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Fig. 1. Particle layer model on rough surface. The figure
shows the particle layer with layer thickness of d;, the bot-
tom layer is the random rough surface model, the green
parts is the ellipsoid particle model in the particle layer,
and the dark parts is the cylinder particle model.
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B3 RIS WO R B (a) OB PR T ) — VO DL 2% 8 1 (b) OB T L LB ) = W IO BL 5 5
(c) CRHBE M -HE KL ) =AU SR ZIE; (d) (RiF-HURS TR ) = IR BUR L s 2

Fig. 3. Diagram of multiple scattering process of particle layer: (a) (Particle-particle) secondary scattering mechanism; (b) (particle-
particle-rough surface) third-order scattering mechanism; (c¢) (rough surface-particle-particle) third-order scattering mechanism;

(d) (particle-rough surface- particle) third-order scattering mechanism.
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Fig. 4. Backscattering coefficients of particle layers with different morphology particles: (a) Co-polarization backscattering coeffi-

cient of a layer of ellipsoid particles with uniform orientation angles; (b) the co-polarization backscattering coefficient of a layer of

vertical cylindrical particles; (c) the co-polarization backscattering coefficient of a layer of cylindrical particles with fixed inclination

angles; (d) the cross-polarization backscattering coefficient of a layer of ellipsoid particles with uniform orientation angles; (e) the

cross-polarization backscattering coefficient of the vertical cylindrical particle layer; (f) the cross-polarization backscattering coeffi-

cient of the particle layer with a fixed inclination angle.

&l 4(a) FHIE] 4(d) SRR 345 B | 31553
i) GRG WHERRL T, 2 B[Rl Ak | 28 SO
AR ] BT 2R B AR A AR A it 2. 18] 4(b)
FE 4(e) J2 R0 TRy 35 53 A 1 88 BB ADRE 1~ 1
KL 2 AR AL . 58 SURR ALY IS 1) U 2R 50 BE A ST
FAREARAL B IR, & 4(c) FNIET 4(f) ki T R385
G AT R BRHB AR B, R 2 A TRl AL L 28 SR
AR i 1] Bl 2R R A S A B AR A R £k

MEAEZIR AT LR L, 2R 2 385 73 A i
] fA Y9511 GRG BHERRLT-BF, VRT JrR2 ) — B
fifk A — i e PR A — B, BRI BN, TESE
SURAR T i R B RO KT — B i, 12
FXEF A LRI S O ERRLT 2 , FLREEA
KT IR G, TE4 A7 ] A FCS 5 BE A B AR — 3, T
BRI, B8] 0 RO LA RORE R T Y
SRS AR RSN, R, R A I R AR

034201-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 3 (2022) 034201

5B B A —EL

B VA o P i Ul Y A S 21 YA 1 DN
S — AR, 9 0 R R AR TR A
SRR EW M DTSR, BTl A SRR K
B, [ RLF [a] 7 AL SR U BAEH, &7 1
[ B I o A SR @ € RS
BT IZAEERR I 2 U, s+ 2R 0 5
U R AL, VRT i (14 5008 A — B fife X 1) 4
K, 3 XA L M2 i S AR LA . S R
(R BRI £y A RO 7= A RIS 1Y) A R R A ARk
A R 22 YU EAE R DN

El 4(b), (c), (e) FI (f) Hp=H “ZIEM G A~
e B AR 0 RS AR Bt A A B AR A A B
(R Bk, 2 A AN G 2 5 X AR S
MAIG, e B EE HL iR FRl&i%2
B RIAT ), 112 H AR U 5 B T LA VR
AN b s R L [F VR T 02, R TR) A G fA R
o b e 3 O e O s € e d o oA
EOBR S b aa o L V= ) [ I 2 LA = A s e 2 = e
R R 2 B A S A RGBSl K

