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Abstract The normal modes of the impulsive signals propagating in shallow water waveguide can be separated using

warping transforms. It facilitates the extraction of the dispersion curves of normal modes. The warping transform

is applied to the signals received by a single hydrophone collected in the South China Sea during the tomography

experiment in 2010. The dispersion curves are extracted using Wigner-Ville Distribution. It demonstrates that the

isolation of normal modes can eliminate the intercross interference of Wigner-Ville Distribution effectively. By matching

the arrival time differences of normal modes with the numerical results, both the sound speed profile of water and the

acoustic parameters of sediment are well inverted. The validity of inversion was evaluated by the posteriori probability.

The inverted sound speed profiles of sea water are consistent with the experimental measurements. It is shown that the

inversion scheme can provide a valid and stable environmental estimation.
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[15−19]) � V�¥�� @�u�v�w d 6�) �

���
	�& G. Le. Touzé ��� T�x H�Ü�¸�n Pekeris ���

��÷���� � warping
ð�ñ u�v�� ¤ ��� ·������� X

Û�}�
�Ü ��� � ������� ��u�v���`�þ�¦�� [16] &
J. Bonnel �s�s5s6 warping

ðsñ ��s�s�s� � �s�¤ 5�63æ�������������u!v ü!ý t ¥ � � �!� �!�Ä Æ
[17−18],

¾� 5s6 TsÂ � �s� Ä Æ 9s:sÇs� � û
;�<�& J. Bonnel � � warping

ð�ñ � ·��� T�x H�Ü· )s�s�s;�s�s6s)sÇs� � ûs;s<s��� ýû [19] &!�" 5�6 2010 � 6 #�H�$�%� b�& 	 ��K 0�'L � à
	�H�¢ L�( 0�'�¡s�s���ýûsO��á� � warpingð�ñ ��� Ã�¥ � � ��& '�) Wigner-Ville ��i�n�t ¥

� � ��Í�Ú ¾ U � ��� ��¹ � [12], ) !�" n�����p� ��*�+�� � � V�¥ 6 Wigner-Ville ��i T�Â����Ä Æ �-, T�Â�x � ���GÄ Æ 6!)! �!���!� û��!;
<�� ¤ ,�;�<� �¡��� � ����.!m�§�/���0!� b 11 ò n X & ¾�� �32�O�;�<�����	��s��}���� ýû�nÃ ¢ � ûs�45s`s&
1 687 warping 98:

2!O!� � �!@�;!�3 � �!�A	 �!P!Q 0�'!¡!�
� Vs¥ � �s�sÞ<=sRsSsÞsß > [17]:

y(t) =

N
∑

m=1

Am(t)ejΦm(t), (1)

à
	�� Φm(t)
Þ�ß�>

m
¥ � � ��? � ^ ð�@ ��A�B��

Am(t) > > m
¥ � � �s�C � µs�s�-Ds� � ^s�Eð  û�� N >�� � ������� ¥ û�& � @�Ð�����F�G� �-? � ^ ð@ �AB Φm(t)

RsSsÞsß > [20]:

Φid
m(t) = 2πfcm

√

t2 − (r/c)2, (2)=
(2) 	 � fcm = mc/2D �s@sÐs�s� > m

¥ � � �
��H�I ��� & D >�J�Ð�����K�L�M�N c O�P�QSRTK�UV N r O�W�X�K�'�Y�Z�[�\-] � N-^�J�_�P�Q�F�G` N = (1) abOc

y(t) =

N
∑

m=1

Am(t)ej2πfcm

√
t2−(r/c)2 . (3)

d
h(t) =

√

t2 + (r/c)2 O warping  eN-�f = (3)

RgN-A�h�i�j�k�l�m�K�n�o�W�X�p�q�r�s�t�u�N-v=
(3) RTK�w�x�t�u�n�y t z�{�|�}�K�t�u�n�y h(t),~ mno warping �{�K��c

Why(t) =

N
∑

m=1

Cm(t)ej2πfcm

√
h(t)2−(r/c)2 =

N
∑

m=1

Cm(t)ej2πfcm

√
t2+(r/c)2−(r/c)2 =

N
∑

m=1

Cm(t)ej2πfcmt,

(4)
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� R Cm(t) =
√

h′(t)Am[h(t)] ��{����� m X�	

�P�K���n���M�N √

h′(t)  �!�r���{�"���W�X�K�#$ ��%�&KN(' warping �{���)�*�+�{ [16] \-,.
(4) a-/-0-1�N j�i warping ��{-����K-2-3-4-5�N� ��n�6�7���8�n�9�:�;��=<�K�N�'���{=���=>�3

