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1 Ú ó

1ÏLÒ|�Ñ�A5é�Æ!�¯!�¸
�+��ïÄ9ó§ÿþÑäk��¿Â [1−4].

Ò|duÒ%�ßÝ�p, 1ÏL�äk�r�õ
Ñ��A. 'u1ÏLÒ|�õÑ�ïÄ, ©
z [5—7] æ^
ÄuË�DÂ�§��{, ©
z [8,9] æ^
 Monte Carlo �[��{, �ù
�
{þ��Ä�¥/Ò%��¹. Ò|Ò%ÏÙg�
å�^�õ¥�¥/, ¤±3�¥/eÒ|õ
Ñ��ïÄ��Cu¢S.©z [10] ÄuË�DÂ
�§, ��
�aý��¡�¥/�â�õÑ�,

��=�Ä
û�Cq, duÒ%�»��3eZ
���þz�� [2−4], éA���±þ���Ò
%, =æ^û�Cq5�NÑ�´Ø�¡� [4,5,7].

�d, �©Äkïáý¥/Ò%�., �ÄAÛ1
ÆÏ� [4,5,7] (=Øû�	,Ò%�Ñ���Ä��

Úß�), ¦�d��Ñ�� ¼ê, ,�ÄuË�
DÂ�§��3ØÓ�Ò%��©Ù9ØÓ�Ò
%/G©ÙeÏLÒ|�õÑ�1rúª.

2 ý¥/Ò%�.9ÙÑ�� ¼ê

Ò|�Ò%��¥�¥/ [3,11], �õêÒ%¥
ý¥/ [10,11], �þ���z��±þ�Ò%��
U�C¨Q/. �©ïáXã 1(a) ¤«�ý¥/Ò
%�., Ù�¶���R���, ���¶Úá�
¶©O� b Ú a, Ù��¡È��» r =

√
ab �^

5L�Ò%���. w,, �¥/�.�', T�.
��·ÜÒ|�¢S�/.

��²¡Å\����â�, 3Ñ�� θ �
�þòÑyÑ�1. éu¥/�â, ÙÑ�1r�
d Mie Ñ�)°(¦� [12]; éu�
^=é¡
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ã 1 ý ¥ /Ò% � . e 1 Ï LÒ| � Ñ � (a) ý
¥/Ò%�.; (b) 1ÏLÒ|�Ñ�«¿ã

��¥/�â (Xý¥/�â), �^ T Ý
�{
½ Eikonal �{¦� [13,14], �þvk)Û/ª. Ï
d, ~^�
Cq{zL�, 'Xé r À λ ��â
�^û�Cq [6,10], �éuÒ|, kéõÒ%��
»��A���±þ, ÙÑ�7L�ÄAÛ1ÆÏ
� [4,5,7], =Øû�	,Ò%�Ñ��7L�Ä��
Úß�. u´, éuã 1(b) ¤«�1Ñ�,ÃþjÑ
�1r I(θ) �L«�

I(θ) = Id(θ) + Ir(θ) + It(θ). (1)

ùp, Id(θ), Ir(θ) Ú It(θ) ©O´û�1r!��
1rÚß�1r. 3ý¥/Ò%�.e, Id(θ),

Ir(θ) Ú It(θ) � © O L « ¤ e � C q )Û/
ª [5,7]:

Id(θ) =
x2J2

1(xθ′)
θ′2

, (2)

Ir(θ) =
x2

4
exp(−γθ′), (3)

It(θ) = α
x2

4
exp(−βθ′2 − δ). (4)

ùp, Ò%º�ëê x = kr, Ù¥Åê k = 2π/λ,

λ �\�1Å�; J1 �1�a���l�¼ê;

 θ′ = µθ, Ù¥ µ �L«� [10]

µ =

√
1
ε

cos2 ϕ + ε sin2 ϕ, (5)

ª¥, ϕ �� �, ε = b/a �Ò%��á¶�
', �©¡��/GÏf; eÒ%�ò�Ç m =

m1 − im2(m1 Ú m2 ©O�ò�Ç�¢ÜÚJÜ),

K δ = 4m2x;  α, β Ú γ ��ò�Ç¢Ü�'�
~ê, éuYÒ%x�, m1 = 1.33,©z [5] �Ñ

d� α, β Ú γ ��©O� 15.6, 4.7 Ú 3.0.

duYÒ%x� m2 → 0, ¤± δ → 0, K

It(θ) = α
x2

4
exp(−βθ′2). (6)

�Ä�YÒ% r À λ, k It(θ) À Ir(θ), u´

I(θ) ' Id(θ) + It(θ). (7)

ù�, d�â�Ñ�1r�� ¼ê'X [5,10] �
¦�

p(θ′) =
4β

4β + α

[
4J2

1(xθ′)
θ′2

+ α exp(−βθ′2)
]

. (8)

w,, �¥/Ò%ØÓ, T� ¼ê�� � ϕ 9
/GÏf ε k', Ó��Ny
AÛ1Æ�Ï�.

