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�P�Qw+X?kN)��PACS 8� 43.30, 43.60Perturbation harateristis of ambient sea noise �eld ausedby submerged objetLIN Jianheng1;2 WANG Yan1 CHEN Peng1 YI Xuejuan1 YIN Baoyou1(1 Qingdao Lab, Institute of Aoustis, Chinese Aademy of Sienes Qingdao 266023)(2 Lab. of Underwater Aousti Environment, Institute of Aoustis, Chinese Aademy of Sienes Beijing 100190)Reeived De. 11, 2007Revised May 3, 2008Abstrat Based on the soure model with Gaussian-orrelation amplitude, using the integral expressions for any souredistribution and the spherial wave expression of Green funtion for a monopole in a half-in�nite spae, the perturbationharateristis of ambient sea noise �eld aused by sattering of the objet is disussed theoretially. For a rigid spherialobjet under the irradiation of monopole and dipole soures, the expressions of diret-arrival noise �eld, sattering �eld,total �eld, and the ovariane between the diret-arrival noise �elds, the sattering noise �elds and the total noise �eldsat two reeivers are obtained, and the numerial results of sattering diretional patterns of rigid spherial objet and thevisibility are given. It is shown that the total noise �eld is a�eted not only by the impedane harateristis of objet,the diretion of reeiver, but also by the orrelation between surfae soures, and the interferene between diret-arrivaland sattering �elds greatly. The results show that the sound visibility of rigid spherial objet is about 4�5dB in nearrange and the sattering diretivity harateristis of rigid spherial objet under the irradiation of surfae soures aredi�erent from plane wave inidene.
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40 � � � � 2009 a,8LV�F	.FÆp}ejR	T)kX�NT��u2[aL�V�pq�b���kqak1s	nD`)T(�W�L�V�s	2X�aNT(�R_QL 4 dB a���kq� Makris eU>Æ3{s(m.F	��:(Z8#tT8LV�_�s;sX�a��	Tp(ZtX���=88�:"h��=8STb)~As	08(8XÆ��u��V�9}�:8jbC�BukinghameA Makris e��a,Wh.	�088LV�F�PÆ,�(F~Jp5aRÆ��hpT�q >Æ~/=8T[�Ad[�8LV�FRÆs	28�/�FÆ,�9aXÆ"O*AT[�F�kv"h$<=8awL(\�*	.FJL;sX�u8#L�V�a���mN�	p[ZkX�%u2ha����V�9	��wX�T8#L�V� \_�" sa��V�9A�V�9	,^8#t}u2hhO���A�V�9
�5a.F"O*	8jbC��wX�u8#L�V�a���mN��1 �t"��1�;OY!IU�5u�B�q >~/ÆT[�8LV�FRÆ�gk;s��wX�Æ8L H K�	m��ba, }wt O bw�qEh	�[y OZs Kh

>8L	 Os bT8L�aK��, Os bEha8iL[�q (rs; 's), m[y��Aw��q 'y~W	kY 1, YtW%�D:~5aiLhr�q (xs; ys)��kz8L�J)hHu5aLD ds��Æ,;)GW�qb S(rs) aT[�F	LJrs(rs; 's) biL[�qaEh Os [LD ds a(�	m~5w�b Rs(Rs; �s; 's) �T8t}22h R1(R1; �1; '1)AR2(R2; �2; '2)Æ%u2(�8L�/}V�FhRs1(Rs1; �s1; 's1)A Rs1(Rs2; �s2; 's2)a��V� (Y 1)�gk8L}LDV�F�qfh;~/�	&gkm~/=8|A}LDfhaÆ+;/	zALDHTgr^��r ' k/au%	&; >Æ~/=8�*�hS(rs1)S(rs2)i =b2N(�r) = b2N(r) = b2 exp(�r2=�2); (1)
*t	 r=�r= jrs2�rs1j= jRs2�Rs1j, b2 bV�Fi�pq	�b~/���~/=8|AFfhaÆ+;/	/f~8LV�F."hii7�	J'V�Fh�PÆ,T8L�	�h5uLFbw~/�aT[�V�Fu%�TLUI�3�d[�8LV�FRÆ	̀ T[�F S(rs)Æ,>~Æ8L dakz8L�	:>�6/8La�8	T[�F�D[;t>bd[�F (Y 2) au��

Z 1 xY�
U\�9MW�GS�
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Z 2 xY�
e\�9MW�GS�
2 [!x;%O�Y!���od0HU�2.1 �7? B�&L#-H4Gu>T[�8LV�F��u�	+��/�FÆ,a��9XÆ"O*	xTV�F S(Rs1) Æ,>kz8L�	u8LXÆ	`u rs1, 's1 XÆ	X%h2�} ei!t %_[W)u2h R1 J(�e'8La��V�9b [4℄:Pi1(R1;Rs1) =Z 2�0 Z 10 S(rs1)eikRs1Rs1 1Xn=0 nXm=0AnmPmn (os �1)jn(kR1)os[m('1 � 's1)℄Pmn (os �s1)rs1drs1d's1 (2)

*t	�X=8.u2h R1 u2[(�g>8LRs1LDJV�F��V�9 pi1=S(rs1) eikjR1�Rs1jjR1�Rs1jX Rs1 > R1, r kRs1 ! 1 %aw=8\�*	L%; h(1)n (kRs1) � 1kRs1 eikRs1(�i)n+1, b1 Pmn , jn,h(1)n Æ%b)�^=8�w�Æ{=8�w?!|=8�\�q8�Anm=em(�i)n(2n+ 1)(n�m)!(n+m)! ; em=(1; m = 0;2; m 6= 0;(3)�B[X�+�8LV;;)kÆ+	)ÆI�Rs1 > R1Un	u>X�"L�~��V�9}*(2) �*.D.a�XNT��X�w%	+�w"L��dBb>a�zUn	
._[22h R1 u2[aX���9�jPs1(R1;Rs1) = �Z 2�0 Z 10 S(rs1)eikRs1Rs1 1Xn=0 nXm=0Anm os[m('1 � 's1)℄Pmn (os �s1)Pmn (os �1)
h(1)n (kR1)� dd(kR1) [jn(kR1)℄dd(kR1) [h(1)n (kR1)℄

��������R1=ars1drs1d's1;
(4)

j*t	�X=8.X�wu(�8LhF Rs1 a��V� pi1 a��9�* (4) "P	X���V�9}�>X�Bq���N�	8LV�FN�	&A gC^u2h��;/�*Af	�_[?)u2hR2 u2[(�g>8L Rs2 LDJV�F��V�9A��9"O*	Sue'8LXÆ	_�
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Pi2(R2;Rs2)=Z 2�0 Z 10 S(rs2)eikRs2Rs2 1Xn=0 nXm=0AlqPql (os �2) jl(kR2) os[m('2�'s2)℄Pql (os �s2)rs2drs2d's2; (5)

Alq = eq(�i)l(2n+ 1)(l � q)!(l + q)! ; el = (1; l = 0;2; l 6= 0; (6)
Ps2(R2;Rs2) = �Z 2�0 Z 10 S(rs2)eikRs2Rs2 1Xn=0 nXm=0Alq os[l('2 � 's2)℄Pql (os �s2)Pql (os �2)

h(1)l (kR2)� dd(kR2) [jl(kR2)℄dd(kR2) [h(1)l (kR2)℄
��������R2=ars2drs2d's2;

(7)
j}22h R1, R2 Æ%u2[a�V�9�Æ%b~5hO��V�A��V�fA�P�1 = Pi1(R1;Rs1) + Ps1(R1;Rs1);P�2 = Pi2(R2;Rs2) + Ps2(R2;Rs2): (8)>.	8#t}22h R1 A R2 a�V�9fha
�5b�C(R1;R2)=hP�1 �P ��2i=h[Pi1+Ps1℄[Pi2+Ps2℄�i=Ci1i2(R1;R2) + Ci1s2(R1;R2)+Cs1i2(R1;R2) + Cs1s2(R1;R2); (9)

*t Ci1i2, Cs1s2, Ci1s2 A Cs1i2 Æ%bhO����hO�������hOV�9
�5	\�" b�8,Æ�Tz
�5 C a7�t	�B[8LV�F~/�� � a9aL8'(<�=	V;J�>8LV�[w�EhaÆ+	�,�b	V�Fh Rs2~u>?)'Fh Rs1, Tw�tm~uÆ+A�g|;����	:L7"a�9t�q�K/Æ�,IE	|�b^�9~ga��	TL~As	�7[Z	R_�V�9
�5�j
C(R1;R2) = 1Xn=0 nXm=0 1Xl=0 1Xq=0 Pmn (os �1)Pql (os �2)8><>:jn(kR1)[jl(kR2)℄�+jn(kR1)[h(1)l (kR2)℄�264 dd(kR2) [jl(kR2)℄dd(kR2) [h(1)l (kR2)℄ �������R2=a

