluded that the neutral points might arise from low order
scattering. The area affected by atmospheric spherical geometry and atmospheric refraction effect mainly includes the
area near horizontal directions, the area near the neutral points and the area perpendicular to the ground. For pure
Rayleigh scattering atmosphere, the influence is reduced with the increasing of the wavelength of incident light, especially
for the areas near the neutral points, where the influence gradually disappears as wavelength increases. For atmosphere
with aerosol, with their optical depth increasing, the effects of atmospheric spherical geometry and atmospheric refraction

are gradually enhanced.

Keywords: sky polarization pattern, atmospheric refraction effect, atmospheric spherical geometry,

vector radiative transfer
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