ùp, IOz� ¼ê p(θ′) ÷vXe^� [5−7]:
1
2

∫ ∞

0

p(θ′)θ′dθ′ = 1. (9)

3 ÏLý¥/Ò%|�õ1Ñ�

��²¡ÅÏLd�þ�Ò%�¤�Ò|�,

Ë�DÂ�§��¤ [5,7,15]

cos Θ
dI(τ,Θ)

dτ
= −I(τ,Θ) +

ω0

2

×
∫ π

0

I(τ,Θ′)p(θ)

× sinΘ′dΘ′. (10)

ùp, Θ �*	�; τ �1ÆþÝ; ω0 = σsca/σext

�üÑ���Ç, Ù¥ σsca Ú σext ©O�Ñ�Xê
Ú�1Xê; I �1r. �Ä�*	� (Cc�) �
�¹, d�, Θ → 0, Ï cos Θ ≈ 1. 3d�¹e,

Kokhanovsky Ú Weichert (K-W) �� r À λ �ÏL
Ò%|�õÑ�1r� [6]

IMS(τ,Θ) =
I0

2π
exp(−τ)

×
∫ ∞

0

{exp[ω0τq(ρ)] − 1}

×J0(ρΘ)ρdρ. (11)

ùp, J0 �1�a"��l�¼ê, q(ρ)��� 
¼êk'�¼ê.

éuü©Ñ�¥/Ò%|,Ò%���Ú/G
þ�Ó, Ïk q(ρ) = q0(ρ), q0(ρ) �L«� [5−7]

q0(ρ) =
1
2

∫ ∞

0

p(θ)J0(ρθ)θdθ. (12)
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¢S�¹e�Ò%|  ´õ©Ñ�, éu
õ©Ñ�ý¥/Ò%|, Ò%���Ú/Gþ�
UØÓ.

Ï~Ò|�Ò%êUÒ%���Ñl�½
�©Ù, nØþ²~^ Γ ©Ù [4,16]!?�� Γ ©
Ù [16] Úéê��©Ù£ã [10]. �{'²
, ùp
æ^éê��©Ù, Ù©Ù¼ê fd(r)�

fd(r) =
1√

2πr lnσr

× exp
[
−(ln r − ln r̄ + 0.5 ln2 σr)2

2 ln2 σr

]
,

(13)

ª¥, r̄ �Ò%�²þ�� (²þ��¡È��»),

σr �Ò%��� �.

/�©z [17] JÑ��{, 3ý¥/Ò%�.
e^/GÏf ε L�Ò%�/G. 3Ò|¥, �þ
�ý¥/Ò%�/GÏf¿Ø�Ó, u´±/G©
Ù¼ê fs(ε) 5�N, ¿��éê��©Ù, =

fs(ε) =
1√

2πε lnσε

× exp
[
−(ln ε − ln ε̄ + 0.5 ln2 σε)2

2 ln2 σε

]
, (14)

ª¥, ε̄�Ò%�²þ/GÏf; σε �Ò%�/G
Ïf �.

u´, 3Ò%���©ÙÚ/G©Ùe, k

q(ρ) =

∫ ∞

0

∫ ∞

0

q′0(ρ)r2fd(r)fs(ε)drdε∫ ∞

0

∫ ∞

0

r2fd(r)fs(ε)drdε

. (15)

ùp q′0(ρ) �d (12) ª��, �Ä� θ′ = µθ, k

q′0(ρ) =
1

2µ2

∫ ∞

0

p(θ′)J0

(
ρ

µ
θ′

)
θ′dθ′. (16)

ò (8) ª�\ (16) ª, ��

q′0(ρ) = q′01(ρ) + q′02(ρ). (17)

ùp

q′01(ρ) =


4β

πµ2ω0(4β + α)

×[arccos(y) − y(1 − y2)1/2] (y 6 1),

0 (y > 1),

(18)

Ù¥ y = ρ/2µx;

q′02(ρ) =
α

µ2ω0(4β + α)
exp

(
− ρ2

4βµ2

)
. (19)

1ÆþÝ τ �L«� [6]

τ =
∫ ∞

0

2πr2NLfd(r)dr, (20)

ª¥, N �Ò%ê�Ý, L�Ò|�AÛþÝ. ù�,

�Ä
Ò%�ý¥/�.!AÛ1Æ�A9��
©ÙÚ/G©Ù, ò (15) ª�\ (11) ªÒ���Ï
Lý¥/Ò%|�õÑ�1r©Ù.