	�
�P���O�?���W�X�N�@=?=��W�X�K=�=A�j=B=>�)
3=	=
�P�K�H�I=�=A�\ Warping �-{C�=)=*�a=D��
{�N n�o�K-D warping ��{-E-F-D���{-G�e h−1(t) =
√

t2 − (r/c)2 H�I \J-K-.
(4)
~ m�K warping ��{-��^�J�_�P�Q�KL-M�N ~ 1�K�NPO-�-Q-R 17 S-Q-R 18 T-1 warping

��{=��)�*�U�O�V�W K���{�N�X�a�/���i�Y�Z\[�]
�K�^�_PQ R \

2 `babcbdbegfghjigkjlgmgajngo
pbqbrbs

2010 t 6 u 7 v m 9 v N�Rxw�y�z�{U�z�|�}~ U�� U�W���w���s�� H���� ^�����^�_���o�p�q
r�)���^���U�z���� H=� \ H�� ����K=����L�M�O
98.2 m \�� 1 O H-�-�-�-�-� K-�-�-��\ H-�-� � �
� ^�����K�_�����k�l�, U�z�Y�������Y���K�U�W
X�\ U-z�Y-�-�-�-�-)�s��-�^Z�[����-/ N 7.5 m

K�L�M�N-Z=_=��k�l=�=� 39.3 km \ H=� RgN�>=�
1 min ���-Y�� 6 � 1 s K 160 ∼ 250 Hz :�;� ��
W�X�\-j�k�l�m�K�:�;� =��W�X=¡�¢=£=¤�¥=¦�J�/§�¨ W�©�ª N�¡�O�«�¬�N�� 2 �1�_���� R®?�¯�_°�± k�l�K�¢�£�¤�¥�����K=)=¯�W�X�\�²�Q=�=��_

����?�¯���³�k�l�K�W�X�p�q�����������e�U=z��
��\3O-´-µ-�-¶�N¸·-¹--º-»½¼ `-¾�~ µ�Kk�lW�X
��TjwxWX�¡�¢�£�¤�¥���KUWX\

H�� ��9�^�U�¿�S�_�����À�Á�[=º �=� r=Â�Ã
��Ä�ÅM�ÆN��ij�_�Åpq�Çn�9K�È�É�Ê�Ë\
� 3
~ ��O-Ì 6 u 7 v 14: 30 Í 6 u 8 v 20: 30 ,(ÂÎ Å�M�Æ�K H Ë�e�Ï�Ð�Ñ ~ m�K���_�U V�Ò ¾ 8�n

Ó
1 ÔÖÕÖ×ÖØÖÙÖÚÖÛÖÜÖÝÖÞÖß Ó

Ó
2 àÖáÖâÖãÖäÖåÖæÖçÖèÖéÖêÖëÖìÖíÖîÖïðÖñ êÖòÖåÖÔÖóÖôÖõÖö

Ó
3 ÷ÖøÖùÖØÖúÖÔÖû (a) 1# ÷ÖøÖùÖü (b) 2# ÷ÖøÖù
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Ó
4 ���Öê��ÖàÖÔÖûÖêÖëÖÙ�������� (a) 	�
�� EOF; (b) 	 n � EOF ����ÖÞÖÔÖû����Öê���������

9K��<N � Rx� 3(a) O 1# ÅM�Æ�Ë $ K��N
� 3(b) O 2# Å�M-Æ-Ë $ K�����\�����m H-� �-9�N
�-���TP���� � ~ U V-Ò ¾�� ^-)� �!�"�N$#�v-�-_
K�U V&% ¡�O&'&(���e&)�����U�z���e�)&!=����\
Or+*+,+-������eN�.�Ï�Q�R 21

~ µ��������+/
� 
10CG�e (EOF) 2=´=�=�=_�U V=Ò ¾ \�� 4 
1 §+3 K+/ � 
+0�GeN � R 4(a) O�"+4�3 EOFs,

� 4(b) ´���" 15 3&/ � 
&0�G�e ~ #�´���K�U VÒ ¾+5 �K�# $+6 [ ª N a+7�"+8�3 EOF 9�#�´��
Á 90% KU V ��<\;:uN�������_KU V�Ò ¾ 9< <O�����"+8�3 EOF K�Äe\
3 =bn?>?@?ACBEDGFCHjegfCIKJCLM q?N?O

�-�-	-
�P�m�P�n-9-�-�-�-�-�-�-��e�N � 5 OQ ¯-��e-�-��R�S�T-��\VU�W�N Ì H�� e�ÏSR�X�Ð-2

