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The REM Adjoint Modeling System and its

Application to the Study of 4D-VAR and

Predictability

Wang Tie(Meteorology)

Directed by Mu Mu

Abstract

The Regional Eta-coordinate Model (REM) adjoint modeling system is developed

by the establishment of the Tangent Linear model and Adjoint model of the REM

model in this dissertation. The correctness of the Tangent Linear model and Adjoint

model code is verified after the code is written, and it is found that the Tangent Linear

model and Adjoint model work well. Then, using the Adjoint model of the REM

model, the gradient of the cost function is checked and a twin test is conducted with

the ideal observations generated by the REM model. The results indicates that the

REM adjoint modeling system is successfully established.

Applying the REM adjoint modeling system, two four-dimensional variational

data assimilation (4D-VAR) experiment and extended forecasts are performed using

the observational data (0000 UTC 8 June 1998 and 0000 UTC 1 August 2000). The

forecast results with 4D-VAR are improved at both the end of the assimilation window

and the end of the extended forecast time in the two tests. But the forecast results of

the accumulated rainfall with 4D-VAR are different in the two tests: the location and

the amount of the accumulated rainfall in the first test is closer to the observation, and

there is no significant improvement in the second test. It is concluded that although

the forecast result using assimilated initial data shows an improvement at the end of

the assimilation window, the results are not necessarily improved during the extended

forecast time. The forecast results are sometimes as poor as those without 4D-VAR,

especially for rainfall.

Using a scaled equation of specific humidity, an analysis of the effect of the model

error on the 4D-VAR of rainfall is performed. From a theoretical analysis and a nu-

merical experiment, the following conclusions are reached: (a) In the case where there

is initial data error but the numerical model is correct, if the observational data during

the assimilation window are correct, the true initial data will be retrial through by the

method of 4D-VAR, and the forecast result using the optimal initial data is close to

· iii ·
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the observational data during both the assimilation window and the extended forecast

time. (b) If there are model errors, these errors will be transferred to the initial data

after 4D-VAR, the assimilated initial data will not be the true initial specific humidity,

and the improved result in this situation will be a forecast with an incorrect model and

incorrect initial data. (c) When the model has errors, especially that errors grow with

the time, although the forecast result of the accumulated rainfall can approach the

observational data during the assimilation window, it will become less advantageous

than the forecast without 4D-VAR in the extended time, even becoming worse than

it. (d) In order to get an optimal forecast at the latest forecast time, a different back-

ground and background error covariance matrix should be used according to different

tests during the 4D-VAR.

With the adjoint modeling system and nonlinear optimization method, the pre-

dictability is also studied in this dissertation. A theoretical analysis is introduced to

identify the predictability of the numerical model and to identify the model error and

the initial observational data error using the nonlinear optimization method. A series

of ideal tests are performed using the observational data generated by the model of spe-

cific humidity, the results showing that the nonlinear optimization method is a useful

tool to identify the model error. Then, with the REM adjoint modeling system, three

tests are conducted using the observational data (0000 UTC 6 August 2000, 0000 UTC

8 August 2000 and 0000 UTC 24 June 2002). The results suggest that the REM model

can give an acceptable forecast with the allowed forecast error in the three synoptic

tests. The first test suggests that the REM model can give a satisfactory simulation

just using the initial data by interpolation (such as, the Optimal Interpolation) from

daily station data. The second and the third tests suggest that the REM model can

give a satisfactory simulation by using improved initial data (via the 4D-VAR method).

Key words: REM model, Adjoint Modeling System, 4D-VAR, Predictability,

Error

· iv ·



9O# ,":Hd :?P
�P-so8ppy2w�N,�m>� z4H
-s5z~o�Op�_+Æ-s5zGGa℄b"�2m��8g��Z2;55z�=AL^
I"hT 2
��[_�ZP
�P-so829;�S&Yn-�2s��|*2Tf�OwO(, sR02T 9;W+=O�
§1.1 m-�R)��8�b�i sR02WWb �P
�Ps�0S5wOoP2O�TI9;Q(�0VhK0-�5
b �ZP
�P-so82t"#RAQ��1R}L�0��!Sm2wj�Ew�ZP
�Ps�029;\I,w�Trt�m9�,e9;�t"9;�{B9;AQC9;�b%?��O���8�( s2�IyCV/��ktIZ s/�,e9;�d0Z s2,ej��45,e9;STpi �2,e^Q��_ZW7P
�P-sw�bE2-s57pob /�/�q'�OOM o��S9;?Df	�* �%I2{Cj��nLV#Th�℄)4OÆb�2�2VL9* �!}�a}�9;T �8!-s2�e��e2[+�z)�322�|!,eA�1�b|T (PROFS)�&92�-s�eo8
NWW/AMeDAS��_2Ad22�x9|T�
Front’92�4�T<9;+Æ8�2�8!-so82&5AbE�b 2gt�OÆ2�Z℄�QIP�P-s,eA9;2�ohC�)322 SESAME
{z2AP�PhC�A�P�P�o,ehC STORM |T��\52�K/��℄�P�P-se2w2hC�) 20 ℄� 70 V#2RMw4m2whC�~PP
�P-shC�1980–1984Vkq`s�?\)2RFP�P-shC�1991 VpkYLv>2328�{Z�-shC�2001/2002 VT f	9;/T�E
973��\2�8!-s�wgtA�et"9;��E�q�Prl/��J�hCTp� 2003 VZWE2w5z/�,e4�+ÆhCZt\2P�Ps�029;nF 2?I|g�joa*t/wxhCd02j��W&* � ��P�Pj��K9O�* �"B62�P�Po82�z�kYLv>2328�{Z�-shC�OB*o89;	8�{Z�-sbE�b /��d0�Odn�B2{Z�-s�z2uej��+Æ,ehCLaM�OÆTIP�P-s5z/�"�p29;�jHR45+Æ,e9;�BP�P�8!-so82#R�Ewh��wn2p/s�,eF"d02,ej��gtP�P-s5z29;$nÆhr�nNd02,e^QZWsTheP
�P-s5z2�i�,eF"26PW$A,eN����q4[+�\2jo8T�

· 1 ·



REM AX2&�o8po��PCuj�7VyS�1!9;P2ag,>?��45Z sI}0mz/�Dt2�=y�V�Tbw
�P
�P-s5z2atgL�O{B-s�1{BATpo�9;* t"D+�Ew�t"9;\I0ZTrt�T<[+�ktaZP�PY�2I}gL9;�+eP�PY�2I}'#�mEAP}2gt�TpP�PZ��PAC�(:=��P2�I��Om9*℄{2P�PZ�o8LabE�PQP2�7s�P�[_9;�7s�PZ�?I2P�PY�2b S~h~℄p!52Tf�ZtKZ�A`{V[+K%I/OY9;
$ ��1998�'�#�1998�2000��P�PY�y �PY�2}Q|g�+eP�PY�2�bgL�v>gLTph
|g4�P�P{kgLAP�PQ2ÆP&5+eP�PQ2Q+w��r�n)9D{(PA�)f��2/�rP�PQ2h9�giAÆP&5Tp{k+ÆQ2gt��5y�,P2P�PR�p�m�*o6��i�yP�Po82}Q|g�ktP�P-sap{!2�rmzP2p{!�Ao���En7G2�s��ZP
�PZLmz/��VN�ZI�uQ�p{!2|g�tgAFTW���t"9;A,e9;2f	4�s�0�h=xg:� s�I2I}0mzA }0mz���D�V/�A?)/�r�
( sRh2d �ktZL s�I2mzva�Pp{!V2�WR0-(e(�O#Tgs02 s�Imz/�iu�r4p�Tg2{BAX�{BAT>axg{BAX/�hC��{B'4y,e^QueZ<�{BAT9;STZOÆP
�P-s5z2
�[l/�ue�Om9C:t"9;2'4��Om9�ST&-}ZTI2
�[l�{B�1�axg{BAX/�QN2Rh-%�Ew�{B�1p{BAThC�P
�Ps�9;P0-�.k2ag�OwOP
�Ps�9;2O�ppTI2jV�*℄2�LMb9L�mv2P
�P{B�1LbAXpgt{BAT9;�|2AX�<"n#J!2a�℄X�32�P2�&94�32�P
�P{BAX29;yMb4�0�" 2/ �Ew��32TgjMxO.k2��P
�PAXa MM5 A ARPS�+��AX�{B�1Lb�|p{BAT9;�|PLb℄�TI2|g�32OQwo USWRF -s9;|T�t 2002 V 2 
LD� WRF AXo8Mb�|�WRF aorO#P
�P{B�1AXA7Vo8
S���2000��\2�P
�P{B�1AXm9K|� �29;�|�Om9�℄/O�V2�2t/AX�Toba92�b��Om9�Km�Mb9;�nmv<Rm��OnOD�1R}2{BAX�hB?��QC9;+eeQhCAJ�hC�eQhC ℄a45QC
KZ s�,2�I/�AT��_0-yQ� s�I}�2{C�J�hCGG7,e9;'Dph�nNK%M/��32� 20 ℄� 70 V#P�/�� " fF /AhC�o\IE2a9;�S�P=�2}Q|g�joaP�PA-s�P2*o�1979 V�s�32/��℄?2 AVE � SESAME P�PhC�45�S,e
· 2 ·



9O# ,"jV0-�O% 5-1000km jMQ*t{z2poY9/�2j��O(Iz22qIgLAP}gL�KOP�P{BAX9;p�( �P�
�P5z=�2}Q|g* �=%2j��x0tV�32rLD�/AJ 2z2|T�+�|TSR- 21 ℄��℄RBw�0Vh�|O�n_�T<Rw�E�\2�2-x�q�/�X���/�XAq�Pl8��{P�Po8�e�12hC9;f8OM yLb}'D29;�|��=_�m���\2T -s�8�wgtA�et"9;��EK�q��|/�� �J�,e9;���ZtP
�P-s29;�0�<"m!2wj��_�EwZtP
�P-s5z2�;b!���a)!��$�FNTgA�1�ZP
�P-s5z2bEN��{P�
�jM2�1f�!Z��F 2dN�[��B*M P
�Ps�029;�*�P
�P�8!-s5z�12f���$�a2�2Qs�Rw�|*2O�k�%I(I2[+�
§1.2 uh�RX�Blxy��Su8	pyr�ZP
�Ps�0/�9;2f	4�f��1Rh-sCV�>7�8!-sZ!q;a
IpL^�I2
�℄axR2E2�m� 1922 V L. F. Richardsonk�*�-s�12�W�- 1950 V�J. G. Charney et al. 9O�w�8|� 24 
N{B-s�1�{B-s�1wv0-�.k2ag��i|Ægwv2r
b �*℄ �|Æg0-�lpag�  *��{BAX��2
P��_T{BAXPSTQ�����2at5z�7N�ktV��℄llm��zg{RAH
4�2,ejV2Tg�d0� �℄N�℄Y�uX2,ej��xgP�P{B�1AX/�Lb�1A9;wOP�Ps�9;2O�\�jV��OÆ2�2s�TmLbP�&KaZP
�P-sw�2�1P�{B-s�1!C�\+8U�*℄2�L}�Mb9L�mv2P
�P{B�1LbAXpgt{BAT9;�|2AX��{B-s�1wv29;yQ�agP� �bw
�P�P{BAX�1f�!2\I�[S J0'OTr�m9�Oakt{BAX�Vo��gl�_℄p�1'4gs.Q s�+4pvO9OqS�1![+��O��[akt^g2{B�1AX9AEnAXdl��_℄p�1'42Wf��+4pvO9aqS�1![+�Thompson
1957�A Lorenz
1963�1965��+m9/��M�!29;�oN�2Q�2s��|*�+O�|/��W�2[}�\22��j�~kF4
1974�1995�1999��GG4
2000�2001�2002�2004�2005��+m9K|�*℄nY2�|�O�*�{B�12R}�s��|*Om9WWb AB3Tg2{B�1AX�T0P
�P{BAX��f�8he s�I/��7NWW
3,e/�A