375�
+h(1)n (kR1)[jl(kR2)℄� dd(kR1) [jn(kR1)℄dd(kR1) [h(1)n (kR1)℄ �������R1=a+ h(1)n (kR1)[h(1)l (kR2)℄�264������� dd(kR1) [jn(kR1)℄dd(kR1) [hn(kR1)℄ �������R1=a

�������2
3759>=>;�nmlq�mq�� ;

(10)*t	 �nmlq = Z 10 AnmA�lqPmn (os �s1)Pql (os �s1)rs1drs1R2s1 ; (11)
�mq = Z 2�0 os[m('1 � 's1)℄ os[q('2 � 's1)℄d's1 = 8><>:0; m 6= q;2�; m = q = 0;� os[m('1 � '2)℄; m = q 6= 0; (12)

�� = b2 Z 's1+arsin(�=rs1)'s1�arsin(�=rs1) d's2 Z p�2�r2s1 os2('s2�'s1)rs1 os('s2�'s1)�� e�r2=�2eikrrs2drs2; (13)j* (10) zAt	 f g ℄ 4 �Æ%bhO�hO�������hO	,^��V�9u�V�9
�5C a+y�* (10) "P	�V�9
�5t[f:��V�a+y	&�<hO���h��>Æ	m6��f,���
2.2 �7? B2&L#-H4GxT�BT8L,s d Jkz8iL�Æ,T[�F (Y 2)au�	:>�6/8La�8	hS� JT[�F S(rs�)` S(Rs�)�D[;t>bd[�F	�Fg>h S+ `(� Rs+(Rs+ ; �s+ ; 's+)



1 l <oFe�;sX�u�q >~/8LL�V�9�mN�a�� 43J	m�qAg>(� Rs�(Rs� ; �s� ; 's�) `h S�JaT[�F~W	`b S(rs�) T S(Rs�), z~g~��b&h S� Ah S+ 
>b)ud[�F	u=>8L�h S �5u�4T M(R) hu2[a:d[�F�Da���p(R;Rs� ;Rs+ ; t) =S(Rs�)jR�Rs� j exp(ik jR�Rs� j � i!t)�S(Rs+)R�Rs+ exp(ik jR�Rs+ j � i!t): (14)
u>J9	* (14) �Kb�p(R;Rs� ;Rs+ ; t) ��2i S(Rs)jR�Rsj sin(kd os �SM ) exp(ik jR�Rsj�i!t);(15)*t	 Rs(Rs; �s; 's) .d[�tJa(��Xd[�a}hFfhaÆ+E~	TgC*.E au%s	` kd < 1, �*�,}).jKb�p(R;Rs� ;Rs+ ; t) ��2ikdS(Rs�)jR�Rsj os �SM exp(ik jR�Rsj � i!t); (16)
*t �SM bu2hM �LDh S7| SM A S�S+7|fhaer�E�A%h2�	h M u2[d[��Fa����b�p(R;Rs� ;Rs+) � �2ikdS(Rs�)jR�Rsj os �SM exp(ik jR�Rsj): (17)
b&_[ad[��F��9	�*�AT[�~A	�qb (�2ikd os �SM )S(Rs�),g> S�S+ 7|ath`8L�h S �To7u2h R1 A R2 R_a(�g>8LRs1 A Rs2 LDJT[�V�Fa��V�9"O*t	V�F�q S(rs1) A S(rs2), u>d[�8[(�2ikd os �SM )S(rs1�)℄A [(�2ikd os �SM )S(rs2�)℄ST	Z���fR_d[�8LV�Fu%s	u2h R1 A R2 J(�e'8La��V�9AX���V�9	,^8hu2[a�V�9
�5"O*��V�9
�5"O*�*�AT[�8LV�F^~~A	*WfJT> �� "O*���=b2Z 's1+arsin(�=rs1)'s1�arsin(�=rs1) d's2Z p�2�r2s1 os2('s2�'s1)rs1 os('s2�'s1)��[�4 sin2(kd os �SM )℄e�r2=�2eikrrs2drs2; (18)

