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1 Ú ó

��ZìÚH�7Ä (ENSO) ´©Ou)39
��íÚ°�¥�É~¯�, ´�»��²�°í
�p�^�'�Ì�íÿy�. ENSO ¯��u)
îK�
�¥�/«íÿ)�Cz!�¥²L
uÐÚ<a)¹�, $��5Nõ/³. Ïd, I
S	�Æ[^ØÓ�{é ENSO �ÛÜÚ�N5
�?1
õ� �ïÄ [1−12]. �éuE,�¥°
íÍÜ�ª, �f�.U{zÚ�x°íü«0
��p�^���ÔnL§, l¤õïÄ ENSO

�ÔnÅn, ¿�[Ñ� ENSO k'�íÿy�.

~X, #Wj�©O|^Û3�JÑ�C©S�
�{ (VIM)[13,14]!2ÂC©S��{ (GVIM) [15]

ÚÓÔ�Ä�{ (HPM)[16,17] éõ� ENSO �f
XÚ?1
ïÄ, ¿¼�§��p°ÝCq)Û
) [9−12]; Wang � [5] ÏLêÆí�ÚÔn{zï
á
��£ã ENSO ¯��°í��f��ÅÄ
åÆ�ª; µI�� [6−8] ?�Úy²
 Wang �ª
7¹k���4��), ��L��S3�ÍÜX
Ú�cS��f.

°í�fXÚ¥Nõ�ÔnëêÑ´��
mCzÚ�N�, XÛ�â,��Ï�{¤*ÿ]
�Ün(½ ENSO �.¥���ëê´���
¯K, é ENSO ÄåÆÅn�@£äk�¿Â.

8cIS	k'�ó�Ì�k: Campbell[18] ¦^
��dõ?�{é ENSO ü��¢�f�§¥�
��ëê?1
�O, ¿é ENSO ¯�?1ý�,

(J-<�Í; Burgers � [19] ÏLé*ÿêâ?1
�5[Ü�O
 ENSO 2-y�fXÚ¥�ëê,

Jp
é ENSO y��)º; ÚuÅ� [20,21] |^
C©]�Óz�{é��;.� ENSO ÄåÆ�
ª¥�ëêÚ	.r½��ü?1
nØí�Ú
ê�Á�. nØþ, ENSO XÚ�ëê�O¯K´Ä
åXÚïÄ¥;.��¯K, ��¯KØÓ, §´
ÏL*ÿêâ5�¦�.¥Ø�ÿ���ëê. d
uÿþ&E�ØO(!Ø¿©ÚXÚg����
5�5�, ���¯K�¦)Ï~´Ø·½� [22].

Ïd°íÍÜÄåXÚëê�O¯K�¦)I�
æ^AÏ�{ [18−21]. �©JÑ�«�O ENSO �
�5XÚ��ëê�C©�{. Äk|^ Lagrange

¦fò¤ïÄ� ENSO ÄåXÚ���§Ú\�
8I�¼¥, ò±�©�§|��å��`z¯K
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=��Ã�å�`z¯K; �X|^C©�n�Ñ
I�����§Ú8I�¼'u�E£ëê�F
Ý; ,��ÑC©�{�O��ëê��{6§;

��ÏLê�Á�(Jy²T�{äk�p��
O°Ý, Ó�äk�Ð�|D(5U. I�`²�
´, ©¥Ì�¦^ Lagrange ¦f5)û¯K, � He

� [23−26] �Ñ, 3£OE,XÚ� Lagrange ¦f
�, Lagrange ¦f´ÕáC©�, 3£O�§%
´Ù¦Cþ�¼ê, N´�)�.C©. Û¼��
í�{ (semi-inverse method) �±�Ñ�.C©y
�, ®²¤õA^3¯õ+� [23−28]. Ïd, XÛæ
^��í�{���Ð��J´±�I�?�Ú
mÐ�ó�.