4 �[O�9©Û

�
�y�©�{���5, � r = 15 µm, �
Ñ
3ü©Ñ��©�{�?�� K-W �{ [5,7]

9 Eikonal Cq�{ [14] ¤�(J�é'Xã 2 ¤
«. 3�©O�¥, Å� λ �� 632.8 nm. du K-W

�{´é¥/�âó, Ïd� ε = 1.0, ò�©�
{3¥/A~e�Ñ�1r�*	��Cz�?
�� K-W �{ [5,7] �(J?1é', ��üö��
�Î, ùp�1ÆþÝ τ = 0.5. du Eikonal Cq
�{´éüÑ� (=Ø�ÄõÑ��A) �ý¥
/�âó, �Ä�3 τ < 0.01 �õÑ��üÑ
���éØ�Ø�L 1%[18,19], ¤±� τ = 0.001,

ò�©�{3CquüÑ�A~e�Ñ�1r�
©Ù� Eikonal Cq�{ [6,7] �O�(J?1é',

��üöÓ�ÎÜ�Ð, ùp�ý¥/�â�/G
Ïf ε = 1.5, � � ϕ = 0. ±þé'(JL²

�©�{���5.

ã 2 3 ε = 1.0 9 τ = 0.001 ü«A~e�©�{©O�?
�� K-W �{9 Eikonal Cq�{�O�(Jé'

du¢SÒ|�Ò%��©Ù  ¥õ©Ñ
©Ù, e¡�ïÄþ3õ©Ñ©Ù�¹e?1.

� r̄ = 20 µm, ε̄ = 1.5, σε = 1.06, � É
Ôº��å� 200 mm, 31ÆþÝ τ = 0.1!Ò
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%�� � σr = 1.06 Ú σr = 1.24 �3 ξ-η �
É²¡þ�ÏLÒ|�1Ñ�ÌXã 3 Úã 4

¤«, ã 5 ´1ÆþÝ τ = 3.0!Ò%�� �
σr = 1.06 ��(J. dd��, duý¥/Ò%
� ¶ � � � � � ª u � �, Ù Ñ � Ì ¥ ý � /
A�, ù��Å����¥/�â|�Ñ�Ì¥
�/A� [10] ØÓ. Ñ�Ì¥ý�/A�, `²

Ñ � 1 r IMS � * 	 � Θ � © Ù Ø 
 �Ò%
��©Ùk'	��� � ϕ k', 3Ò%��
¶��à15�r. ù«Ñ�1r©Ù�� �
� Ø Ó  � 3 � � É �Ò% � / G Ï f k ',

/GÏf���É��, �/GÏf� 1 (Ò%
�¥ / � â) �, � É � �, Ñ � Ì ¥ � /
A�.

ã 3 � τ = 0.1, σr = 1.06 �, ý¥/Ò%|�1Ñ�Ì (a) 1r©Ù; (b) Ñ�ã�

ã 4 � τ = 0.1, σr = 1.24 �, ý¥/Ò%|�1Ñ�Ì (a) 1r©Ù; (b) Ñ�ã�

ã 5 � τ = 3.0, σr = 1.06 �, ý¥/Ò%|�1Ñ�Ì (a) 1r©Ù; (b) Ñ�ã�
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dã 3 ��, �1ÆþÝ���Ò%���
 �9/G �����3Ñ�Ì¥Ñy
ý
�/^«, ²©Ûù
^«� �Ì�d z û½,

Ù¥ z = µ xΘ,  µ =
√

(ε)−1 cos2 ϕ + ε sin2 ϕ,

x̄ = kr̄. ù�©z [7,20] �(J´���. d	, �
uyù
^« ��ÑÉÒ%��� �Ú/G
 ��K�. '�ã 4 �ã 3 ��, �XÒ%���
 �O\, Ñ�Ì¥�^«�5�Ø²w, �Ò%
��� ����^«A���, Ñ�Ì¥�ÑG.