· 3 ·



REM AX2&�o8po��PCuj�7VyS�1!9;P2ag*�,e4P��g�2�Rw,ejV�d0 �2,ej�����ZWWB3,ej��tmd�T0xR�{BAX�<40-2AX�VoR$��f�8he.Q s2d �tgAk7Ia℄){2L�WWB3wn2P�P{BAXO|Tb mv2rO#{B�1AX�32��-b MM5 A ARPS AX2f	4�OQwo USWRF -s9;|T�t 2002 V 2 
LD� WRF AXo8Mb�|�WRF aorO#P
�P{B�1AXA7Vo8�=|gt 1 � 10km �F�d2s�?Z{B-s�12|TaiV ARPEGE-ALADIN o8�QI AROME |T�2008–2010 VQwd29Q�?F��- 2-3 !v2{B-s�1o8�&9�P�P{B�1AXm9�Mb
10km �<��2AX�Zt!v��2iw��2�1AXK�	*PqmwvMbEG=P�/22{B-s�1a�{�℄XPm-s�1P�* 2�uD�{B-s�1f	42�+Æ{B-s�1Sf -�Tm�1ADTm�1�O�Tm�12%I�iV GSM AX2���1o8�?)BST_
Æ:��|AX�\2PR� sat�K�WWMb REM AX�EwS5b - AREM 3.0��iuD�	O 18km��?uD�O 20-35 f�b%t77Ia�b AB3P�P{BAX27N��2Zb y=}a%2,eo8�*�,e�eF&�d���f�2,ej��+a*�{B�1�i2��TIm��d2s�?O�QwP
�P-s24��1�|T
#y={BAX}ba2{,,eF�&9O��{wn2,eF�^gzg{R ℄�Yz2�-CV�O^g℄llVm�y��DUo8
GPS�4�2,ejVd�j���2s�V�K�9*Tg��{Z�"iw���zP�UKp{P2,e�O|T*�M�`A5f�2,e4P�+ÆLanxt*�P�P{B�1�i2ppTI2�I�#bR�w�R�on�<"B32P�P{BAXA<"v�2,e�iN�)B�0-2,eo{C�iaVw{BAX2�Vo�T0{BAX�VoR$.Qhe s2�Vd �+Ka{B�1P��O�TIm9�2Q�R0��+O�|K7G/��*℄9;�x�2j��tmd ℄^g2agBmd�<){!gBe℄�XgBTp[YE8d4�℄�XgBd2Ws=�aWR-:0-2AX�Vo�Y�42�-!��Y�4��im�2?8TD(U�w�AX�Vo�<P�8"2W�-�7N��?m�42	yKWR-:AX�Vo��?m�2}(!�[YE8da Cressman
1959�*�OMV?.Tg��NaxigBdp/PCuj�7Vmd2ag�xigBdakZL"2�V! Winener
1949�*�2�O�(IiZN�+	2Qg[+�Gandi
1961��o℄*-V,ue�O� 1963 Vb��*t
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9O# ,"*txigBmd2`℄	s�o2V,ue
Os
E�1�2000�2001���LV#MV�7Vmd�{BAX�Vo�t40-�5
b �Sasaki�Goress
1982�*�Cu7Vmd�Dee
1985�*��Q7Vd�Lorenc
1986�*� Bayes ��7Vd�Derber
1985��Ledimet�Talagrand
1986�*�xg&�mz7Vd�Lyne
1989�*�I}:07Vd�Ew��{BAX�Vj�o2�tmX4�℄)�22s�Lb[4 ℄^g/PCuj�7VmdA�PCuj�7Vmd�/PCuj�7VmdoQaxigBmd2O#V�ST�t,e�4ap{!2�b�EwW5LbV%UTg+Omd�z)_2s�?��H s�?A322 NCEP�&9s�12 ENSO �127Fj�7Vo8K^g+Omd (Kamachi�et�al.�2001)�/2s�?EwK�b /PCuj�7Vwv�kt,ej�2WWv��ST��℄2N�AY�uX4d0Z sd 2:w�7Nkt|ÆgR02b ��PCu7Vmd�j��t4K0-�.kag��PCuj�7Vmdaxg7VN��\Q2�S,e�i�Tg{BAX|O	y/��45iu{BAX2&�AXp{BAX9A�gp{!iVmd&-{BAX2xi�Vo�o\IE2aO���{BAX�VoP��2,edl�T0/��PCuj�7V�tN2{BAX�1'4�7VN��\Qy,eox#0 (Navon et al.�1992)��PCuj�7Vwv�0LVh0-m *_�aEw℄)4*℄2�\ILbV%UTg2xt/2md
u/^�2000��℄XPm-s�1P�>t 1996 V6xt^g��PCuj�7Vo8|OLbo8
(Courtier�et�al.�1997)�d2s�?KS5^g��PCuj�7Vo8|OLbVo8�_2s�?A�H s�?Kf7rOY^g�md|OLbo8�\2EwZ1nmv2P
�P{BAX�PCuj�7Vo8�T f	9;/T�E
973��\2�8!-s�wgtA�et"9;��b P2R0� sat9;� REM P�PAXpo&�AX|O9;�E=O�

§1.3 Bl�(D�wy��Su8	p8N'���1O?a{B-s�12O�TIQ(��yP�P-so8}*2���19;P���S5�0�OD2wj�&���1Z5pa�wY1��1p�12�b��i�PCuj�7Vmd2_
b �R0�5jH45ag�PCuj�7Vmd
3�1AX2�Vo�/_*����12f�!
X. Zou and Y.-H.

Kou�1996���_��Tg�PCuj�7Vmd/����19;25zP�ppa}-+G2w��r45�PCuj�7V�tN2���1�o'4O#�7V�\Qy,eoF#0�&�;��1NVQ��iN�2b ��1
4a�w
3W=v
· 5 ·



REM AX2&�o8po��PCuj�7VyS�1!9;P2ag2�b�DI�xR�1NU��1'4<7V�twZIlF℄�aO.�[+J492w�O� �<.�{BAX�VoP��dlA{BAX9A��dlLa+J�1'42Wf�
��j�1989�1999���PCuj�7VmdQI2O�TIw*/�a�D{BAXaf�2
perfect��_Q�ag2{BAX4pa� s�Imz/�s0V�t0-2�{BAXdlmE2\I�[S0'OTr��m9�
1�ZQ� s�IP2OÆI}5zAOÆ sw�mE2atgL\5Z#RW���WR� s�ImzPf�8/�:w�
2�� s�Imz/�s0�tN�a"hkts0m�p�F��Pat5z4[+℄p2dl (Hack�1994���F�1999�Chungu Lu�Gerald L. Browning�D. Orrell,

2002)�jo����1P�kt��at5z2��!�Ew2{BAXZWRB�f�8:w��bE2gL�K>a��Ewag2���1AXO#a��AXdl
C.�Nicolis�2004��AXdlZ�PCuj�7V2
��S5℄ps��|*2Tf�Wergen
1992�D��Cu7VPxgndl2AX|O	y/�a�w8T2[+�����~kF
1994�xgy�AXQj�AXdlZ�PCuj�7V2
���5#O��Cu7V5zP�{BAXdla8aQ-7VN2�VoP�Zt{BAX��dlNZ���PCuj�7V2
��EwZ1n�-}*29;�
§1.4 !X�5��xQ#5RpOLZtS�1![+29;�O?&�i{BAX2b �O�*�{BAX2�1R}�s�0��WWB3{BAXO*�,e4P27N�Kh=Z{BAX�VodlA{BAXdl/�_W�O
3{BAXpO,e9;* D+��/�S�1!9;N�4p^g2a{BATmd��{BAT9;N� ℄a^gOo	Z<hC2md�45
CAX2�Vo�
C{BAXP2O�p℄�at5ze*
CAX2O�e℄�`{���1'4yZLhCeyQ�,eo/�<"�hQjW7�V/�yAX��at5zpAX`{2
��+SuemdaOS?#2uemd�EwO*℄s�R9�|!�.k^g�O�0-�*℄nY2'"�ZP
�Ps�02b AB3{BAXLp-�LuTI2|g�&a�+SmdKnoOD2?y!��xg{BAXmd/�hCN�Z{BAX�Vo�{BAXat5zpAX`{2hC/��oGG"nOD25C!�&Ka(9;*^tOW<.IÆ[lZ��9;2[+EnTI2
�N�hCvD>an}(2,E!�xgp{!iVp&�md/�S�1!9;a� 70 V#Thb ph2, w
~0* Marchuk
1974�1982�x��&�mdgt<
!ue9;, �(NTg2aO��%2{!A��Hall�cacuci
1982�1983�\I�&�mdgtZO~9Z�A

· 6 ·



9O# ,"XP<
!2ue�Smedstad�O’Brien
1991��<
!ue2mdg-AX`{2%|y�C4�Errico and Vukicevic(1992) xg&�mdZ PSU-NCAR P�PAX/��<
!ue�9;�s.mEZt�V/�2<
!�Rabier et al.(1992) xg&�md/��<
![+9;�Zou(1993) 4g&�mdA�f4�AX9;�t�D{Z�V�I2<
!�S;4
2000�xg&�mdp<
!9;Z3(��Gy-sy2qC�Wang Dongxiao et al.
2000�Kg&�A<
!ue2mdZzEF�2[+/��9;�Mu Mu et al.
2002a�*��{B-s�1ysL�ePS�1![+2/ql[+�r�x S�1N��x �1dlA�By`{2x �*dl�O���Tgp{!iV2md�t+Æ[+2���Zhang Xiaoyan et

al.
2003��g BDA(bogus data assimilation) m�iV "s.2�V'#�Z�z/�� 72 
N{B�1�Xu Hui et al.
2004�^gaPf8aAX�xgp{!iVy&�md/��<
!ue�9Y�Tgp{!iVp&�mdZ REM AXS�1![+/�9;�
§1.5 ��EYjd�	I9"Y9O[u�|a�{ REM AX2&�o8�kt��{ REM AX2�{!AX
Tangent Linear�Model��Z�{!AX28�!/���C���{!AX�C8�2f	4���� REM AX2&�AX
Adjoint Model���NZ&�AX28�!/���C�xg REM AX2&�o8�ZEG;{2(P/��8�!�C�Oxgt�,eo/��p{!iVhC�9"Y9a[u�|axg REM AX2&�o8�TgQ�1Y,ej��Z

1998 V 6 
 8 & 00 N
℄)N�A 2000 V 8 
 1 & 00 N
℄)N���Q�-s�z/���PCuj�7VhCp;��1hC�O/��{Bue�9"Y9/[u�|axg^��2�ub mz�9;�W��AXdlA��AXdlZpi����PCuj�7V2
��45QjCu7VN2�1'4yt�.Q sd 2gl�/_ue���PCuj�7V�1'4Z{BAXdl2<
!�O���AXdl��PCuj�7VP2
��4p�#�;{P�*57o��9YZ?+�T0�PCuj�7VNR$x=8�1�xR�1NU,eo�%I257oJ��X�OxgW7�z/��{BhC�9"Y9�[u�|axgp{!iVmdA REM AX2&�o8ZS�1![+/��9;�kt��w!�|2f	4�+6�)Bxgp{!iVp&�md�_W{BAXdlp�V,eodl��Nxg^���ubb mzTgt�,eoZAXdl/��_W�xNxg REM AX2&�o8�Z/�Q�-s�z�Tgp{!iVmdZ{BAXdlp�V,eodl/�D�ue�
· 7 ·