2 ¯K£ã

�ÄXe£ã°L§Ý (SST) å²Ú§��
þÝå²� ENSO ¯�Äå�. [6−8,12]:

dTs

dt
=CTs + Dh − εT 3

s , Ts |t=0 = T0,

dh

dt
= − ETs − Rhh, h |t=0 = h0.

(1)

Ù¥ Ts L«»�À�²�� SST å², §£ã

°�·Ü��9åÆCz�¹; h L«§��
þÝå²,  (C,D, ε,E,Rh) ´ ENSO °íÍÜ
�.¥���ªëê, Xê D �L
§��£
Äé SST ��^�J; éuÙ¦ëê�`²9�
��¹, �±ë�©z [6—8,12]. éu (1) ª¤L
«���5ÄåXÚ, ��ªëê3·���S
���, §�)¥��5g-���4��/ª.

�
£ã¯K�B, Ú\±e�þ: x = (Ts, h)T

L«°íÍÜ�.�G��þ, x0 = (T0, h0) L
«XÚG�Ð�, θ = (C,D,E,Rh)T L«°í
ÍÜ�.¥I��O�Ônëê�þ. ,	Ú
\ü���5¼ê F (x,θ) = CTs + Dh − εT 3

s

Ú G(x,θ) = −ETs − Rhh, K ENSO °íÍÜ�
. (1) ª�±L«�

ẋ = (F (x,θ), G(x,θ))T,

x |t=0 = x0.
(2)

8I´|^ ENSO °íÍÜ�.�G�*ÿê
â xobs = (T obs

s , hobs)T �OØ�ÿ���ëê�
þ θ, �±ÏLée¡�8I�¼?1��z¼

�:

J(θ) =
1
2

∫ T

0

∥∥x − xobs
∥∥2

dt, (3)

Ù¥ [0, T ] L«°íÍÜ�. (2) ª�G�*ÿ
þ xobs ¤©Ù��m«m, x L«3�½�ëê
�O�e°íÍÜ�.G�Cþ3�m«mþ�
üz;,. w,, °íÍÜ�.�ëê�O¯K¢
Sþ´3�©�§XÚ (2) ª�åe�8I�¼�
�`z¯K, ûüCþ� θ, `z8I���z J .

�´, du�.�r��5ÚØ½5, XÚëê
éJ�O; ,	8I�¼ J(θ) ¥�3õ�ÛÜ4
�:, ±þ�Ï¦O(O�8I�¼'uûüC
þ θ �FÝC��~�. e¡|^C©�{O(
¼�FÝ�þ ∇θJ = (∇CJ,∇DJ,∇EJ,∇Rh

J)T

�L�ª9O�FÝ7I����§.

3 °íÍÜ�.ëê�O�C©�{

Ä k Ú \ � � m C z � Lagrange ¦ f �
þ λ = (λ(t), p(t))T, ò±��5�©�§ (2) ª
��å^���`z¯K=z�Xe/ª�Ã�
å�`z¯K:

J(θ) =
1
2

∫ T

0

∥∥x − xobs
∥∥2

dt

+
∫ T

0

[λ · (Ṫs − F (x,θ))

+ p · (ḣ − G(x,θ))]dt. (4)

(4) ª���C©�

δJ(θ) =
∫ T

0

(x − xobs)T · δxdt

+
∫ T

0

[δλ · (Ṫs − F (x,θ))

+ δp · (ḣ − G(x,θ))]dt

+
∫ T

0

[λ · (δṪs − δF (x,θ))

+ p · (δḣ − δG(x,θ))]dt. (5)

þª¥ δx, δλ Ú δp ©OL«°íÍÜ�.G
��þÚ Lagrange ¦f���C©. 8I�
¼ J(θ)!¼ê F (x,θ) Ú G(x,θ) ���C©U½
Â�±?�Ú��

δJ(θ) = (∇θJ)T · δθ,

δF (x,θ)
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=
(

∂F (x,θ)
∂x

)T

· δx +
(

∂F (x,θ)
∂θ

)T

· δθ,

δG(x,θ)