X-	-
�P�R�m�P�n-9�N §�3 �-�ZYx:�[ � ��NPE-F+\] U-��4�^-Ð-Ñ-	-
�P�_ V M�`�m�P�n-9�a�[$b���N
v H�� Ë $ R������&c&)�4&^�Ð�Ñ����&c�|�z1d�G
e&e&f&g�z&d�G�e&R&b1h&i�N-p1j&X=Ð�11-=���1R
� $ \
3.1 k+l+m+n+o+p+q+r+s

j 2010 t���� H�� R 6 u 8 v 11:00 — 16:00

n�9&tu�wv 239 ¯�k�l�m&R�W�X�[�º�¡ warping �
{�N ~ m���{-����R�n�o�W�X�Nyx�j��{-���RW�X
¡ FFT,

~ m�{���WX+R��+z\ Warping �{��
�&R�W�X��&z�����r�W�X Rw{&|�4�5&c�|�\�� 6 O
239 ¯�W�X1} warping ��{C���1R�W�X=�1z�\C,gi
warping ��{��-)-*-+���{�N ^���{�"���W�X�# $  ~�� ��N�#-Ì-� 6 RTa-/-0-1�N ^-Y-Z�[�n-9Z� N �
2 X�	�
�P&R�# $ U���\;j�� 3 X�	�
�P&R�# $ U� N�:1{1| ,gi�U=¿=7�iC� 3 X=	=
�P=²=�=G�e1R

Ó
5 ����������� Ó



1 � �������c�����	�
P���������������pq����������e���� 5

� �-À-Á�\ Ì-� 6 a�7�N�/ warping ��{����-2�X-	

�P�^ warping ��o N a-/������-[�[��+2�N � 1 ∼
6 X�	�
�P�j�B&R������A�[�º�^ 8.3 Hz, 12.7 Hz,

15.0 Hz, 22.7 Hz, 31.0 Hz, 37.8 Hz À�Á\
j�i H�� P�Q�N warping ��{�����R�W�X � ���� R-?-��W�X�N3a-#�	-¹-)� �R-��
���\3O�r §-¨

2�X�	�
�P�[��&R���=;�N����=������n��������
{�j�2�X�	�
�P�p�q�[�[=S�F���N�'�^�n���o � j
	�
�P�p�q���P�¦���\ `�¾ / 6 u 8 v 13: 04 k�l
m+R�)�¯WXO�«N;2�» ¼ Q ¯����+S+T\

� 7 O�v warping ��{����&R�W�X�¡���n����
����{+R�����N Ì-�SRTa-/-0�1�N ¡ warping ��{��

��" 5 X�	�
P���¼�����[[��+2�N;)�� 6 R��
6-È�N � 2 X-	-
�P�R-# $ b-��\ ^�n-�-� ¾ � p�q
��P�¦���N-v�" 5 X�	�
�P�[�º�F���1&2�N;x�v�F
�-1�2�R->-)�X-	-
�P-¡ warping D���{�N��� -1-"
5 X-	-
�P�R�n�o�W�X�Nyb���v�" 5 X-	-
�P�R�W�X
� Wigner-Ville [ � [�º�¡�n���[���N ~ m�" 5 X
	-
�P�R�m�P�n-9�Y(:\ Wigner-Ville [ � R-´�P .
O [12]:

Px(t, f) =

∫ ∞

−∞

x
(

t+
τ

2

)

x∗
(

t− τ

2

)

e−j2πfτdτ , (5)

� R x(t) ��?X�	�
P+R�!��WX\

Ó
6 " 239 åÖõÖö$# warping %$& ðÖñ êÖõÖö$'$( (

Ó ã��$)$* ∼ +��ÖÞ�	 6 ö$,��$- )

Ó
7 " warped õÖö$#$.$/$0$1$2$%$& ðÖñ ê$3$4 (

Ó ã��$)$* ∼ 5��ÖÞ�	 5 ö$,��$- )
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� 8(a) �1+'+/�F�����¦������kj�¢�£�¤�¥
���&R�w�x�k�l���X�� Wigner-Ville [ � p�q�¦��~ m+Rn����\�� 8(b) �+/�F�	�
�	�[[����E�F
Wigner-Ville [ � ~ m�R-" 5 
-	-
�	�R�n-�-��\�N ~ µ�� Wigner-Ville [ � ^�X-Ð��-[ $ ��
n�	-1
I ��s&R&0������ 5 ��/��������=��[�� H�� R�	

