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Polarized Radiative Transfer Characteristics of Ice Cloud
Atmospheres at Large Zenith Angles
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Abstract Herein, the Monte Carlo method of vector radiative transfer is used for comparing the difference between
the reflectances of spherical and plane-parallel ice cloud atmospheres. The variations of polarized radiative transfer
characteristics of the ice cloud atmospheres with the optical thickness, effective radius, ice water content, relative
azimuth angle, surface albedo, and ice crystal model are calculated. These characteristics are obtained at three
wavelengths (0.65, 0.85, and 1.55 pm) and a large zenith angle (85°). The results denote that the difference
between the ice cloud atmospheric reflectances of two atmospheric modes increases with the increasing zenith angle.
This difference can reach a maximum of 55% . For a range of wavelengths, ice crystal models, and relative azimuth
angles, the atmospheric reflectance of ice clouds is observed to considerably vary in the spherical atmosphere mode,
and the variation in the atmospheric polarization of ice clouds is complex. Further, the atmospheric reflectance and
ice cloud polarization are sensitive to the changes in the ice cloud optical properties and surface albedos. The ice
cloud atmospheric reflectance increases with the increasing optical thickness, mass concentration of ice water, and
surface albedo, whereas the polarization degree decreases. Furthermore, with increasing effective radius, the ice
cloud atmospheric reflectance decreases, whereas the polarization degree increases.
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Fig. 1 Scattering phase function P, and linear polarization degree — P,/ P, of six ice crystal models at three wavelengths.
(a)(g) Plate ice crystal model; (b)(h) solid columnar ice crystal model; (c¢) (i) hollow columnar ice crystal model;
(d)(j) ice crystal model with solid bullet rosette type; (e) (k) ice crystal model with hollow bullet rosette type;

(D (D) ice crystal model with plate polymer type
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Fig. 2 Back Monte Carlo simulation of photon

transmission in aspherical atmosphere with

absorbing boundary conditions
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modes. (a) Reflectance; (b) differences of two atmospheric modes
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Fig. 5 Atmospheric reflectance and degree of polarization of ice clouds at three wavelengths for different ice crystal models.

(a)(b) Atmospheric reflectance and degree of polarization of ice clouds for plate and plate polymer ice crystal models;

(c)(d) atmospheric reflectance and degree of polarization of ice clouds for solid and hollow columnar ice crystal

models; (e)(f) atmospheric reflectance and degree of polarization of ice clouds for ice crystal models with solid and

hollow bullet rosette types

3 PR AR VK AR TR T Y K 2 RS iR B
0, X A& F 60°~65 MM A 5 155°~ 160 #UH /1
S I Hop B 1 AT, 155° ~ 160° HUS M N A7 7E T
Z AT HHEL (R AR) « H 35 B 5 3R 1038 e 4k .
S AR KT 65° o A [7] 8 < FIAS 7] K A R - A5 75
UK 2= KA B B2 38 K, 330 B TS 1) A ok
S i P W RGN, T BOE £ 09 S0 R O 2 GE i
PO, M 5 (DR AT KK
LR 4 UK 2 RS B 3 0 8 A T i &2 0
3.2.2  kEFXRARMABKEBA A RSB KS
Se S A b AL L

24 1.55 pm PR DLR R T MA A Gk = KB,
6 B TTIAL 1 O2 JR B A R AR R KoK B X
UK 23 RS A8 i B J3E (0 52 0], B 4D) 2% P i 42 52
O AR VK = B A, HORE X 7 62 A o 180°, b 36 s IR

K 6Ca), (o), () RiTHE TH¥EERE N 0.5,
1,2,5, AR ER N 20,40, 60 pm, KK & &N
0.005,0.01,0.01 g/cm® BFIIK = KRR EHK, H
Kl 6 Ca) AT R oK = 2 IR B 0.5 35 m 2 5 B, vk
5 KA BRI 28 B ' 27 J5E 1 485 0 i 1 s 3X 2