=
(

∂G(x,θ)
∂x

)T

· δx +
(

∂G(x,θ)
∂θ

)T

· δθ. (6)

d¼ê F (x,θ) Ú G(x,θ) �L�ª, �±��§
����C©L�ª�

δF (x,θ) =

 C − 3εT 2
s 0

0 D

T

·

 δTs

δh


+

 Ts 0

0 h

T

·

 δC
δD

 , (7)

δG(x,θ) =

−E 0

0 −Rh

T

·

 δTs

δh


+

−Ts 0

0 −h

T

·

 δE
δRh

 . (8)

éu
∫ T

0
λ · δṪsdt Ú

∫ T

0
p · δḣdt ©O?1©ÚÈ

©k∫ T

0

λ · δṪsdt = (λ · δTs)
∣∣T
0 −

∫ T

0

λ̇ · δTsdt, (9)

∫ T

0

p · δḣdt = (p · δh)
∣∣T
0 −

∫ T

0

ṗ · δhdt. (10)

ò (6)—(10) ª�\ (5) ª, ÏLÜ¿Óa�, �±
��e¡��ª:

(∇θJ)T · δθ

=
∫ T

0

(x − xobs)T · δxdt +
∫ T

0

[δλ · (Ṫs − F (x,θ))

+ δp · (ḣ − G(x,θ))]dt + (λ · δTs)
∣∣T
0

−
∫ T

0

[λ̇ + (C − 3εT 2
s )λ − Ep] · δTsdt

−
∫ T

0

(Tsλ · δC + hλ · δD)dt + (p · δh)
∣∣T
0

−
∫ T

0

(ṗ + Dλ − Rhp) · δhdt

+
∫ T

0

(Tsp · δE + hp · δRh)dt. (11)

?�Úò±eüª�\ (11) ª:

(∇θJ)T · δθ

=∇CJ · δC + ∇DJ · δD + ∇EJ · δE

+ ∇Rh
J · δRh, (12)∫ T

0

(x − xobs)T · δxdt

=
∫ T

0

[(Ts − T obs
s )δTs + (h − hobs)δh]dt, (13)

�du��C© δTs, δh, δλ, δp Ú δθ �±�?
¿�, Ó�3 ENSO °íÍÜXÚ (1) ½ (2) ª¥Ð
�^� x |t=0 = x0 �½ØC, Ïdk δTs |t=0 = 0,

δh |t=0 = 0;  x |t=T ��Cz, = δTs |t=T 6= 0
Ú δh |t=T 6= 0. d±þ^��±��e¡����
§|Ú8I�¼'u��Ônëê�FÝL�ª:

− λ̇ − (C − 3εT 2
s )λ + Ep

+ (Ts − T obs
s ) = 0, λ |t=T = 0,

− ṗ − Dλ + Rhp + (h − hobs) = 0,

p |t=T = 0.

(14)

∇CJ = −
∫ T

0

(Tsλ)dt,

∇DJ = −
∫ T

0

(hλ)dt,

∇EJ =
∫ T

0

(Tsp)dt,

∇Rh
J =

∫ T

0

(hp)dt.

(15)

(14) ª¡� ENSO Äå�.�§ (1) ª����§
|9��Ð�^�, c¡Ú\� Lagrange ¦f�
þ¤�
��mCz����þ. l (14) ª¥Ø
JwÑ, ���§�¦)I�ýk¼� ENSO Äå
XÚ�üz;, x(t) = (Ts(t), h(t))T, Ó� λ̇ Ú ṗ

c¡�KÒL«é���§3�mþl T � 0 ?
1_�È©. (15) ª´8I�¼'u��ëê�
þFÝ�L�ª, ´�FÝ�O�I�Äkê�
¦)°íÍÜ�.�Äå�§ (1) ª9Ù���
§ (15) ª, ��G�þÚ��þ�üz;, Ts(t),
h(t), λ(t) Ú p(t). I�`²�´, þ¡�,´�
é°íÍÜ�. (1) ªÚ\
��5¼ê F (x,θ)
Ú G(x,θ), �´C©�{é�©�§| (2) ª¤£
ã�Ù¦°íÍÜÄåXÚäkÊ·5, ���¦
´¼ê F (x,θ) Ú G(x,θ) �����. (½�E
£Ônëê��¼FÝ��, �±ÀJÜ·�eü
�{ (X�ÝFÝ�{Ú[Úî�{), Uìeªé
����ëê?1S�:

θi+1
j = θi

j −∇θjJ |θi · ρi+1
j j = 1, 2, · · · ,m, (16)
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�ª�±¼� ENSO Äå�.�§ (1) ª¥���
ëê�. � i = 0 � θi �L��ëê�þ�Ð©
ßÿ�; ρi+1

j (j = 1, 2, · · · ,m) L«1 j ���ë
ê�1 i gS�Ú�, ÙäN��deü�{û½.

C©�{�O°íÍÜ�.¥��ëê�äN�
{6§Xã 1 ¤«, �[`²Xe:

� � � �� � � �
ã 1 C©�{�O ENSO ÄåXÚëê�6§ã

1�Ú �½����Ônëê�Ð©ßÿ
�;

1�Ú |^#�ßÿ�, é°íÍÜ�.Ä
å�§ (1) ª?1��È©, ¼�XÚG�þ�ü
z;, x(t) ¿\±�;;

1nÚ |^ x(t) Ú xobs(t), �â (3) ªO�
8I�¼ J(θ) ��;

1oÚ |^ x(t), xobs(t) Ú��Ð�^�,

é���ª (14) ªl t = T � t = 0 ?1�mþ�
��È©, ¦����þ�üz;, λ(t) Ú p(t) ¿
\±�;;

1ÊÚ |^ x(t), λ(t) Ú p(t), Uì (15) ª
O�8I�¼'u����ëê�FÝ�;

18Ú |^IOeü�{¦ÑÚ� ρi+1
j , �

â (16) ªé����ëê?1S�, ¦Ñ#�O
�. XJ÷v§Sª�^� (X��¤�¦�Âñ

°Ý½´����d°Ý, �®��ýk�½��
�S�gê), Kª�§S, Ó�¼���ëê��
O�; eØ÷v, |^#�Ônëê�þ θ �l1
�Úm©?1#�S�Ì�.

4 ê�Á�(J9©Û

3ê�Á�¥, æ^o� Runge-Kutta �{¦
) ENSO ÄåXÚ~�©�§| (1) ª. �A��
�§�ê��ª�±ÏLéëY���§ (12) ª
?1lÑ��. �©¥du�Ä�r��5XÚé
Ø��¯a5, æ^nØí���ª¦� ENSO

ÄåXÚlÑ�ª¤éA����ª, È©Ú
����ª�Ó. �.ëê�� (C,D,E,Rh) =
(0.5, 1.0, 0.5, 0.5), T|ëê�÷vXÚ (1) �3
� �  ½ 4 � � � � â [6−8]. � ª Ð © G �
þ (T0, h0) �� (−1.0, 2.0), �È©Ú� ∆τ = 0.05,

�½�mÈ©«m� [0, 2]. ,�é�ª?1È©,

��XÚ3lÑ�mS� {0, dτ, 2dτ, · · · , 40dτ}
þ�IOG�Cþ�. Á�¥��Ü©G�þ�
��[*ÿ, ©OÄ� {0, 9dτ, 17dτ, · · · , 40dτ} S
����G�þ (T, h) )¤ü|*ÿ]�. *
ÿ�¹ n = 6 × 2 �êâ, ,��3¤ÀG�þ
þU\pd�Åê��*ÿD(, *ÿD(�þ
��� 0!IO ��� σo. *ÿþ�±L«
� xobs

i = (T obs(ti), hobs(ti))T, i = 1, 2, · · · , N . l
Ñ/ª�8I�¼L«�

J(θ) =
1
2

N∑
i=1

∥∥xi − xobs
i

∥∥2
, (17)