vk	�*�T[�8LV�Fu�sa �� "O*(13)y)'2� [�4 sin2(kd os �SM )℄,Sx:d[�8LV�Fan��Nh�3 :mU`dE3.1 K(�'9MH4�A��pd[��F��;n���F��HR_a�V�9
�5"O*	F��sh2�j�	n.�(stH	WTw�qs	�jR;�Ra"hrq/q	8jbC&\�R�bL	�B08hu�bC�V�9
�5	`MÆ8L,s d JkziL�h S1� A S2� ;}T[�F S(rs1�) AS(rs2�), z8L,� d JkziL�u=h S1+ AS2+ ;�q~Wb S(rs1�) A S(rs2�) }T[��FD�	huu 2 'iL�a��& 4 '�F	z}22h R1 A R2 Æ%u2[a���V�A��V�	�HSz}u2h�V�9a
�5�bwhubC�V�9
�5a��	�,��f28 >~/ÆT[�8LV�Fu�sz�V�a
�5"*	&r*�'�Bu2hA�Ffh�Ra"hrq/q	;2>8jR_bC	WQC9sQ�sL)Dhu�bC�V�9
�5a8�"O*�8#t}22h R1 A R2 a�V�9b�P�1 = Pi1�(R1;Rs1�) + Ps1�(R1;Rs1�)+Pi1+(R1;Rs1+) + Ps1+(R1;Rs1+); (19)P�2 = Pi2�(R2;Rs2�) + Ps2�(R2;Rs2�)+Pi2+(R2;Rs2+) + Ps2+(R2;Rs2+); (20)* (19) t	Pi1�(R1;Rs1�) = Z 2�0 pi1�rs1�drs1�d's1;Pi1+(R1;Rs1+) = Z 2�0 pi1+rs1+drs1+d's1;z pi1�(R1;Rs1�) = S(rs1�)eikjR1�Rs1� jjR1 �Rs1� jpi1+(R1;Rs1�) = �S(rs1�)eikjR1�Rs1+ jjR1 �Rs1+ j ;Æ%b S1� A S1+ hJa&FA�F7"a���9	}/}F�q~e~g~�Ps1�(R1;Rs1�) APs1+(R1;Rs1+) Æ%bX�u�7&FA�Fa��V�9�* (20) *t(�a<1A* (19) ~W	p.Æ%u5> S2� A S2+ h�8#t}22h R1 A R2 a�V�9fha
�5b�



44 � � � � 2009 aC(R1;R2) = P�1 � P ��2 =[Pi1�(R1;Rs1�) + Ps1�(R1;Rs1�) + Pi1+(R1;Rs1+) + Ps1+(R1;Rs1+)℄[Pi2�(R2;Rs2�) + Ps2�(R2;Rs2�) + Pi2+(R2;Rs2+) + Ps2+(R2;Rs2+)℄� (21)
p�*Æ>8/Æ� C = C1 + C2;C1 = [Pi1�(R1;Rs1�)P �i2�(R2;Rs2�) + Ps1�(R1;Rs1�)P �s2�(R2;Rs2�)+Pi1�(R1;Rs1�)P �s2�(R2;Rs2�) + Ps1�(R1;Rs1�)P �i2�(R2;Rs2�)℄+[Pi1+(R1;Rs1+)P �i2+(R2;Rs2+) + Ps1+(R1;Rs1+)P �s2+(R2;Rs2+)+Pi1+(R1;Rs1+)P �s2+(R2;Rs2+) + Ps1+(R1;Rs1+)P �i2+(R2;Rs2+)℄; (22)

C2 = [Pi1�(R1;Rs1�)P �i2+(R2;Rs2+) + Ps1�(R1;Rs1�)P �s2+(R2;Rs2+)+Pi1�(R1;Rs1�)P �s2+(R2;Rs2+) + Ps1�(R1;Rs1�)P �i2+(R2;Rs2+)℄+[Pi1+(R1;Rs1+)P �i2�(R2;Rs2�) + Ps1+(R1;Rs1+)P �s2�(R2;Rs2�)+Pi1+(R1;Rs1+)P �s2�(R2;Rs2�) + Ps1+(R1;Rs1+)P �i2�(R2;Rs2�)℄; (23)
*\�D	* (22) e�=�o 4 �.8L,sdJW)kziL�}&F��V����V�fha
�5	H 4 �.8L,� d JW)kziL�}�F��V����V�fha
�5	mbC�AT[�~W�* (23) b&F��F��V���

�V�fha
�5	mbCAW)iL�}& (T�) Ffh�����V�h
�5;H*W�,*(23) e�=�g 1 � S1� &F��V�A S2+ h�F��V�fh
�5b4	mC*b�jCi1�i2+ = Pi1�(R1;Rs1�)P �i2+(R2;Rs2+) =�ZZZZ b2e��r2=�2 eikRs1�Rs1� e�ikRs2+Rs2+ ( 1Xn=0 nXm=0AnmPmn (os �s1�)Pmn (os �1)jn(kR1) os[m('1 � 's1�)℄)( 1Xu=0 uXv=0AuvPvu(os �s2+)Pvu(os �2)ju(kR2) os[v('2 � 's2+)℄)�rs1�drs1�d's1�rs2+drs2+d's2+ =1Xn=0 nXm=0 1Xu=0 uXv=0Pmn (os �1)Pvu(os �2)jn(kR1)j�u(kR2)�nmuv�mv�0�; (24)*t �nmuv A �mv W* (12) A* (13), z�0� = b2 Z 's1�+arsin(�=rs1� )'s1��arsin(�=rs1� ) d's2� Z p�2�r2s1� os2('s2��'s1� )rs1� os('s2��'s1� )�� e�r2=�2eikpr2+4d2rs2�drs2� ;r = jrs1� � rs2� j =qr2s2� + r2s1� � 2rs1�rs2� os('s1� � 's2�):j
3.2 /1'9)"F�<3.2.1 ��wX���V�pq��N�Y 3 .��X�wuL�V�a��pqa��N��u2ha��pq28* (10)Q'� f gtag 4 �&� R1 = R2 }�bC	bCT ' = �=2iL℄	u2h�AÆwt 15 m, � ��J& 5Æ

})h}�	��pq��N�bCw5kY 3, Y3 t	 0Æ ��b8L�|���R_bCt	��X�wtÆ8L H = 300 m ��'nD	T8#L�V�_�s	�wX�a��N�*F.08T[�8LV�FP.08d[�8LV�F	Td[�}hFhÆ ds�au%s	}aa5%�_�	|Tr_w-�;H|%8j�~5LT 10�2 � 10�4 9a�	G2��N�Yv,*D5%�
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(a) ka = 1 (b) ka = 2

() ka = 5 (d) ka = 10

(e) ka = 40Z 3 ��Y�xvM�W�b��qr	�O� (9M�}	� 0Æ)MY 3(a) �Y 3(e) �,�D	T8#L�V�\_�" s	X�a����N�AiL(��v{*W�4��X ka = 1%	L%H���F��bzA	WNTPva \o���", `���(o}��;sPva��>Æ	bAV|> \.F��" H)DiL( ka = 1 %�Q/ÆbH���Pv*W	b.2bHaiL(|M)'����[X�	zoaV�F:MX���8L (0Æ ��)\_�" \	PMw818L('�� \_�", mD>w5�>X�;Pva \o���" �

3.2.2 �wX����kqX��� \�kq" k1b	X�NT�*NT%	L�V�pq�au8	, dB b�" 1 A" 2)D:T[�8LV�FAd[�8LV�F	m�q; >Æ~/u�s	tÆ8L H = 300 ma��wX����kqa.F.bj�:"�,�D�(1) TL�V� \_�" s	X����kqFGÆ+n��K	W�a?sq{-(2) T[�8LV�Fu�s	��wX�a���kq�d[�8LV�Fu�E )		zb
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U\�9MW�G (hD 1 kHz x�� 10 m)�, (m) 20 30 40 50 60 70 80 90 100���lr (dB) 5.57 5.15 4.85 5.09 5.48 4.85 5.01 4.94 4.86j�k (dB) 5.09# 2 ��xY����lr
e\�9MW�G (hD 1 kHz x�� 10 m, d = 20 m)�, (m) 10.25 20 30 40 50 60 70 80 90 100���lr (dB) 5.56 5.01 4.63 4.67 4.45 4.32 4.17 4.31 4.09 3.82j�k (dB) 4.50C7�"Pd[�F%X�a���kqn�g�	(3)T[�8LV�FAd[�8LV�F 2wu�s	u> 1 kHz gC	��b 10 m a��wX����kq	s~Æ+℄.C�jÆ%b 5.09 dBA 4.5 dB, � Bukingham a&!w5���X�	$ 0.77 m,  0.9 m, u2hÆX� 7 m, gC 9 kHz)~~�MX�a���kqAT8#L�V�_�sX�����N�a.F.CC.w5�	}8d[�8LV�FRÆP.T[�8LV�FRÆ	6�*Q�4 yB�h08sb�ja��.F��JL:;sX�u8#L�V�a���mN�	T�q >Æ~/=8T[�Ad[�8LV�FRÆs	28�/�FÆ,�9aXÆ"O*AT[�F�kv"h$<=8awL(\�*	Z_�wX�T8#L�V� \_�" sa��V�9A�V�9	,^8#t}u2hhO���A�V�9
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