REM AX2&�o8po��PCuj�7VyS�1!9;P2ag�>�7
Æ�H9#a,"�+6�P�P{BAXAX2b ��PCuj�7Vmd2ag�AXdl��PCuj�7VP
�29;pS�1!9;yp{!iVmd2ag�9a#Z�^g2 REM AX/���%+6�9/#Z REM AX2�{!AXp&�AX2��y�C����p+6�9�#ZEG;{2(P/���C�O/��t�,eo2p{!iVhC�9_#xga�Q�-s�z/���PCuj�7VhCp;��1hC�9�#xg^��2�ub mzZ{BAXdlZpi���PCuj�7V2
�/��{BhCue�9n#Tgp{!iVmdA REM AX2&�AXZS�1![+/��t"ue�Oxg/�Q�-s�z/��{BhC�9�#Oq'y$"�
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9a# REM AX�+:Hd REM Bl��9Y9O[u�|a�{ REM
Regional-Eta-Coordinate-Model) AX2&�o8�	AXakPR� sat�mvMb9L2�n\52�<Rm�2P
�PAX�� 1993 V4m�ktTg REM AX�PR� s�-ssL�eP�M QN�1hC�� 1994 V4m7N�PR� s�APMFM QN�1hC�L�0�F=2hC
4
z)��1994��Ew�REM AX55WWv�AB3�S5b -� AREM3.0 $9�9#Z^g2 REM AX/��%+6�
§2.1 Bl8$kO,

REM AX^g2a�}Gor2�VmzAX�aV-�}GoN�mzVwTr2�X�


















































































































































































∂u

∂t
+ u

∂u

asinθ∂λ
+ v

∂u

a∂θ
+ η̇

∂u

∂η
= −(2ω cos θ +

ctgθ

a
u)v

−(
∂Φ

′

asinθ∂λ
+

RT
′

e

P 2

∂P 2

asinθ∂λ
)

∂v

∂t
+ u

∂v

asinθ∂λ
+ v

∂v

a∂θ
+ η̇

∂v

∂η
= (2ω cos θ +

ctgθ

a
u)u

−(
∂Φ

′

a∂θ
+

RT
′

e

P 2

∂P 2

a∂θ
)

∂T
′

∂t
+ u

∂T
′

asinθ∂λ
+ v

∂T
′

a∂θ
+ η̇

∂T
′

∂η
= (

C2
e

RP 2η
+

χT
′

e

ηP 2
)

(P 2η̇ + η
dP 2

dt
)

∂P 2

∂t
+

1

asinθ
(∂P 2u∂λ +

∂P 2vsinθ

∂θ
) +

∂P 2η̇

∂η
= 0

∂Φ
′

∂η
= −

RT
′

e

η

(2.1)

oP�λ J[5P�θ J[uQ�a J[8�(:�
· 9 ·



REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
C2

e =
p − pt

p
C2

0 =
η

η +
pt

P 2

C2
0

T
′

e =
p − pt

p
T

′

=
η

η +
pt

P 2

T
′

χ =
R

Cp

(2.2)

mzPZU`�Po Φ AXPo T /��Gff'0��
T̃ = T̃ (p)

Φ̃ = Φ̃(p)

∂Φ̃

∂p
= −

RT̃

p

C̃2 =
R2T̃

g
(

g

Cp

+ g
dT̃

dΦ̃
)

(2.3)

§2.2 Bl8wK+℄O

REM AX��im�^g2a5QF���iluF�^g E F��E F�aSTQ�B�R�lH2Y�lu�X��iuD�	O 0.5◦�

= 3.1 REM AX E F��X2�is0
· 10 ·



9a# REM AX�+
REM AX2�is0�X)= 3.1 �[�
PoDX�h<4�o�C�DX��<4�

§2.3 Bl83f+℄O

REM AX��?m�^g2a η }G�

η =
p − pt

ps − pt

ηs

ηs =
prf(zs) − pt

prf(zb) − pt

(2.4)

prf(z) OGf s z �P42s7�zb O`Q8��P�O#�7i9�PO`Q8��zb = 0�zs OAX28��P�p, ps , pt uKJ[AX�<42s7�89s7AAXfCs7�� REM AXP� pt = 100mb�

= 3.2 REM AX2�?�<'#
· 11 ·



REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
REM AX2�?s0�X)= 3.2 �[�U`�Po Φ A�?
P ω DX�6f4�o�C�DX�(f4�

§2.4 Bl8g�vSO
{BAX�/�N�lu�XN��#IQ�Tr/�m9�ktaN�lu�XI-:{BAXiu2ZD!�o��1SR-}�mz26,!N�9/�492f	4I1�%FiuN��*�{BAX2��
��REM AX2N�ium�a^g2vXN�us2ium��� s?CP2ba5zAA65zusMh/�iu��A65zP^g_N�Y�� ∆t1��i�5z��if05zA �P��5zP� 4.0∆t1���?f05zAo�at5zP�� 2.0∆t1�+GOm9ST  %Fiu5z�%I2N���Om9�ZST�W72at5zPTgW72lu�X�EnF 2�
!�+SN�iumdKa(,*℄P�Ps�{BAXlE^g2N�ium��
§2.5 Bl8t��6AXPn_�xf92C��uKa�

P =

√

(ps − pt)

ηs

U = uP

V = vP

Π =
RPT

C0

Q = qPP

(2.5)

oP�R O�Ys2s,p{�C0 `Q s2DpT}Q
P�
§2.6 Bl8�-f,

REM AX2\Iat5z+e�
•  �PX'��
• Z�A6pZ�!��
• �if0p�?R�uX
• 89~9i;A?)f2`{V

· 12 ·



9a# REM AX�+
§2.7 Bl8�;

REM AX\I&<�tZ8�2�t�o/g2a�}G�+S}GnxtAX8�28��t�&Ka��tAXP2K}8�NST.Qhe8�2
��U�V<�8�Zs�A-s�&Ka2wnFTI2
��[_�8��t8��{B�1AXPniFTI2|g�Ew� ℄{2{B�1AX/g�}G|O�?}G��}G�8J9|O{BAX2O�}G9�>7� p }GP}G9y8�}�2w��&a�}GoO1nB�(I��8�2[+�[O����2r?)/�[+aVOmzvPs7(P}�2|Æ[+��}Gor�is7(P}Cw��� �=A2�X�oPO�a>4�92U`(P�_�O�a>4�9289s7(P��n8�2�br, ��2�s}7, �?}h, (8�WaF�F��N�+��}�2|Æ'4f9R8�hes7(P}�&a(8�
K, �9>a
��, �+�� �}�2|ÆdlKa�=� �rT
/lum�KWR>7
C+S|Æs7(P}C2 �
l2|Ædl�)4{BAXP�w+S|Ædl�m�  8
��{B�12f�P, LI�w{B�12H"���}Gr�8�J[Ok/PF�^#w2$(d��AXQ[�wÆ,2
?)�T}G9-}f�id �>7��K}8��br�95t��2�<�7NK-}��}GEn�%2r?)/�+Oi<����AX�?}G42/��REM AX�AX'#As0md4ZnTrt�;�2&<�
• B�R�lH2Y�luAX
• Z E F�2Q(us[+^��&o2�tw|
• k�^g��(�F�lumd(I��� E F�p�}G E F�>Z�{lu2[+
• �ui�m�am�=|2-�8D2Æp�X
• -��VoP8}iGdl��8}iGAXP�7N-��U`�PopXPo2�BWX
• ^gv[u(2N�ium�
• U`�PA�?
Pyo��1���?m���uX
• �OD2?)/�r, (N�iu^g(�^Xm�N, AXnqn
R�lHAqN�lH�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag:\d REM Bl8U#5BlxÆ|Bl8	3O��{ REM AX2&�o8�ktI��	{BAX2�{!AX
Tangent

Linear Model����{!AX�C8�2f	4���o&�AX
Adjoint Model�O/�8�!�C�9#�Z���{!AXp&�AX2O#md�8�!�C�tTp���
REM AX2�{!AXA&�AX5zP�w2[+A(Imd/�+6�

§3.1 Æ|BlxPLP���&�mz|OO�9;�Ex�agts�4a Marchuk(1974�1982)�x��{C7VPTg&�mza La-Dimet A Talagrand(1986)�0Vh��i|Ægwv2r
b �&�AX��PCuj�7VmdPAxgp{!iVmd/�<
!ue49;P0-�pp.k2ag�ZtO�{BAX Un = Mn(U0)�)4\5n [0�T]N��\Q2,eo Uobs
n , n =

0 . . . T�)4I�&-{BAX Mn(U0) 2O�xi�Vo U0�T0{BAX� [0�T]N��\Qx=8�1�,eo+	 Uobs
n �4pDX)r2EG;{�

J(U0) =
1

2

T
∑

n=0

(Mn(U0) − Uobs
n )T W−1(Mn(U0) − Uobs

n ) (3.1)oP�W #J,edl2�ml�4�+N�%I�DT0EG;{ J(U0) x
N2 U0�T4[+aVO
(EG;{m
B[+�%I|ÆEG;9A2BpEG;{2(P�Ew�℄)4b OTg2P
�P{BAX�oAXC�<"℄�C�2P{K<"��g?#2md|Æ(PaW�SR2�%I℄/&�2md/�|Æ
Marchuk�1974, 1982; Penenko and Obraztsov, 1976; LeDimet and Talagrand�1986;

Lontarev, 1989��O#gtP
�P-s�1p9;2{BAXLap{!2�I0-p{!AX2&�AX�='t���p{!{BAX2�{!AX�STJ[O+GO��%Pi*o=�
· 14 ·



9/# REM AX2�{!AXp&�AX2�{q|"|CBY
⇓q|"|CBY3�|"BY
⇓�|"BY3'�BY
⇓}�FH<| J(U0)3)Q= 3.1 Pi*o=

§3.2 REM U#5Bl8�.U�CO#�br�ktP
�P-s5zap{!2�gt:wP
�P-sCV2{BAXKa�Pp{!2��p{!{BAX/��{!V�tN�o�{!AXIR$8�:wZatp{!{BAX2�V�I2b �8���{BAX2�{!AXa8���{BAX&�AX2f	�7N��{!AX28�y}�?#
�Bw&�AX��NZEG;{2(P�C�[_�8���{BAX2�{!AXappf	�ppTI2�|�4p�n/�\I[�a
��{!AX2f�!�Oakt{BAX�V/��?)/�A{BAX9A`{Z�I2
��aaktp{!{BAX2�P2p{!�ktp{!AXP2OÆ_at5z2`{V�t�TAXn{
2W�-���/akt�{!AX9A2{BWZD
Z��1995�ZhuJiang, Masafumi

Kamchi�2000��
· 15 ·



REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
§3.2.1 T"4Ak7Y,Zt"Op{!{BAX�























∂U

∂t
= F (U)

U |t=t0 = U0

U |Γ = f(t)