ª¥ N L«*ÿêþ, ‖·‖2 L« Euclidean �ê, ù
pk ‖xi‖2 = T 2

i +h2
i . 3¼� ENSO XÚlÑ/ª

���ª!���ª!8I�¼9ÙFÝL�ª
�, |^IOeü�{�±é θ ?1�`�O, �
�ëê�S�Ð��½� θ0 = (0.2, 1.3, 1.0, 0.1).
3é ENSO XÚ��ëê?1C©S��O�L
§¥, ��ëê�þ θ �zg�#, Ñ�é ENSO

XÚlÑ�ª?1�g�� (0 → T ) ê�È©, ±
BO�8I�¼ J(θ) ���; Ó�é ENSO XÚ
lÑ���ª?1�g_� (T → 0) ê�È©, ±
BO�8I�¼FÝ ∇θJ ��.

| ^ ã 1 ¥ � � { 6 § � ± � � θ =
(C,D,E,Rh)T �S��OS��, ã 2 ¨ 7 w«

Ø�3*ÿD( (= σo = 0) ���ý(J. ã 2—5
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w«�´����ëê3S��OL§¥��C
z; ã 6 Úã 7 L«�´8I�¼��eüã. l
ã 2—5 ¥�±w�, ��ëê�þ θ 3²{ 60 g
S��®²�~�Cý¢�, Ó�8I�¼Ä�þ
Ø2eü. nØþ�8I�¼'u��ëê�FÝ
�

∥∥∇θjJ
∥∥ = 0 �, ��ëê�þ��`�O�. �

�©¥�
~�O�þ, æ^Ï~�S�ÂñIO,

=c�ügS��8I�¼FÝ��Cz�uý
k�½�K�

∥∥∇θjJ
∥∥−∥∥∇θj+1J

∥∥ < 10−5, d��
O�Ø��uÅìØ�, �±�Ñ. �,8I�¼
��eü��. �FÝ�E3~�, ²L 169 gS
��, 8I�¼��Âñ, ����ëê��O�
� C = 0.5000073, D = 1.0000001, E = 0.5000006

Ú Rh = 0.5000014. ©Ûã 2—7 ¥¤«�Á�(
J��, æ^C©�{�O ENSO XÚ���ë
êäk�p�O(5, ¤këê��O°Ý��

 O(10−4). ,	C©�{�`³´, ÏL���

§U
O(O�Ñ8I�¼FÝ, Ïd¦8I�¼
U¯�eü, �²L 60 gS��O�Ò�~�C
ý¢�. L 1 �Ñ
3ØÓ*ÿD(Y²�¹eC
©�{é ENSO XÚ���ëê�O(J. lL 1

�±wÑ, 3Ø�3*ÿØ��, ��ëê��O
°Ý�p, ��ëê��O(J�±°(��ê:
�1 5  , L²
C©�{�O·bXÚ��ëê
�k�5. �XØ�O\, ëê��O°Ýeü, �
S��O(JE,Âñ�ý�NC, =¦�*ÿØ
��IO �� σo = 0.2 �, ��ëê��O(J
E,�~�Cý¢�, �±°(��ê:� 2  ,

`²C©�{äk�Ð�|D(5U. ,	, lL 1

��±wÑ, �Ø�3*ÿØ��, S�Âñ��
8I�¼�Ä�þ� 0, �X*ÿØ��O\, ��
¡��Âñ�I��S�gêOõ, ,	��¡Â
ñ��8I�¼�O�.