Tl BB B 38 N5 Bk = J2 35 55 R RSO/
BE M HRBCAT G ORI, A 0"~ 757 Al
75°~80° WL £ Y BBl N L UK 25 KA S R e K
A351R0.0013 F10.0004 , B 25 WL £ B 36 K, 2456
2 B B SR W HG N, K 25 KRR S 23R 1 1 R 32 T 0
AN BEEAFE 0°~75 W0 £ ¥ Bl P L D62 JEE BE X oK =
KA R, 6o Al M, ik = KA
R S S YO DI NTIR WA ==t R S & X Y]
B3 BOUK RL T P I U T, 2 )2 TR A
AIERR IR 55 . AE 0°~ 8O WL £ 35 BBl P9 L A7 5k 2 42 1Y)
AR AR VK 2 AR T 3R R 4 B L AT sk A
TS VK 2 KRR g KR B 2 0006, 5 B 7
0%~ 80 MWLM £ 71 B P9, A7 8502 48 X UK = KRR G %
U, i 6 Ce) AT UK = KSR S R BE VKoK &
ENIOR DI N NI DU B TR - NEC Y W i 2 81
BEE VK 2 AR R R W X 5 2 R
JE R B DK 25 KRR e 0 AR b R A — B X R
TUKK i 52 R R B IE B &R L vKoK % 1 1Y 3
I BOK = a2 BB .

K 6(b) () (D483l Rt # B RE Sl 0.5,1, 2,
5L BCER F20,40,60 pm, KK & H0.005,

1101002-6



{5

i

(® ——1,,=0.005 g-cm’
0.008 | —Iy=0.01 g-cm’
——1,=0.1g-cm®

0 20 40 60 80 0 20

0 60 80 0 20 40 60 80

View angle /(°) View angle /(°) View angle /(°)

(®) 0.200 (@ 0.20 ® 0.300

é é é 0.250 ——1,(=0.005 g-cn
8 0.150 2 0.15¢ 5 ——1,,,=0.01 g-cm®
5 % % 0.200 I,,=0.1g-cm?®
2.0.100} g 0.10 2 0.150

E s 2 0,100

£ 0.050 £ 0.05 g

& & & 0.050

A . . . S, , . ) /A 0

% 20 40 60 80 0 20 40 60 80 0 20 40 60 80

View angle /(°)

View angle /(°)

View angle /(°)

6 I s R BE A 2 AR T KOR B i K RSB S A< A i 4R BE B IR I A AR Ak . Ca) (b) 7R [a] e 2 JBE JE I 9 0K = R
A AR R JEE 5 (o) (D S [ A5 A0 A28 I6F B9 DK 2 B 5 23 R i I 52 5 Ced (D A [ oK 5 42 6 9 0K 2 RS0 3 3

it 4%

Fig. 6 Variations in atmospheric reflectance and degree of polarization of ice clouds with view angle at different optical

thicknesses, effective radii, and ice water contents. (a)(b) Atmospheric reflectance and degree of polarization of ice

clouds at different optical thicknesses; (c) (d) atmospheric reflectance and degree of polarization of ice clouds at

different effective radii; (e)(f) atmospheric reflectance and degree of polarization of ice clouds at different ice water