¤±é¢S�Ò| (X²6Ò!Ë�Ò�), duõ
ê�¹eÒ%��� ���, ÏLÒ|�Ñ�Ì
ò¥y�ã 4 aq��Ñã�. '�ã 5 �ã 3 �
�, duõÑ��A, �X1ÆþÝO\Ñ�Ì
¥�^«¬�5�Ø²w, �1ÆþÝ���½�
�, Ñ�ÌA�Ø¬Ñy^«. ù�üÑ���y

ã 6 � z � Ø Ó � � Ñ � 1 r I � 1 Æ þ Ý τ � C z
(a) σr = 1.06, σε = 1.08; (b) σr = 1.24, σε = 1.16

�ØÓ, Xéuã 5 ¥�Ò%|, 3üÑ���Ñ
�Ì�¬Ñy^«.

ã 6(a) Ú (b) ©O�Ñ
3 σr = 1.06, σε =

1.08 Ú σr = 1.24, σε = 1.16 ^�e z �ØÓ�
�Ñ�1r I �1ÆþÝ τ �Cz, ùp z ©O
� 1.00, 3.80, 5.00, 10.0, Ù¥ z � 3.80 9 5.00 ©
OéA
1�?V^«91�?�^« � (�
Ñy^«�). lã 6 ��, éØÓ��©ÙÚØ
Ó/G©Ù�Ò%|, 3ØÓ� �9ØÓÑ��
�Ñ�1r I �1ÆþÝ τ �O\o´kO�2
~�, ¿¬Ñy��4��. ù�ü©Ñ�¤�(
Jaq [7,10]. d	, �uyÑ�1r�4�� �
3 τ = 1.0—3.0 ��S. I�`²�´, du z �Ø
Ó��Ñ�1r����, ¤±3ã 6 ¥p�I´
Ñ�1r��é� I/Imax, Ù¥ Imax ´ z �ØÓ
��Ñ�1r����.

5 ( Ø

�©ïá
�ÎÜ¢SÒ|�ý¥/Ò%�
., �Ä
AÛ1ÆÏ�, |^Ë�DÂ�§��

3ØÓ�Ò%��©Ù9ØÓ�Ò%/G©Ù
eÏLÒ|�õÑ�1rúª. O�©ÛL²:

3ü«A~e, �©(JU�®k(JÎÜ�Ð,

`²
�{���5; ��Å����¥/�â|
�Ñ�ØÓ, duý¥/Ò%��¶����ªu
��, ÏLý¥/Ò%|�Ñ�Ì¥ý�A�, Ø
Ó� ��Ñ�1rk¤�É,Ò%�/GÏf�
�Cu 1, �É��; �üÑ�ØÓ, Ñ�Ì¥�^
«�1ÆþÝ�O�Åì��; éØÓ��©Ù
ÚØÓ/G©Ù�Ò%|, ØÓ� �9ØÓÑ�
��Ñ�1ro´�1ÆþÝ�O\kO�2~
�, 1r�4�� �3 τ = 1.0—3.0 ��S; d
uõê�¹e¢SÒ|�Ò%�� ���, ÏL
Ò|�Ñ�Ìò¥y±¥
���¥%�o±�
Ñ�ã�. �©ó�¦Ò|�Ñ�ïÄ���¢S
���uÐ, é�Æ!�¯!�¸�+��ïÄ9
ó§ÿþÑäk��¿Â.
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Abstract

Because of the properties of non-sphericity and multiple scattering of fog particles and the effects of geometrical optics, the

light scattering through fog has become a difficult problem. In this paper, we establish an ellipsoidal model of fog particles. On the

basis of radiative-transfer equation and with the consideration of the effects of geometrical optics, we obtain a formula of calculating

multiple light scattering intensity through the fog particles with different sizes and different shape distributions. Our results are in

agreement with the earlier results in two special cases, which verifies that our method is reliable. The calculations show that scattering

spectra through the ellipsoidal fog particles present elliptical feature, which is different from circular feature for random orientation

non-spherical particles. At the different orientation angles the angular distributions of the light intensity are different, and this difference

becomes smaller with the shape ratio approaching to 1. The stripes of the scattering spectra progressively disappear with the increase

of optical thickness, which is different from the case of single-scattering. At different orientation angles and observation angles, the

scattering intensities always first increase then decrease with the increase of optical thickness for the fog particles of the different size

distributions and different shape ratio distributions, and a maximal intensity occurs at τ = 1.0—3.0. The calculations also indicate that

the scattering spectra of actual fog particles present the turbid pattern around the central light speckle because of wide size distribution

in many cases.

Keywords: multiple light scattering, fog particles, ellipsoid, light spectrum
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