(3.2)oP�U0 A f(t)uKJ[{BAX��VNU2BA{BAX2?)/��F (U)J[{BAX2ÆPÆl��o/��{!V�>aZ	p{!{BAX/�
+��oO$0����{BAXPp{!�2|g�p{!{BAX
3.2�2�{!AX�XS�O�






















∂U
′

∂t
=

∂F (U)

∂U
U

′

U
′

|t=t0 = U
′

0

U
′

|Γ = f
′

(t)

(3.3)oP�U
′

0 A f
′

(t) uKJ[�{!AX��VNU2�IBA�{!AX2?)/��~ F(U) =
∂F (U)

∂U
��4XSJ[O�























∂U
′

∂t
= F(U)U

′

U
′

|t=t0 = U
′

0

U
′

|Γ = f
′

(t)

(3.4)

§3.2.2 T"4Ak7�-NK�C�{!AX����Q�agP�O#�Cp{!{BAX2z+{G�/�[GZa/���2md��p{!{BAXP�ZtO/p{!2z+{G�
z = A · x + B · y · sin(y) (3.5)oP�z�x�y aAXC��_ A�B aAX2p�`{�/��{!VN�	z+{G�wZa2�{!AX{G�

dz = A · dx + B · dy · sin(y) + B · y · cos(y) · dy

z = A · x + B · y · sin(y)
(3.6)
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9/# REM AX2�{!AXp&�AX2�{T4>aZp{!{BAX/��{!VN��p{!AXz+{G-�{!AXz+{G�OOZa/��{!AX��2�%/���{!AX2z+{G}Ztp{!AXa���-�6�
§3.2.3 REM AkT"4Ak7�-�C�p{!{BAXz+{G-�{!AXz+{G/���2/��kt��� REM AX2�{!AX���� REM AX2�{!AX=w�ktIt��p{!AX2p*C�Ap�C����lz+2p*C�Ap�C�Tp�p{!AXPIÆa.82AXC��IÆa1WC��IÆa�NC��7N�O�At�{!AX2���Zp{!AX9A2lz+Az+{GKI/�=I2$
�
§3.2.3.1 P"4Ak�dV�76Vktp{!AX�(�/�z+=|N�F℄8mO1nQ�-TNIZo/��{!�t�'_oz+=|pz+{G2���FaQ�Op{!AX9A�b2�O�bt�{!AX2���%IZp{!AXP2lz+plz+P2OÆz+{G/�T�����Zp{!AX2z+{G/�T���N�Om9I-%W
C�p{!AX2!N��Om9ZITobt�{!AX2����Z REM AX/��{!AX��=w�7G�tZ REM AX9A2z+{G/��ue�OZoPOÆlz+Az+{G/��T����+v��t�<"=�2�t�.j)l7�4Jl�'

REM AX��AXC�gB-�9N�Q���VoPXPoAU`�Po=�28}iGdl�O�+Sdl�i~�rh�
[R

(0)
Φ ]i,j,k =

{

1

∆ηk

(δηΦ)i,j,k +
C0

ηk

(
SΠ

P
)i,j,k

}

t=0

(3.7)oP�?Os�4g�?�DX�wO# REM AX+6��TNAX2N�iu5zP�}-U`�Po2|ÆN��--��VoP2XPoAU`�Po=�28}iGdl�i�Zk8}*o
02U`�Po/�Ur$8�
1

∆ηk

(δηΦ)i,j,k = −
C0

ηk

(
SΠ

P
)i,j,k + [R

(0)
Φ ]i,j,k (3.8)� REM {B�ViuN�7GagQ�,e2U`�Po/�s7(P}2|Æ�ktAX^g�+S�tmd��z+�Vp*C�P>���U`�Po+�

· 17 ·



REM AX2&�o8po��PCuj�7VyS�1!9;P2agC��_U`�Po+�AXC��TN2N�iu5zP�a45XPo1W�h2�OWaO�M{2AXC��+G��+O[u2z+{G�tP�ktp*AXC�2b ���{!AX2��"hOD2dN�O��5p{!AX�Vp*C�2b �����{!AX=w�T����
REM AXP*t�VU`�Po2}*z+{Gpz+P1WU`�Po2lz+�\I
/���m9�OaW�Q�~��VoPXPoAU`�Po=�28}iGdl�i�z+P�ViuN|Æs7(P}�%I2U`�PoC�
k8}mz1W_d0�aa�AX2N�iu5zP����-��VoPXPoAU`�Po=�28}iGdl�iZU`�Po/�Ur+[u�U`�PoFk8}mz45XPo1Wd0�zz�i�e+87o1�-

REM AXPZ.A<K�2�t�a�AX2�B�tz+P�t�C.A<K!X�|ÆO�� 173.16K � 375.16K XPjM�Za2.A<K��{O�4wXPjMuX2XP�.A<KZaJ�TN� REM AX2N�iu5zP�(z+P%Ig-.A<K+�C�Be*%Ig-.A�s7C�BN��AgO�gBlz+�?#�Cz+{GP}aAX�<2XP�iÆ4w�t|Æ�2XP�.A<KuXJ�0-�%I2.A<K�7NK|Æ�.A�s72B�p{!AX2+SQ��ODzP4%F�z+2|ÆN��&z+P+SxggB|Æ.A<K2�tmd���{!AX}a{G2��"h�dN�[O�p{!AX2z+=|���+Vz+�^d|ÆktXP�Ips7�I℄p2.A<K2�I��_K>WR8�Z�p{!AX/��{!V�[_�����{!AXw�IZ+O[up{!AX2z+/�T�����C.A<K|Æ!X�T����O�lz+�xg�<XPBAs7BZ.A<KA.A�s7/�%M|Æ�v+87R*
REM AX XPAKP2�ii���o��O�lz+P�O�uKQ�I}a
[uA�uat5z[u�z+P2|g�+vZXP2�ii�AKP2�ii�/��us�uK���W72lz+P/�|Æ�+G�t�AtI}a
2��p�at5zAKat5z2uKAg�7NKnxtZAX/��{!V�tAAh�Ak�?7V��p{! REM AXP2C�^g2a%4P2�XDX2�_ REM AX2ZLmzP^g�Gff'0��XPC�AU`�PC�Vw�}ZtGff' s2�I��Z RE M p{!AX/��{!2NL�ktIZAXC�/�O$Ju��{!AXP2�I�}Zt�p{!AXC�h��aO�
�I�+NL�XPC�2�IAU`�P2�I�a�I42�I��g%4P�X/�|Æ�SRa

· 18 ·



9/# REM AX2�{!AXp&�AX2�{"h4P42[+�WRf�he
�I�N�2CV�[�� �p{!AX9AA��2�{!AX��[
O}4P�X�Z�p{!AX4P2$
\I,w��m9�9Om9�AXC�P�I$8C�2DX�X��[DXO}4P�X�9a[u�az+{GP FORTRAN Q[;{2Tg���p{!AXP�OÆz+{G2Q[;{^g2a%4P�X�<):ASIN
��ACOS
��ALOG
��AMIN
�����IVw}a2}4P;{�X�DSIN
��DCOS
��DLOG
��DMIN
�����T4�Z�p{!AXP2lz+Az+{G�/�2T���/��+6�+Æ$8LaTW
C�p{!AX9A2�1R}Of	2�+[u�|x=yp{!AX2��!�Op/��+GOm9ST8�QwAX{G$
2����Om9KST*��|
��Z REM AX[ulz+Az+{G/�T���N�xgQ�-s�zZ$8N2AX/���1hC�45��-s�z2�1<"��1
4y�AXf9}7�Z��P�UK2�1A�57o8UK2�1B�OJ�
§3.2.3.2 aS����70,

REM AX��is0N^g2a E F�lu�X�kt E F�s0�X2&<�AXC��?)4a��uX2�joa J m�2AXC���?)4�iuO���)9a#= 3.1�/�N�iuN�REM AX� E F�?)49O�C��O)DB�_� E F�?)429a�AXC����iAX2N�iu_CV�K>a��� E F�?)2x�O�4�AXC��O)D?)�\5����{!AXN�$�Q�� REM AX E F�s02+O&<���{!AXPZ E F�9O�?)42C��I�O
�� E F�?)9a�4���-Q�AXC�2�I�
§3.2.3.3 aSAk COMMAN '70,�p{!{BAXP�ZAXC�2DX4p^g COMMON ^2�X�+aGfVAXPpg2md�^g COMMON ^DX2md�nxt{BAX24g!�Q�!Ai
2SN!�{BAX24g!nxt{BAX9Alz+�C�2Æ:AAX2D|���{BAX2SQ�!T0AXST�W7 FORTRAN i�2Tg�p�W7z+P2*g�{BAX2SN!nxtZ{BAX2mATg�����{!AX25zP�$�^g� COMMON ^+O�XDXAXC��O�t��{!AXP2�IC��>7�NC��I�pp{C��I�2
��7NKO�ÆNmA�Z�{!AXP2�IC�DX��2 COMMON ^�+G�tAt�IC�����{!lz+P2TgAÆ:�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
§3.2.3.4 T"4Ak�-l7�on-off����p{!AX2OÆat5zP�<) �P���Z�!���~95zpKPi�2-�C[4[u�nÆNLIg-`{V�tmXpM*_W�X�+G�a�CÆz+�<P��CÆ�)<�T0AXmzPCÆC�*tN�e**tAXCÆC�mEW�-e*WSJ!�\5�+Sw�4vOAX2�on-off�[+�kt�on-off�[++J�AXC�2W�-e*AXC�2WSJ!�+G�Z9n�on-off�[+2{BAX/��{!�tN>a"hOÆ[+�r�n
1993�1997��*�
1996�1997�1998��Zupanski
1993��Verlinde and Cotton
1993��Zupanski

and Mesinger
1995��Vukicevic and Errico
1993��Bao and Waner
1993��MuMu

and Wang
2003��JiaFeng Wang
2005��Mu and Zheng
2005�4�Z+O[+/��F℄9;�Ew�Z9nM*5z2p{!{BAX��#�o�{!AXA&�AXNSuO_S�tm��9GnNKa�Æ82�tmd��+Smd�#��{!AXA&�AXN�of9 2/�yp{!AX2f9 �}72/�
Zou�1993�1997��+Smd���{!AX2z+NW%I
C�p{!AX2z+9A�FI�(OD2/���>ST���N�7GP2�{!AXaK/�0-&�AX2z+�	md/�!{�O�ST*^�{!A&�z+mI��+� ADIFOR�ODYSSEE�TAMC�DFT

and ADG 4Bw��F9I}5z2[+P0-.k2ag�9GnNKa-Se/�Vmd
Zupanski�1993�Verlinde and Cotton�1993�Zup

-anski and Mesinger�1995��+Smdag-S;{TDA�P2M*5z�T0"OAX(ZtN�LaSJ2��N���(/����{!p&�AX�+Smd2i<a���p{!{BAXP2W�-w��T&�md2agW��t"42[+�+SmdK��OD2Ws�Oa%I$
�p{!AX�+Ga�AX2��"h^�2�|��aaZp{!{BA�2$
SRaTogsat.Q�"ho�2dl�9[nNKa$
s0A��ToM*N��-Pit�V 2mde.X�{!A&�md FM1-GTLM1 A FM0-GCTLM0 
Xu�1997�1998��+Smd��;{℄*-�{!p&�AXPh�O���.X2�{!A&�2�W�+Smd�Q�agP$%$
�p{!{BAXeT���.X2�{!A&�AX�9xnNKaKB&�AX
set-valued adjoint model�md���)B<�Æ82&�AX0-2(PQ�4a	<2O��(P
subgradient��gKBmdS��)B<2�n�(P
��Ngoymd
bundle method�/�iV
Zhu�1999��	mdW%ZA�{
I�&�)B<GGW�s02N��<4�Z�(P2|Æ"hOD2'g�9�nNKaftp{!�Imz2&�md�	md�xgÆ8&�md|Æ
· 20 ·