VRT {5 B H B R (B AR R (G
%) Fl VRT FiF— YU A — 80k, % B E%F
BT A EAE I FY (Z 718 LUK I8 i R
H, VRT BIMRF U 2 S 26 E . 1
VRT ZFffrh, MU 25 18R A = B LA
P BT SR T R AR B, A R R M — 1R
R 8 I P O R R (SO RO AR
AR AL BE), e VRT KT B <P shi (R
SHARIBAELE, (B R G R — UL 3R -
Z%. [, VRT — Wi e b -5 R0k 1 1) — Uk i
FFAEF, B A7 RS 1 ] = U
FH ., REURE TRT 1) 5RO IS A P 2 B A 555 3 ¥ /)
(1, — sl /M PR SRR T L 3% A A G, B
FERLF AU RECEAZBEA S AR, R 5
RELR TR P B P AR R 7™ AR 9 i R 3k 2 PR 3R
SEAR ST W0 25 7 A R DA

BHl 2 GRS ARA R TR Z)E
S R BE A A S 1 B R IR AR ISl
B 1) H R ERRL T RN LB 2) e [ AR 4
MRHA B 2 IR G, (52 TR GBI
X

- Zi faM'

Total — Zi fsi 9

St Mg i FhOR [RDR TR R 98— Mueller

TR, fo 85 i PR TAERL TR P 525 1, Moo

o SR Bk T2 R AR 19 Mueller 451, 75
gERANE 5 FIE 6 s,

(30)

- —WifE-vv iRk
5l - —Bif#-hhiRie

—15+F
—20 k
—25

Je U 2%/ dB

sl N

_35 | — EE-vvikik

40 Eﬁﬁﬁ.’%—hh*&fh . .

40 50 60 70 80
FEE/(°)

K5 IRG R F AR A O R B L
Fig. 5. Comparison of co-polarization scattering coefficients

of mixed particles.
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Fig. 7. Comparison of the co-polarization scattering coeffi-
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High-order iterative method for vector radiative transfer
equation of particle layer on rough surface’
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Abstract

In order to investigate the multiple scattering characteristics of energy transmission in a random particle
layer on a typical rough surface, a high-order iterative method based on radiative transfer equation is proposed
in this work. The particles are placed on the rough surface and the height dimension (Z-axis) is divided into
several layers. Then the high-order iterative solution can be obtained by using the first-order iteration solution
of radiative transfer equation and the rough surface theory. Moreover, the multiple scattering characteristics
between particles, as well as between particles and rough surface can be obtained. Numerical results show that
the multiple scattering characteristics can be better explored by the proposed high-order iterative method than
by the first-order iteration method. All these interactions can be explained by the energy transfer theory. The
proposed high-order iterative method can be used as an efficient tool to explain the multiple scattering

characteristics and predict the change of the scattering coefficients.

Keywords: vector radiative transfer equation, iterative solution, second-order, multiple scattering

characteristics

PACS: 42.25.Dd, 42.25.Bs, 42.68.Mj, 42.68.Ay DOI: 10.7498/aps.71.20211183

* Project supported by the National Natural Science Foundation of China (Grant Nos. 61931021, 62071231, 61890541), the
Natural Science Foundation of Jiangsu Province, China (Grant No. BK20211571), and the Independent Research Project of
Nanjing University of Science and Technology, China (Grant No. 30921011207).

1 Corresponding author. E-mail: zihe@njust.edu.cn

034201-13


http://doi.org/10.7498/aps.71.20211183
http://doi.org/10.7498/aps.71.20211183
mailto:zihe@njust.edu.cn
mailto:zihe@njust.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

	1 引　言
	2 VRT二阶散射的迭代解方法
	2.1 VRT方程及一阶迭代解
	2.2 VRT方程的二阶迭代解

	3 VRT二阶迭代解的Mueller矩阵
	3.1 粒子-粒子的二次散射
	3.2 粒子-粒子-粗糙面之间的三次散射机制
	3.3 粗糙面-粒子-粒子的三次散射机制
	3.4 粒子-粗糙面-粒子的三次散射机制

	4 数值仿真和分析
	4.1 粒子形状对后向散射系数的影响
	4.2 粒子占空比对后向散射系数的影响
	4.3 草地沙盘实测与VRT模型的对比

	5 总　结