�	�m�P���c��yj�/-F-	-
�	-[���¦��-����3j�>�

	�
�	&R���
�?���� Wigner-Ville [ � p�q�¦����
6�h�i�j�?�[ $ R���
=¡�n=�=[�����¹�������r&0
����� 5��
3.2 ������ �!�"�#�$

v�� 8(b)
~ �+Rn����&% R�'+i�� §+3 1+2��

~ m�" 5 
�	�
�	&R�m&P�n�9uY®: � � � ���(% �
��R-�-��Y(:�) $�*�+ � ����,-�-� ¨ �-©½ª R-��t§&3 R����uY®: � ´ 1 ����� ~ � �&R�2�
�	�
�	
m+Pn�9+R��+t�-&. �

��/�Q�R 13, ���&\ ] ��0���i����&R�z�1=G2�3
cos t(Ω) =

∑

n

∑

f

∣

∣

∣
∆T (e)

n (f) − ∆T (c)
n (f,Ω)

∣

∣

∣
+

∑

n,m(m6=n)

∑

f

∣

∣

∣∆T (e)
mn(f) − ∆T (c)

mn(f,Ω)
∣

∣

∣,
(6)

.
(6) %4� Ω ´��+-����+R�� 2 � ∆Tn(f) ��� n 


	�
�	 � È���A���
+Rm+Pn�9+a�� ∆Tmn(f) ��6

Ó
8 Wigner-Ville �ÖÜ6567Öê$/$' Ó (a) 869$,��$-��6:Öê Wigner-Ville �ÖÜ$3$4Öü

(b) 9$,��$-��6: ðÖñ ê Wigner-Ville �ÖÜ$3$4 (
Ó ã��$)$* ∼ 5��ÖÞ�	 5 ö$,��$-

� 1 ���6;6<Öê6=Öö$,��$-676>$/6?Öê$'6@6A6B
,��$-Öö�� '6@6C6D (Hz) '6@6E6D (Hz) '6F6?6G (Hz)

1 # 180 230 1

2 # 185 230 1

3 # 170 230 1

4 # 170 200 1

5 # 170 220 1
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È���A�0�� � n 
�	�
�	�S�� m 
�	�
�	+Rm+Pn
9�a � N � “e” z-´ H-� 2 Ï §�3 i�� N � “c” z-´
����Ð�Ñ+i � ∆Tn(f) R�´+P . ��0 3

∆Tn(f) = [1/V (n)
g (f) − 1/V (n)

g (fH)]r, (7)

V
(n)
g (f) ����A�� f n�� n 
�	�
�	&R&_������ r

����
&R���������� fH ���&����A�@ fH > f
�

∆Tmn(f) R�´+P . � 3
∆Tmn(f) =

[

1/V (m)
g (f) − 1/V (n)

g (f)
]

r. (8)

� % V
(m)
g (f) ,40 . Ð�Ñ [8]:

V (m)
g =

km

ω











∫ ∞

0

ρ(z) |ψm(z)|2 dz

∫ ∞

0

ρ(z) |ψm(z)|2
c2(z)

dz











, (9)

� %4� ρ(z) S c(z) [�º�����	�
������� � ψm(z)

S km [�º���� m 
�	�
�	+R�²���G 2 S�²��;i �
�-�-4�^��-�-� 9

~ ��R-Â-�-4�^ � � �����-Ñ
� (GA) ��� 2�� 9 Ω % f+g�)���� 2 Ω0

� . (6)~ �&R���1�G 2 i&P��1b&h � ����Ñ=�����1R=� 2
v 5 ¯���[�º���" 2 3 EOF Ä 2 �������������
���-������� L ����� � ���-Ñ-�->���� � 2 � 140,

v���� 500 ����!�"�#�������$�Ð�Ñ +�% ��&�'&b
h�i �)( '�_�*�+�,�--��
�� ��.�/ �y#����-��0�1
�+R�
�� � ¡�������Ñ�2+f�3+R�4 2 � .�Ï�5�6 22

R�7�2��8-�9�
���"�# Hamilton :�;�<�= ( -�9��
��>�? 3

c = 2330.4− 1257.0ρ+ 487.7ρ2, (10)@ % c ������� ρ ��
�� �A ,�'�����B�2�C�D�E����1R�-�9����1i�� @

���F�G ( Hamilton :�;�<�=�H�B�I����8J�K�L�M
��N�O�P�Q�-�9�
���RTSUR�V�> 2 W�P�Q�4 2 R�XY -(.[Z�\�]�R�P�Q�^�_�` @ba -�9�
�c�d�e�P�Q
I���R�-�9���f�\�3 Y ( = (10) H�B�I���V
4 gihijikilnmnoqpnrnsqtnuqvnwnxyizi{i|
}�~