9/# REM AX2�{!AXp&�AX2�{(P2f	4��4�OyM*N�n*2$8���_STf�&-EG;{2(P
Mu and Wang�2003��	md7GW%IZA�/�
I�&%I~�2O�<M*�M2N��O|Æ}a2$8��� 2{BAXag4K��OD2dN��T4+Æ�tmd2*�STP-��on-off�[+��{!AXp&�AX2��PaO�FTI2
�[��*℄0**_tZ�on-off�[+29;�O���W72�tmd�+Æmd�n}a2i�<��W72�brniW72ag�Q�-P�Ps�{BAXniF℄2AXC�pF�2C�P{���� REMAX2�{!AXN�\5$��Æ82�tmd��rZp{!AX/��{!�tN�}-�on-off�[+��of �Op{!AX}7�)4^go�2�tmX�O#IZwn2p{!AX/� 2$
�e^gW72s0�X�+G�"h2�|�pp �7NKnOÆag42dN�
§3.2.4 REM Ak7T"4Ak�B���B REM AX2�{!AXN�%IZ�{!AX28�!/��C��Z REM �{!AX/�8�!�CN��AX2�i�<�O
41�61���i�F�O 0.5 �AX�|2z4�5QPBuK�O
105◦E�40◦N���?�f�O
20 f�OK�uX�
§3.2.4.1 T"4Ak�BNK�{!AX8�!C:2t"f	a;{�
�I�br2�l
Taylor� M�k�{!AX2DX�̂ gTr2�C!X�

R =
‖Mt(x + α∆x) − Mt(x)‖

α‖Mt(x)‖
= 1 + O(α) (3.9)oP�Mt(x) J[p{!AX�Mt(x) J[p{!AX2�{!AX�‖ · ‖ J[�℄dj{�∆x a x 2
�I�α a�Io{�o�BjMO#O 0 < α ≤ 1�Z REM AX2�{!AX��au�Y/�2�kta�� REM AXI}a
[u2�{!AX�Zo/�8�!�C��Z REM AXI}a
[u�{!AX�C8�2f	4�����4at5zN2�{!AX�O/�8�!/��C�

§3.2.4.2 REM Ak>4(�"RT"4Ak7�B9OY�kt��� REM AXI}a
[u2�{!AX�REM AX2I}a
[u"n 12 �lz+�+eA65zAba5z�[u�A65z2lz+"n 7 ��
• |Æs7(P}�
• |Æ
P28����pRd}
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
• |Æ~D~0�
• |Æ~D~0�2A6
• |Æ89s7��mz
• |ÆXP2~D~0�A6
• |ÆU`�Po21Wba5z2lz+"n 5 ��
• |Æ�?
Po21W
• |Æ
P2�ii�
• |ÆXP2�ii�
• |Æ
P2�if0
• |ÆXP2�if0�Bw� REM AXI}a
[u2�{!AX��N��(49��2�C!X�Tg �Q�-s�zZI}a
[u2�{!AX/��8�!�C�r9���xg��Q�-s�z/��C2'4�hBaz9QC2\IE2aZI}a
[u�{!AX28�!/��C�QC�Tg2j�a��-s�z2Q�,ej����-s�zuKa 1995V

08 
 05 & 00 N
℄)N�TN�zP�g2N�KO℄)N�A 1998 V 07 
 20& 00 N2Q�"<1Yj��kt�xgQ�-s�z2,ej�|�Vo��AX_�f9C�4yTO�
�IEw�{!AX�%I2�V�Io�
∆u=0.1u

∆v=0.1v

∆t=0.1t

∆q=0.1q

∆ps=0.001psoP�t OXPo�u�v O
Po�q OKPo�ps O89s7��Z�{!AX2I}a
[u/��CN�FQ���5z�1nQ�KPo
q 2�I��N�xg49��2�V�Ioiu�{!AX���W72�Io{��V�IoB�-p{!AX2�Vo�
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9/# REM AX2�{!AXp&�AX2�{
u=u+α∆u

v=v+α∆v

t=t+α∆t

q=q+α∆q

ps=ps+α∆psr92hCP��o{ α = 10−1 - α = 10−14 =�CV�uKiup{!AX��C�C!X
3.9��Z�{!AX28�!/��C�
a. \0Gxg 1995 V 8 
 5 & 00 N2-s�z�uKZ REM AXI}a
[u�{!AX/��iu/
N�{!AX'4�CAiu�
N�{!AX'4�C�)r	J��[�

T,PJ 1 1995 V 8 
 5 & 00 Niu 3 
NZ REM AXI}a
[u�{!AX2�C
U,VJ 2 1995 V 8 
 5 & 00 Niu 3 
NZ REM AXI}a
[u�{!AX2�C
T,PJ 3 1995 V 8 
 5 & 00 Niu 6 
NZ REM AXI}a
[u�{!AX2�C
U,VJ 4 1995 V 8 
 5 & 00 Niu 6 
NZ REM AXI}a
[u�{!AX2�C

b. \0Gxg 1998 V 07 
 20 & 00 N2-s�z�7GuKZ REM AXI}a
[u�{!AX/��iu/
N�{!AX'4�CAiu�
N�{!AX'4�C�)r	J��[�
T,P
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agJ 5 1998 V 7 
 20 & 00 Niu 3 
NZ REM AXI}a
[u�{!AX2�C
U,VJ 6 1998 V 7 
 20 & 00 Niu 3 
NZ REM AXI}a
[u�{!AX2�C
T,PJ 7 1998 V 7 
 20 & 00 Niu 6 
NZ REM AXI}a
[u�{!AX2�C
U,VJ 8 1998 V 7 
 20 & 00 Niu 6 
NZ REM AXI}a
[u�{!AX2�C49����xg��-s�z�Z REMAXI}a
[u2�{!AX/�8�!�C2'4�o'4�D�{!AX2�C!X��i�Io{� 10−1 - 10−142CV��IwNp{!AX'42lBy�{!AX'42<B R [�Æ0t 1.0��N�i|Æg8*dl2���R Br[��s 1.0�REM AX2I}a
[u2�{!AX��aw�2�

§3.2.4.3 REM AkT"4Ak7�B�Bw REM AXI}a
[u2�{!AX�O0-8�2�C'4N��-��� REM AX�nat5z[u2�{!AX�REM AX2at5z[u"n��lz+�uKa�
• KP2�ii�
• ?)fA~9
•  �P��2|Æ
• Z�!��2|Æ
• 
P2�?f0
• XPAKP2�?f0oP?)fA~9[u+e��\I2lz+�
• 89XPA8J sXP2|Æ
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9/# REM AX2�{!AXp&�AX2�{
• �?f0o{2|ÆBw� REM AX�nat5z[u2�{!AX2z+��N��C�C!X
3.9��7G/�� �-s�z2QC�Z REM AX2�{!AX/��8�!�C�r9�$���xgw9��-s�z2Q�,ej�Z+9�nat5zN

REM AX�{!AX/�8�!�C2'4�hBaz9QC2\IE2aZ+9�nat5z[uN REM AX�{!AX28�!/��C�QC�Tg2j�yI}a
[u�{!AX�C}7�uKa 1995V 08 
 05& 00 NA 1998 V 07 
 20 & 0 0 N2Q�"<1Yj��QCYY7 3.2.3.2�xgQ�-s�z2,ej�|�Vo��AXp*C�4yTO�
�IEw�{!AX�%I�V�Io��W72�Io{���V�IoB�-p{!AX�Vo4/�iu�xg�C!XZ�4�nat5z2�{!AX/�8�!�C�r92hCP��o{ α = 10−1 - α = 10−14 =�CV�
a. \0Gxg 1995 V 8 
 5 & 00 N2-s�z�Z REM AX2�{!AX�uK/��iu/
N�{!AX'4�CAiu�
N�{!AX'4�C�)r	J��[�

T,PJ 9 1995 V 8 
 5 & 00 Niu 3 
NZ REM AX�{!AX2�C
U,VJ 10 1995 V 8 
 5 & 00 Niu 3 
NZ REM AX�{!AX2�C
T,PJ 11 1995 V 8 
 5 & 00 Niu 6 
NZ REM AX�{!AX2�C
U,VJ 12 1995 V 8 
 5 & 00 Niu 6 
NZ REM AX�{!AX2�C

b. \0G
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agxg 1998 V 07 
 20 & 00 N2-s�z�Z�4�nat5zN2 REM AX�{!AX�uK/��iu/
N�{!AX'4�CAiu�
N�{!AX'4�C�)r	J��[�
T,PJ 13 1998 V 7 
 20 & 00 Niu 3 
NZ REM AX�{!AX2�C
U,VJ 14 1998 V 7 
 20 & 00 Niu 3 
NZ REM AX�{!AX2�C
T,PJ 15 1998 V 7 
 20 & 00 Niu 6 
NZ REM AX�{!AX2�C
U,VJ 16 1998 V 7 
 20 & 00 Niu 6 
NZ REM AX�{!AX2�C49����xg��-s�z�Z�4�nat5zN REM AX2�{!AX/�8�!�C2'4�o'4�D�{!AX2�C!X��io{� 10−1 -

10−14 2CV��4�IwNp{!AX'42lBy�{!AX'42<B R [�Æ0t 1.0��N�i|Æg8*dl2���R Br[��s 1.0�REM AX�4�nat5z[u2�{!AX��aw�2�
§3.2.4.4 REM AkT"4Ak"R*��49�[u�{!AX2�C'4hP��C'4�D��2�C/��REMAX2�{!AX2��aw�2��I}a
[u�{!AX2�CP�ktI}a
[u1n+9�on-off�[+�o�C'48��(�C/���i�Io{ α 2CV�R BÆ� 1.0 2CVa�-2��C'4P 0 e 9 2U{x`a{�X��4�nat5zN�ktat5z[ulz+P+9�on-off�[+�T0p{!AX9A2C�W�-��Z�{!AX2�C'4P��i�Io{2CV�RBnO�;�� 1.0 2CV��N��C'4P 0 e 9 2U{℄�`a{/�CV�+,w�AXP�on-off�5z|g2
��T0�{!AX2f9 �(W72u;
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9/# REM AX2�{!AXp&�AX2�{���
§3.3 REM Æ|Bl8�.U�C�{02�PhP�&�AX>a�{!AX2aK��Q�ag5zP� ℄{2{BAXa45W72z+{GhQw2����&�z+N��a�(��{!AX2z+{G-&�AXz+{G}Za/���2�r9�Z&�AX2�t��CmdTp� REM AX2&�AX��5zP�}-2OÆ[+A�tmd/�+6�

§3.3.1 
{Ak7Y,Zt"Op{!AX2�{!AX�SJ[O)r�X�






















∂U
′

∂t
=

∂F (U)

∂U
U

′

U
′

|t=t0 = U
′

0

U
′

|Γ = f
′

(t)

(3.10)

(3.10) }a2&�AX�nTr�X�


























−
∂U∗

∂t
=

(

∂F (U)

∂U

)T

U∗

U∗|t=T = 0

U∗|Γ = 0

(3.11)