contents

0.01,0.01 g/cm’® Bk RAMIRE . HEG6MD) .,
() (D ATHTTE 0°~64° WL £ 715 Bl L vk = K A
P F85 it ' 27 JEE B AR K K B 5 1 8 i 3 K e K
{E R 1 0.05 , 3X 4 By Tl 2% J&E B2 A UKoK &5 & 1% 3
i 2= 2 BB B WS L 56 5 = 2 R B A HAR
FHUSS 2B B R BN . oK = R A P B Bl
A AR B 3G T 8/ 5 8/ B B K ABRE 80.05 , 31X
JE T RCE R B I G 5 = 2 R B AR BLAR
FARE S8, 2= 2 AR BE R . X U8 BHAE 0°~ 75 WL TN £
RENEN I =Y =9 N W/ Sl S R SV Y D B S N
P 4 B B B . FE 647 WL £, BT 6 (b) L (dD) L (D)
MUK = KA IR FE R T 0, 5K 5(DHAY1.55 pm
T A 14 S0 A K R A TR ) R Al A1 A (160° S
FOXTRY , 7E 64°~80° WL £ 35 Bl P . Bl 5 't 2% 5
FPKK B 12t 038 i A 91 B2 0% 728 Ak 22 S AN I 8, i
ARG N, e B BE B2 Ak 25 S 0] I, WD A
64°~ 80 WL A7 i FEl P4, o 2% J&E B KK 5 i X i
e BE AR
3.2.3 Rk EF= R ARSIk 5 A4 S 4 b B AR 2T
TS f e i R R B R AL R

K7 B T 1,55 pm K AR & KRS

I UK ze AR S 238 R0l 41 32 A 0T 7 7 £ A b 3

SRR A OC FR . B AR SO AR AR DK S R
BRI K = B, OB R 2. A RCE R
40 pm KK E R 0.005 g/cm’,

&l 7 Ca) 1 (b)) S A [R]AH X 7 7 £ B vk = KA
SR 2R O B B B UL AR A AR AR O R . HEL 7 () A
Cb) AT AT F R T3 5 Ff 4028 B UK 5 KSR S5 2 R A
P B2 1) A2 A e AN Ta]  Horb 90 AR XS 5 2 f Y UK =
KA B BT 150°H1 180°, H 150°F1 180°4H
XoF 7 L A1 2Z 8] B8 UK 2 RR T 3 Y A AR A L B
% AS[EVARRT 7 B VK 2 RS A B 18 e 72 b T
%, TG — AL RRAE . X R BT A R O A6 A B AR
IF s UL £ e XoF IO %) 05 £ 8 2 A AR Ak AR R T 6 £
S 90°, 150° F1 180° I, WL £ £ 0° ~ 80° 43 Il X Lz
95°~91°,95°~150"F1 95°~ 175 HU & /A . & &5 e ]
FE A 0 SEHTTm (s dspos o) 9K R E
B, R X TR ] A AR 6 5 2 £ oK s R TR
R A e L 1 A8 Ak e AN Ta] A [] 23 ) o A
18 R SRR R R B A X A

B 7MDK WEEIRE « o 2 ARk
& R A 40 pm FMUAHXS 5 67 F o 180°, 1153 T M )2
MR A 4 0.0,0.2,0.5,0.8 W vk = K 5t 5 g
I B2 Bt WL D 71 B 28 A6 DG FR . B 7 Co) R CdD AT R

1101002-7



ot 2 X 2
0.020 0.010
(@) ©
0.016 0.008
8 8
= 0.012 < 0.006
8 8
O O
[ [
% 0.008 % 0.004
=] 2]
0.004 0.002
0 1 1 0 1 1 1
0 20 40 60 80 0 20 40 60 80
View angle /(°) View angle /(°)
(b) 0.020 (@ 0.020
—a— Ap=90°
g —o— Ap=150° g
£ 0150 F —a—ppo1s0° £ 0.150
.N .N
g &
2 0100 } £ 0100 |
Gy G
S 5]
[} M)
< &
& 0,050 £ 0.050
(=] (=]
0 1 1 1 0 1 1 1
0 20 40 60 80 0 20 40 60 80
View angle /(°) View angle /(°)

V7 TS TR R X T 52 #0538 I K 2 RS S 3 R M I B B UL A B9 A2 4K . Ca) () S TR A X 5 6 A B ok 2 R
S 55 A8 I IR BE 5 (o) (D) AN [ 3t 3R S5 HR 25 I DK 2 2R /S5 55 24 R O 91 2
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