3 ��� a `�����B�2�������������\�3���V
d�e���;���e���X�R������[��P�Q�I�����-������
4���R�\�3 Y V�W�����P�Q�^�_�R�F���c�`�,�P�Q�R
5 ��4��������� �¡�c�¢�� [14] £ $ .�/�¤ ��¥�V¦

10 §�¨�P�Q�4���R�©�ª��� �¡�c���« ¦ ` ¦ 10
a

¬®®¯ ?®°®±®W®P®Q a �®�®�®R®\®3®�®,®²®R Y V

³
9 ´¶µ¶·¶¸¹

2 º¶»¶¼¶½¶¾¶¿¶À¶Á¶Â
¿¶À¶º¶» º¶»¶Ã¶Ä Å¶Æ¶Ç È¶Æ¶Ç ¿¶À¶Á¶ÂÉ¶Ê¶Ë

EOF Ì¶» EOF1 −30 30 3.07É¶Í¶Ë
EOF Ì¶» EOF2 −20 20 −2.70Î¶Ï¶Ð¶Ñ¶Ò

(m/s) csed 1530 1630 1579Î¶Ï¶Ð¶Ó¶Ô
(m) d 1 20 6.3Õ µ Ñ¶Ò (m/s) csub 1580 1700 1650Î¶Ï¶Ð¶Ö¶Ô

(g/cm3) ρsed — — 1.64Õ µ Ö¶Ô (g/cm3) ρsub — — 1.80
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³
10 ¿¶À¶º¶»��¶Æ�������	�
 (

³��������������� ¿¶À ������� ��������������� )

� ¦
10 F���` ��!�" EOF #���$ %�&�'���f�(�%�&

'�)�c�R�\�*��� �¡�c�+�,�-�.�P�Q�\�3 Y�/�0 `21354 �56�c57�`98;:=<5>�¢��5? EOF #�� ( @5A9�
f ) (B%B&B'®RB�®fBC®WBDBE®` @ EBFB%B&B'®RB)
c�`9GIH�9I��fIJI?IKBDIE�` @ ]�;��� ���«�RILM (ON M ROPOQOCOR 3IS DIT�R 4 ��c�V�d�eI<O>
¢��O?OU��OV��ODOE ¤ RIKIW�`�F�GOX�W�P�Q�I��
RO�O!O" EOF #�� ( @OAO��f ) (O%O&O'O��f�R�F
��c5C5Y�V
W�;5Z�P�Q�^�_�R5[5\ ¤ ` ¦ 11 §�¨��5]���;

��e a ��X�RO^O[O_O`OaObOc�P�Q�^�_OdOe�H�B�R
`IaIbgfhC�` @bahi ���IF � P�Q�RI@������IV��
dOe�H�B�I���RO`OaObb�[��`BjhkOF���;���e���XY V�F���l9m�n�o�I�C�p�V ¦ 12 W 6 q 8 r 13: 00—

14: 00 D���R�sut C�v 2 min D���P�Q���f�w�x�c��
; azyO{O| (�OO, | «O}�R 2 ~OWO�O�O�O��cO�O�
I�R��O� yO{ sO�O���O�O�O�O��RO�O�O��fIwOx�R
fzC�` ¦ a C����O��P�Q�^�_OJI?O.I��D����I� }
��fO�O�O�O��� 20 m/s V9? ¦ 12

a RO��f�P�Q�^
_ £5�5� H�`��5P�R�\5*5�5�5P�W 0.96 m/s, \5R5�
�5P�W 0.21 m/s V�F5��`9@5A5��f5w5x�R�P�Q�^�_

c��O� Y nOo�IOCOp�`�>g:[���I^O[I_O`IaIb�P�Q
@�A���f�w�x�F���T�F���R�V ����` ���5�����5�����| ��;�� }�� @�����'�¥���;� ���R�¡�¢ ( ��£�'¤ c�(�¥�¦�+�§�R ) ¨©?�ª�@�«�R�@�9�%�&�'���f £
��¬��® P�Q�` P�Q�R�^�_�W 1585 m/s, c�¯�°�R�P
Q�^�_5J 0 V

³
11 ±�²¶»�³�´�µ���¶�·�¸�¹�º�»�¼�½�¾¶¿¶À�¿ � �¶º¶»�ÀÁ�Â�Ã ¿ � ��¹�º�»��ÅÄÇÆÉÈ�Ê�Ë¶½ (6 Ì 8 Í 13: 04)
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