§3.3.2 
{Ak7�-NK�Q�agP�&�AX2��O#n�Smd�OSak&�mz/�s0V0-��OS�a?#k�{!AX2z+#(�(OD2aK/�h����Q�agP�ZtOÆ�%2[+e*ZtOÆ
AX�ST^g9OSmd�[O�+S�br��p{!AX2&�mz<"(U?+�SgOÆpg2s0�X/�s0�&a�Zt<"��2[+�e*ZtOÆC�<"℄�z+{G<" 2{BAX�)\54pTg2s�{BAX�o&�mzFNg?#?+2md0��rTR$+�o&�mz��&�mz�ws0V2�X�K%IF 2�|��+S�br�4p^gk�{!AX2z+#(-&�AX2z+#([GaK2md�+Smd�F zP4xg��p{!AX2s0�X�KST>7Z&�mzs0V�mE2OÆ[+��_�V�&�AX2��5z�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agr9�Z��{!AXz+#(-&�AXz+#([GZa2��/�/�+6�$�Tg\5�w9Azg2O/p{!AXz+{G�
z = A · x + B · y · sin(y) (3.12)oP�z�x�y aAXC��_ A�B aAX2p�`{�Z	z+{G/��{!V��wZa2�{!AX{G�

dz = A · dx + B · dy · sin(y) + B · y · cos(y) · dy

z = A · x + B · y · sin(y)
(3.13)�Ck�{!z+{G-&�z+{G2/��o}a2&�z+�O�

dx = 0.0

dy = 0.0 . . . . . .

dx = A · dz + dx

dy = B · sin(y) · dz + dy

dy = B · ycos(y) · dz + dy

dz = 0.0

(3.14)

�&�z+2MV[u�IZ9O�g-2&�C�/��
�49>a��{!AX2z+#(-&�AXz+#(2�%��/��&�AX2z+#(}Zt�p{!AX����-�6�
§3.3.3 REM Ak7
{Ak�-��� REM AX2&�AXN�\5^g2a��{!AXz+#(-&�AXz+#([GZa2��md�� REM AX&�z+2Q���5zP�%IZ�p{!AXP2�lz+p2�C�2TgLILutk���o�z+P2|g�a}8T�DXeTg�a}�z+P8�N�
eT��B44��OÆz+{G2�t4�%Ikpue�t�℄R0-8�2&�z+�r9�Z REM AX2&�AX��5zP�}-2OÆ=��b/�+6�
§3.3.3.1 Ak�57\=J� REM AXP�nÆC��W72z+Pa8DXOW72g>�_+�C�r� COMMON ^PDXO�?C�Tg�+S�br����&�z+5zP�IZ	C�2&�C�/�pN2�
�t�<)�� REM AXP�C� s �|Æ89s7lz+P�tDXO�
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9/# REM AX2�{!AXp&�AX2�{
do k=1,kk

do j=1,jj

do i=1,ii

s( i, j, k )=etam( k )*pp2( i, j )/( pt+etam( k )*pp2( i, j ) )

end do

end do

end do�N��|ÆXP2~D~0�A6N�s r8DXO�2C�Tg�
do k=1,kk

do j=1,jj

do i=1,ii

s( i, j, k )=c0*s( i, j, k )*tt( i, j, k )

end do

end do

end do+S�br����&�AXN�Z s C�Za2&�C� Ls����BXP~D~0�A6lz+2&�z+N�IpN/��
�t����|Æ89s7�lz+N��	&�lz+2M:KI/��
�t��p{!AXP�wz+C�8T�DXO�2C�TgN�)4�&�AXP�tW8�N�GGa�w%�lz+2&�z+�Ca8�2�&�nlz+�#�OpN�Z&�C�2'4�C�WZ�
§3.3.3.2 Ak�5�d7uR<6� REM AXP�nÆC�a45ZC�9A/�/#iu|Æ2�<)�U`�Po��?
Po2|Ælz+v�� �P��lz+AZ�!��lz+PZXPo2$85z�Lg-�AXC�9A2/#iu����+[uz+2&�z+N�It�+S/#Ag*o�/�}a2&�C��
�<)�Zt|ÆU`�Polz+P�9 K f2U`�Po h a�C8}*o�kAX K-1 f2U`�Po�4/�|Æ2�
do k=1,kk

kp=kk+1-k

do j=1,jj

do i=1,ii

if( mph( i, j, kp ).gt.0 ) then

x1=etam( kp )*p( i, j )

hfn1=s( i, j, kp )/x1
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
h ( i, j, kp )=h ( i, j, kp+1 )+hfn1*deta(kp)

end if

end do

end do

end do���}a2&�z+N�n)r�X�
do k=kk,1,-1

kp=kk+1-k

do j=jj,1,-1

do i=ii,1,-1

if ( mph (i, j, kp ).gt.0) then

x1=etam (kp)*p( i, j )

Lhfn1=0.0

Lh(i,j,kp+1)=Lh(i,j,kp)+Lh (i,j,kp+1)

Lhfn1=Lh ( i, j, kp )*deta(kp)+Lhfn1

Lh ( i, j, kp)=0.0

Lx1=0.0

Ls (i,j,kp)=Lhfn1/x1+Ls(i,j,kp)

Lx1=-Lhfn1*s (i, j, kp)/(x1*x1)+Lx1

Lhfn1=0.0

Lp(i,j)=etam(kp)*Lx1+Lp(i, j)

Lx1=0.0

end if

end do

end do

end dooP Lh O&�C��STP-�2� k 2Y|Æ� Lh ( i, j, kp-1) N�ZC�
Lh ( i, j, kp ) /���
�t�
§3.3.3.3 Ak�57oTiO� REM AXP�nÆaP2AXC��z+iu5zP�a8T�gt/Pz+C�2|Æ�)� η f4xgXP�I|ÆoZa2XPoN�ag-89s7o
ps��+S�br��&�z+�I_WZaP&�z+C��
O_W�
2}aUK�Z4w5z�nz+{G�
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9/# REM AX2�{!AXp&�AX2�{
do k=1,kk

do j=1,jj

do i=1,ii

if(mph(i,j,k).gt.0)then

ttp(i,j,k)=tt(i,j,k)*c0/(rair*p(i,j))+trfk(i,j,k)

end if

end do

end dooP��|Æ/PC� ttp NT�g-�aPC� p����o}a2&�z+N�ktC� p � k 2YPT�Tg�Z&�C� Lp /��
N�I� K 2Y2�9/��
do k=1,kk

do j=1,jj

do i=1,ii

Ltt(i,j,k)=0.0

Ltrfk(i,j,k)=0.0

end do

end do

end do

do j=1,jj

do i=1,ii

Lp(i,j)=0.0

end do

end do

do k=kk,1,-1

do j=jj,1,-1

do i=ii,1,-1

if(mph(i,j,k).ge.0) then

Ltt(i,j,k)=(c0/rair)*Lttp(i,j,k)/p(i,j)+ Ltt(i,j,k)

Lp(i,j)=-(c0/rair)*tt(i,j,k)*Lttp(i,j,k) /(p(i,j)*p(i,j))+Lp(i,j)

Ltrfk(i,j,k)=Lttp(i,j,k)+Ltrfk(i,j,k)

Lttp(i,j,k)=0.0

endif

end do

end do
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
end do

§3.3.3.4 �on-off���70,��� REM 2&�z+N�7Ga}-�on-off�[+�Zt�on-off�[+2_W/���&�z+2��5zP�$�^����{!AXTg2�Æ8�tmd���}-�on-off�[+2/�_WN�gp{!AXC�9A2f9 /�_W�
§3.3.3.5 P"4Aks�}75/Zt&�AX��o/�iu|Æ5zP�Ig-�p{!AX2f9 �Zt�p{!AX2f9 2d0�4pn���t)d�O�axgp{!AX2�Vo�:/�|Æ���OSmd�at��O�p{!AX9A�ZoP2p{!AX2f9 C�/��t�
�+�Smd�nmv2i�<�Zt9OSmdh��f9gW-Zp{!AX2f9 /��
��2O�g-p{!AXf9 N�:Zp{!AX/�iu|Æ0-�&+G�taapp>s|ÆgN25z��z+2��4Ka"hOD2e��Zt9aSmdh�� &�AXPg-2p{!AXf9 �
rh�F zPmA�oTg�&)4 &�z+iu�\QIg-2��N�2p{!AXf9 C�L/��
��app>s|Æg�
Y�25z�7N�5℄2N��
+N25zKFjsN��[_�Q�agP�O#La�Smd}'DTg��
ODN�2p{!AX2f9 C���N�W72&�lz+pz+{GP%Ip{!AXf9 C�N��Ag}a2z+���
NU2p{!AX2f9 C��iu-}a2lz+pAX{G�|Æ�lz+pz+GP�g-2p{!AX2f9 C���W72&�AXz+P�}Zh�anO�x�2�
p{!AXf9 C�2N����Tpx�2��
2p{!AXf9 C��|Æ�&�lz+pz+{GP%I2p{!AXf9 C�2N���_��n
8xgwn2|Æg�
Y�Aw�2|ÆR}�Zt REM AX2&�z+�\5Kh=&-O�}Zx�2�
p{!AXf9 C�2N�������o&�AXN�\5^g2mda��p{!AX�wiu5zP�(AX�nz+BwO�B62N�iuYN�Zp{!AX2f9 C�o/�O��
��&�AXP/�h�iuN��7G�2BwO�B62iuN�YN�Zp{!AX2f9 C�/�O�N��(&�AXPW72lz+pz+{Gg-p{!AX2f9 C�N���N�2N�<iu-}aNU2p{!AXlz+pz+{G�d0�Za2p{!AXf9 �+G��ODzP4(I��
Y�y�>|ÆgN2-\��/��P7V9;e*/�<
!ue9;N��CW72#�;{2DX�aZ&�AX2iunW72I
�op{!AXf9 C��
2N���a|OÆ
2A6�q,��
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9/# REM AX2�{!AXp&�AX2�{WC�49�Z� REM &�AX��P}-2OÆ[+p�tmd/��+6�+Æ[+�&�AX2��P"nOD2lE!�
§3.3.4 REM Ak7
{Ak�B�Bw REM &�AX2��TN�KIZo/��C�T-:&�AX��28�!��/�&�AX�CN�REM AXiu�|2/�y�{!AX�CN}7�
§3.3.4.1 
{Ak7�BNK&�AX2�C�tft&�AXa�{!AX2aK+O�W/�2��{!AXiu- T NU�Io2Qi�a	4t&�AX� T NUh�iu-�VNU2&�C�y�V�Io=�2Qi�ST0-&�AX2�C!X�

< Mt(x)δx, Mt(x)δx >=< M∗

t (x)Mt(x)δx, δx > (3.15)oP�Mt(x) a�{!AX�M∗

t (x) a&�AX�δx aAXC�2�V
�I�
REM AX2&�AX��y�CKau�Y/�2�kt�� REM AXI}a
[u2&�AX�xg4wmdZo/�8�!�C���C8�2f	4�����4�nat5zN2&�AX�OZo8�!/��C�

§3.3.4.2 REM Ak>4(�"R
{Ak7�B�Bw� REM AXI}a
[u&�z+2��N�xg �Q�-s�zZ&�z+28�!/���C�r9$��Tgw9��-s�z/��CN2'4���-s�zuKa 1995 V 08 
 05 & 00 NA 1998 V 07 
 20 & 00 N2Q�"<1Yj��hBaz9hC2E2aZ REM AXI}a
[u&�AX28�!/��C�kt�xgp{!AX2Q�,eo��AXp*C�yTO�
�I�!OmE�{!AX�%I2�V�Io���{!AX�wiu- T NU��N� T NU�{!AX2iu'4|O&�AX2{k��/�h�iu��_0-�VNU2&�����{!AX�V�Io2#�7w9/��{!AX�CNmd}7�
a. \0Gxg 1995 V 8 
 5 & 00 N2Q�,e{C�Z REM AXI}a
[u2&�z+/���C�iuN��\uK�O 3 
NA 6 
N�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
J 17 1995 V 8 
 5 & 00 Niu 3 
NZ REM AXI}a
[u&�AX2�C
J 18 1995 V 8 
 5 & 00 Niu 6 
NZ REM AXI}a
[u&�AX2�C

b. \0Gxg 1998 V 7 
 20 & 00 N2Q�,e{C�Z REM AXI}a
[u2&�z+/���C�iuN��\uK�O 3 
NA 6 
N�
J 19 1998 V 7 
 20 & 00 Niu 3 
NZ REM AXI}a
[u&�AX2�C
J 20 1998 V 7 
 20 & 00 Niu 6 
NZ REM AXI}a
[u&�AX2�CT4����xg��Q�-s�z�uK� 3 
NA 6 
NN��\�Z REMI}a
[u&�AX28�!/���C�o'4�D��2�C!X���C'4P��C!X2zS�yqS�a*LR�- 13 U2n
{n}4�J= REM AXI}a
[u2&�AX��aw�2�
§3.3.4.3 REM Ak
{Ak7�B�Z REM AXI}a
[u&�AX�C8�2f	4��-����4�nat5zN2 REM AX&�AX�Oxg �-s�zZ&�AX28�!/���C�r9$��xgw92a�-s�zZ+9�nat5z2 REM AX&�AX/��C2'4�hBaz9hC2E2aZ+9�nat5z2 REM AX&�AX8�!/��C�hC�Tg2-s�zphCYYy REM AXI}a
[u&�AX2�C}7�

a. \0Gxg 1995 V 8 
 5 & 00 N2Q�,e{C�Z REM AX�4�nat5z[
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9/# REM AX2�{!AXp&�AX2�{u2&�z+/���C�iuN��\uK�O 3 
NA 6 
N�
J 21 1995 V 8 
 5 & 00 Niu 3 
NZ REM AX&�AX2�C
J 22 1995 V 8 
 5 & 00 Niu 6 
NZ REM AX&�AX2�C

b. \0Gxg 1998 V 7 
 20 & 00 N2Q�,e{C�Z REM AX�4�nat5z[u2&�z+/���C�iuN��\uK�O 3 
NA 6 
N�
J 23 1998 V 7 
 20 & 00 Niu 3 
NZ REM AX&�AX2�C
J 24 1998 V 7 
 20 & 00 Niu 6 
NZ REM AX&�AX2�CT4����xg��Q�-s�z�uK� 3 
NA 6 
NN��\�Z+9�nat5z REM AX&�AX28�!/��C2'4�o'4�D��2�C!X���C'4P��C!XPzS�yqS�a*LR�- 13 UT42n
{n}4�J= REM AX+9�nat5z&�AX2��aw�2�

§3.3.4.4 REM Ak
{Ak"R*�� REM AXI}a
[u&�AX2�C'4A+9�nat5z&�AX2�C'4hP��C!XzS�yqS�LR�- 13 UT4n
{n}7�Z REMAX&�AX2��aw�2�
§3.4 �d+�j�nW�8O(T4�Z�{!AXp&�AX2�tp��md/��+6�O��� REMAX2�{!AXp&�AX�45 �Q�-s�z�Z REM AX2�{!AX
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agA&�AX/���C�45��2��xgQ�-s�zZ REM AX�{!AXp&�AX/��C2'4P�6����|aw�2�ktN�*o�oPZ��OÆWsATN%I�-U�2�|�
§3.4.1 b%zv7T"4Aki
{AkEwF��� REM AX\z+[u2�{!AXA&�AX�Zt,eÆlZ1n��}a2�{!AXA&�AX�rOY�||T�� REM AX^g2,eÆl�Za2�{!AXA&�AX�OQ��*pp/,ej��Za2,eÆlp}a2�{!AXy&�AX�
§3.4.2 .j)l7�4Jl�'w�mZ?)7eB��� REM AX2�{!AX=w��5Z REM AXp{!AX9A/��OÆ$
���� REM AXZ�VoPXPoAU`�Po=�8}iGdl�i2Q���AXP1W�Po2|ÆP�7N$
�AXP�--��VoPXPoAU`�Po=�8}iGdl�i+[uQ(�+[uQ(a REM AX9A2&<=O�a�uxg�B�i2OSn
jV��TN2�|P�jHR�p{!AXP-�+O&<�7NKW
��{!AXp&�AX2���
§3.4.3 �2zzkt&�AX2z+#(a<�p{!AX9A�� 4-6 6�&�AX��N��>2|Ægj�a}(3!2�

REM p{!AX9Aa�mIO�{G��2�� SGI �|"4STQwmIO�����o&�z+N�9OYFa�(Gf FORTRAN {</���2��
SGI2000�SGI3000 �|"A PC g2 PGI-FORTRAN 4LRnF=2
(!�&�Q�ag5z�joa�|�PCuj�7V�tN�iV5zI℄�Ag�p{!AXA&�AX�Z|ÆgN2�>app 2�O��=2*�z+2
��rOY2�|�STQ�� REM AX2&�AX
wO�z+�+G��xg REM &�AX/�hC9;N�ST  *��|
��KSTOTN/��PCuj�7VLb��?Df	�+appEnwQWX2O��|�
§3.4.4 6�,=+�[+n<q�twO�[+�Ka*t*� REM AX2&�AX
�2[+�+v2
T<�tz+#(9A2iV�+v:p-2[+az+�|ÆgP��N�o#(��5z2[+�+I
z+��!�Z|Ægniv�2<R�
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9/# REM AX2�{!AXp&�AX2�{Azh��322P�P{B-s�1AX MM4 ���BwN��5`4�OÆ|Æg`L!�vwO�
v�Zz+'#/�iVO0Z(N2|Æ/�=|�}a2z+��m��+GST�uxgwn2|ÆgR}A|Ægj��7NKST*�z+��2
��rkzz� REM AX2&�z+��5zP�\5^g2a2BwO�B6N�iuY�Zp{!AXf9C�/�O�N�2md��&�AXiuP�(W72&�lz+z+pz+{Gg-p{!AX2f9 C�N���N�2N�<iu-	&�lz+pz+{G�Za2p{!AX2f9C��+G��&�AXPbD�p{!AXC�f9 2|ÆA&�C�2iu�8���+Æz+{Ga9OY2�|�_Dt��p$
+Æz+{G�x 8xg�
Y�Ax 
�8xg|ÆR}�a/OYI|2�|�>qV�Dt�^{BAXP2Y{G2Tg�STTAXz+#(2��
�0-F *��<)�
do i=1,ii

do j=1,jj

do k=1,kk

Ltt(i,j,k)=0.0

Ltrfk(i,j,k)=0.0

end do

end do

end do�+Sz+{GP�Zt i, j, k 2Y2�^>WxtAX�
�8���[O�|ÆgQ�P�C�2�o�+a�Tr�X�o2�
TT
1�1�1�� TT
1�1�2�� . . .� TT
1�1�K�
TT
1�2�1�� TT
1�2�2�� . . .� TT
1�2�K�

. . . . . .

TT
1�J�1�� TT
2�1�2�� . . .� TT
1�J�K�
TT
2�1�1�� TT
2�1�2�� . . .� TT
2�1�K�

. . . . . .4w22Y5z=vWxtC��Q�P2Tg�)4
wr92�X�
do k=1,kk

do j=1,jj

do i=1,ii

Ltt(i,j,k)=0.0
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
Ltrfk(i,j,k)=0.0

end do

end do

end do+G�ST  *�z+��2
��+a�� REM &�z+5zPI_WATNI/OY$
2�|�T4tm9�|2=��aOTN/OY*� REM AX&�AX2��
�Q�2�
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9/# REM AX2�{!AXp&�AX2�{:\d8U�
REM Ak>4(�"RT"4Ak7�B�\0GI 1 1995 U 8 � 5 % 00 Mht 3 	MY REM �WH|`	Zt~z �W1�B~z �W1�B�Hnz T Ps

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

1.01595861267854

1.00156204769143

1.00015564154350

1.00001558365215

1.00000155913953

1.00000015954274

1.00000003683439

1.00000016264695

1.00000307174989

1.00000305030863

1.00006029848122

1.00119025304890

1.02441590575877

0.909824266068079

1.00918304125784

1.00085853546107

1.00008565672935

1.00000843633094

1.00000083457509

1.00000017333596

1.00000016796849

1.00000561930831

1.00005164538978

0.999582830164916

0.996639106659937

1.04732818034680

0.748091557390575

-8.38667665236071I 2 1995 U 8 � 5 % 00 Mht 3 	MY REM �WH|`	Zt~z �W1�B~z �W1�B�Hnz U V

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

1.30432631273797

1.02908635368112

1.00300676285646

1.00028358890608

1.00002834280054

1.00000263397189

0.999999202175499

0.999988759836166

0.999946708147034

0.998884363220124

0.989407303197989

0.973780204647486

-0.94836713442255

1.42219377491323

0.920572311060461

0.991788740318995

0.999179593894897

0.999917669025741

0.999991761873691

0.999999197354913

1.00000000092548

1.00000091443933

1.00000342426505

1.00014094096803

1.00162344765431

0.999914185343207

1.13866006542030

1.00176079313724
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agI 3 1995 U 8 � 5 % 00 Mht 6 	MY REM �WH|`	Zt~z �W1�B~z �W1�B�Hnz T Ps

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

0.967629407446299

0.996837821214428

0.999684779121171

0.999968514653349

0.999996850440606

0.999999675345747

0.999999918654270

0.999999698853330

0.999992640013106

1.00001177521242

0.999823355649134

0.998378586825846

0.982670391409980

0.926997990827693

1.00250157850938

1.00025152727235

1.00002481780164

1.00000240275064

1.00000024733715

1.00000005425198

0.999999924551678

1.00000042452615

1.00000884771956

0.999757128776892

0.999020931904529

1.01708839314484

0.937341132423279

1.16779117871777I 4 1995 U 8 � 5 % 00 Mht 6 	MY REM �WH|`	Zt~z �W1�B~z �W1�B�Hnz U V

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

0.998218117630411

0.999868016591361

0.999985667139007

0.999998393078696

0.999999848806606

0.999999985282715

1.00000000029423

1.00000007496549

0.999999367763444

1.00004604385874

1.00022288004106

1.00171279746822

0.978011091951416

1.08377614380438

0.975679956368173

0.997296968477456

0.999723409803474

0.999967773123062

0.999997314551728

0.999999752814711

1.00000010353686

1.00000045241134

0.999995175613934

1.00003306710502

1.00129365333401

1.00791786258410

1.28495060933452

2.58252103558510
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9/# REM AX2�{!AXp&�AX2�{
REM Ak>4(�"RT"4Ak7�B�\0GI 5 1998 U 7 � 20 % 00 Mht 3 	MY REM �WH|`	Zt~z �W1�B~z �W1�B�Hnz T Ps