� � � � � � � � � � � � � � � � � � � �� � � �� � � �� � �� � �� � ��
ã 2 ëê C �E£(J�

� � � � � � � � � � � � � � � � � � � �� � �� � �� � �� � 	� � 
�
ã 3 ëê D �E£(J�

� � � � � � � � � � � � � � � � � � � �� � �� � �� � 	� � �

ã 4 ëê E �E£(J�

� � � � � � � � � � � � � � � � � � � �� � �� � �� � �� � �� �
ã 5 ëê Rh �E£(J�
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� � � � � � � � � � � � � � � � � � � � �� ������� �� �� �� �� �� ����    	 
���
ã 6 8I�¼FÝ�eüã

� � � � � � � � � � � � � � � � � � � � �� ������
��	
 µ�

ã 7 8I�¼ J(θ) Âñ�

L 1 ØÓ*ÿD(Y²�¹e ENSO XÚ�ëê�O(J

C D E Rh J(θ) S�gê

ý� 0.5000000 1.0000000 0.5000000 0.5000000 — —

σo = 0.0 0.5000073 1.0000001 0.5000006 0.5000014 4.5173 × 10−11 169

σo = 0.1 0.5000362 1.0000383 0.4999506 0.5000659 1.9361 × 10−5 205

σo = 0.2 0.5008553 0.9987875 0.4991867 0.5007649 3.4329 × 10−4 240

� � � � � � � � � � � � � � � � � � � � � � � � � � � �� �� �� �������
ã 8 ÃD(�G�Cþ h �'�

� � � � � � � � � � � � � �� �� � ����� �
ã 9 ÃD(�G�Cþ Ts �'�

�
?�Ú`²C©�{�O ENSO °íÍ
Ü��5ÄåXÚ¥��ëê�k�5, òÃ*
ÿD(� θ ��O��\°íÍÜ�. (1) ª¥
?1È©, �±��G�þ (Ts, h) ��O;,.

ã 8, 9 Ú 10 ¥©Ow«
§��þÝ!SST å²
Ú ENSO XÚ4����O�!*ÿ�Úý¢�.

lã 8—10 ��, 3¤ïÄ��m«mS, �O;
,Úý¢��m�~ÎÜ, ?�Ú`²
C©�{
é��ëê θ �O��(5. Ó��L², =¦�
�Ü©*ÿêâ, �U
�(�OÑ°íÍÜ�f
XÚ¥���ëê, �éXÚ�4��)kéÐ�
�[.
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� � � � � � � � � �� �� ���� � ��
ã 10 ÃD(� ENSO XÚ4���'�

5 ( Ø

�©|^C©�{)û ENSO °íÍÜÄå

XÚ¥��ëê��O¯K. |^C©�n�Ñ

 ENSO XÚ����§Ú8I�¼'u��ë
êFÝ�L�ª, �Ñ
C©�{�O ENSO X
Ú��ëê��{6§, ��ÏLê�Á�(J
�y
�{�k�5. Ì�(Ø8BXe: 1) C©
�{é± ẋ = (F (x,θ), G(x,θ))T ����§�
¤k ENSO XÚäkÊ·5, ��^�´��5¼
ê F (x,θ) Ú G(x,θ) äk����5; 2) Ø�3
*ÿD(�C©�{äkép��O°Ý; 3) �3
*ÿØ��, S��O�S�EUÂñ�ý�NC,

`²C©�{äk�Ð�|D(5U. I�rN�
´, �©|^ Lagrange ¦f{N´�)�.C©y
�, =3£O,
AÏXÚ� Lagrange ¦f�, ¬
Ñy Lagrange ¦f�"½�U��Ü©î.�§
�y�. Ïd, é,
XÚ�ëê�O�J�±?
�ÚJp.
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Abstract

In this paper a method is presented to estimate the unknown parameters of nonlinear El Niño/La Niño-Southern Oscillation model

based on the variational principle. Firstly, the equation of the coupled air-sea model is included into the objective functional. Secondly,

the formulas of the adjoint equation and the functional gradient for unknown parameters are derived using the variational method.

Finally, the algorithm to estimate unknown parameters of air-sea oscillator system is designed according to the above formulas. The

numerical simulation results show that the proposed method is very effective and feasible to estimate the unknown parameters of

nonlinear air-sea coupled dynamical system.
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