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

1.02161895782235

1.00214671268851

1.00021663509642

1.00002048464778

1.00000205314073

1.00000020894908

1.00000006285303

1.00000040074684

1.00000324521482

1.00003354048111

1.00031643433898

1.00308907885165

1.03338434514880

0.966704994616520

1.00817397983071

1.00073665269045

1.00006783316466

1.00000709769270

1.00000070661732

1.00000008648887

1.00000032138370

1.00000122794166

1.00001819723901

1.00018720226803

1.00281667897461

1.02098605726402

0.965415430354470

1.56698466526260I 6 1998 U 7 � 20 % 00 Mht 3 	MY REM �WH|`	Zt~z �W1�B~z �W1�B�Hnz U V

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

0.989595791066322

0.998914654109685

0.999878784083521

0.999988011715879

0.999998800150204

0.999999861249177

0.999999793836875

0.999997220759051

0.999975695047984

0.999903359362370

0.997769070754968

0.972830590975508

0.869306096341534

-1.01522448518150

0.995829945481683

0.999593029885895

0.999960692002257

0.999996022833711

0.999999604411553

0.999999953621619

0.999999961744554

0.999999476406813

0.999994817981978

0.999996234910361

0.999304859932915

0.992702323712618

1.02166628900589

0.678097894709798
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agI 7 1998 U 7 � 20 % 00 Mht 6 	MY REM �WH|`	Zt~z �W1�B~z �W1�B�Hnz T Ps

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

0.976747370590281

0.996899304727852

0.999677369645994

0.999955705473015

0.999997759008152

0.999999821573746

1.00000068398618

0.999999282234125

1.00005925534222

1.00112306705156

1.00461115330288

1.04695819926148

1.40188854884554

4.62371049749462

1.00619650055892

1.00050466614728

1.00006182030236

1.00000452855764

1.00000050239446

1.00000001739373

1.00000011776785

1.00000509645903

1.00002806956793

0.999937194336539

1.00218551487636

0.997869876315225

0.852656492148077

3.66866674911080I 8 1998 U 7 � 20 % 00 Mht 6 	MY REM �WH|`	Zt~z �W1�B~z �W1�B�Hnz U V

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

1.01327532967923

1.00211249094741

1.00023593425644

0.999970939010783

1.00000173584279

1.00000068786020

1.00000075030614

0.999973564227437

0.999602248659025

1.00876204861355

1.02275113858487

1.17579508916963

6.53586984612105

18.5104445609106

0.969129208404198

0.997017365634334

0.999732968015612

0.999974446947038

0.999996805667726

0.999999860302072

1.00000659284097

0.999995963687367

1.00088470240388

1.00870899456282

0.987866967353888

1.29254060583572

4.68181936516108

34.2053961633618
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9/# REM AX2�{!AXp&�AX2�{
REM AkT"4Ak7�B�\0GI 9 1995 U 8 � 5 % 00 Mht 3 	MY REM �W~z �W1�B~z �W1�B�Hnz T Q

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

0.994203884037106

0.882961552368305

2.181173855611810

1.68202853100869

1.00128030464638

1.00268759709344

1.00005545835796

1.00005536160328

1.00005994983569

1.00007703689707

1.00013292087658

0.999528285164805

1.00932472301013

1.05719441709005

0.978139886506873

1.01986354493112

1.13775696805355

1.36418508711671

0.999164506772833

0.997779094998595

1.00037125269436

1.00037113833916

1.00037071815140

1.00037080859715

1.00033115555789

1.00058512100983

0.987694979861689

1.15212764289126I 10 1995 U 8 � 5 % 00 Mht 3 	MY REM �W~z �W1�B~z �W1�B�Hnz U V

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

1.42807638756959

-3.40529668293193

-37.3769306771190

-19.6348514592047

1.00261185166201

1.00438850842173

0.999447396554304

0.999458280486674

0.999518420992197

1.00052892427453

1.00234493267518

1.08022733582750

0.538168047951459

1.79205357657688

0.940092777348792

0.602501598936042

-2.63666267527122

1.16063859300095

0.997876209929113

0.999639244411765

1.00000492995836

1.00000523531911

1.00001174156115

1.00015170035341

0.999876756561628

0.995764479239949

1.10096642397599

0.686601491313997
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agI 11 1995 U 8 � 5 % 00 Mht 6 	MY REM �W~z �W1�B~z �W1�B�Hnz T Q

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

0.727088114001285

1.12625456673335 -

11.3999981807482 -

0.233057158207555

0.991447036612988

0.972674579411831

0.999913233943090

0.999910531502326

0.999930344923647

0.999593037017334

0.997670528927425

0.975938568306723

0.688824953427434

2.59061683130236

1.03133070458107

0.625510355116609

-0.13409891740872

1.86190702608599

0.990027852241076

0.973148589286850

1.00092761547106

1.00092880817893

1.00092481614724

1.00104497933675

1.00084434195019

1.00547467335557

1.06347011485484

1.17953681729014I 12 1995 U 8 � 5 % 00 Mht 6 	MY REM �W~z �W1�B~z �W1�B�Hnz U V

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

0.835399536036573

0.740162865965076

-4.01920563495824

1.40595724453458

0.999098612453407

1.00131906991473

0.999989223620014

0.999988335788242

0.999989991320694

0.999825699086312

0.999749748654028

1.00593029370172

0.959823376848095

1.47302468391820

1.19630955490079

-3.22818602197860

-6.82563022953560

5.43059736769414

0.988388494381103

0.993710339458535

0.999860994647119

0.999853502578478

0.999766422296452

1.00063788679894

1.00041780570155

0.921807944511714

0.569519972397423

-10.6513608682727
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9/# REM AX2�{!AXp&�AX2�{
REM AkT"4Ak7�B�\0GI 13 1998 U 7 � 20 % 00 Mht 3 	MY REM �W~z �W1�B~z �W1�B�Hnz T Q

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

1.01522791139053

0.990044300865540

1.00192864390643

1.00077991291998

1.00017208639239

1.00006370797157

1.00006354720437

1.00006348951408

1.00006304953667

1.00007986094335

1.00000852718300

1.00020876229977

1.04269492420724

0.944000605625831

0.995875277232038

0.996864800789964

1.00945949117345

0.997401865454959

1.00055103344143

1.00066679977003

1.00066681342240

1.00066674543133

1.00066625847137

1.00066712213462

1.00062800203257

1.00009236024252

1.00410641654315

1.05739649026813I 14 1998 U 7 � 20 % 00 Mht 3 	MY REM �W~z �W1�B~z �W1�B�Hnz U V

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

0.984270940898748

1.00230613153262

1.00251291608627

1.00021558166217

1.00007970576613

1.00001610850545

1.00001618259623

1.00001571181853

1.00000680292577

0.999981394408508

0.999529657844828

0.985292747965469

1.03864573323111

0.774578399557292

0.997174868122235

0.996616766819840

1.00004956188072

1.00009229880415

1.00000408419571

1.00000350439856

1.00000351439386

1.00000356946737

1.00000434976265

0.999990969192452

0.999992461497907

0.997924994583806

1.01697282260748

1.03197474830701
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agI 15 1998 U 7 � 20 % 00 Mht 6 	MY REM �W~z �W1�B~z �W1�B�Hnz T Q

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

0.912264141911505

0.867152484672599

0.896021456996485

1.28564470031950

1.00269140647573

1.00006933479042

1.00007014047207

1.00005378400615

0.999729629978523

0.998002750318895

0.969065522166131

0.917387062993538

1.93956359174452

16.0949227091470

0.999172554127684

1.00709264898592

1.06519948838274

1.11616348245726

0.860124399682895

1.00124893798188

1.00124901812554

1.00125214472803

1.00132485520112

1.00171812613001

1.00658981582527

1.02266913039433

0.845516564244313

-0.83528045679948I 16 1998 U 7 � 20 % 00 Mht 6 	MY REM �W~z �W1�B~z �W1�B�Hnz U V

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

0.980170118827466

1.10805307737593

0.732873391509014

0.848147944709635

0.994724921298017

1.00008849453225

1.00009320001199

1.00010280768398

1.00075228177836

1.00234544801365

1.00131074798234

1.11144846021212

-0.35199524830147

-1.45758551054320

0.970511662923972

0.935138801307742

0.935167876025533

0.868674994173543

0.999195506388256

0.999980196157365

0.999979159248709

0.999976875904084

0.999896553166867

1.00044184259474

0.995656654469806

0.921261461638187

0.211562923046172

-11.2945870161812
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9/# REM AX2�{!AXp&�AX2�{
REM Ak>4(�"R
{Ak7�B�\0GI 17 1995 U 8 � 5 % 00 Mht 3 	MY REM �WH|`	Zt%��W1�B%��W1�ByR� 707177.0084844024pR� 707177.0084844099

I 18 1995 U 8 � 5 % 00 Mht 6 	MY REM �WH|`	Zt%��W1�B%��W1�ByR� 820099.1597535404pR� 820099.1597535380

REM Ak>4(�"R
{Ak7�B�\0GI 19 1998 U 7 � 20 % 00 Mht 3 	MY REM �WH|`	Zt%��W1�B%��W1�ByR� 704647.6497929067pR� 704647.6497929048

I 20 1998 U 7 � 20 % 00 Mht 6 	MY REM �WH|`	Zt%��W1�B%��W1�ByR� 1179368.368097438pR� 1179368.368097442
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
REM Ak
{Ak7�B�\0GI 21 1995 U 8 � 5 % 00 Mht 3 	MY REM �W%��W1�B%��W1�ByR� 757819.9187717324pR� 757819.9187717387

I 22 1995 U 8 � 5 % 00 Mht 6 	MY REM �W%��W1�B%��W1�ByR� 1143769.549091516pR� 1143769.549091521

REM Ak
{Ak7�B�\0GI 23 1998 U 7 � 20 % 00 Mht 3 	MY REM �W%��W1�B%��W1�ByR� 648679.3579805224pR� 648679.3579805015

I 24 1998 U 7 � 20 % 00 Mht 6 	MY REM �W%��W1�B%��W1�ByR� 1020029.311553090pR� 1020029.311553097

· 48 ·



9�# EG;{2(P�Cpt�,eohC:yd D�hu8���Cx-%
&*oC�Bw REM AX2�{!AXA&�AX2���O/��8�!�CN�9#DX�O�EG;{�xgQ�-s,ej�{C|O REM AX2�Vo�ZDX2EG;{/��(P�C��(P�C8�2f	4�xg REM AX=|�t�,eo�ZEG;{2i�!/��hC�t�,eohCSTZ REM AX2�{!AX�&�AXpEG;{(P28�!|/OYpD�C�7NZSTZ�PCuj�7Vpp{!iVz+2=|p��/��C�
§4.1 D�hu8���C

§4.1.1 C�gt7=J�i,ej�2WWv��STd0W7N�AY�uX2,e�i�+ep/p&oq�
)V��m��zgR44�2,ej��O��=xg+Æ,e�i�*�P
�P{B-s�12f���0Vh�xg&�AX/��PCuj�7V9;pp{!iV9;0-�pp.k2b Aag�o\I��a�OV,eN��\QDXOEG;{�ghJ[{BAX�1oyd02,eo=�2lK��45p{!iV2mdh&-{BAXxi�Vo�/_TEG;{2B�
�T0{BAX2�1'4x zP8#0,eo�[_�O�xgW72,ej��ip�tW727VE2�ST�7VN��\QDXW7�X2EG;{�4p�EG;{n)r2DX�X�
J(U0) =

1

2
(U0 − Ub)

T B−1(U0 − Ub)

+
1

2

T
∑

n=0

(Hx(Un) − Xn)T O−1(Hx(Un) − Xn)

+
1

2

T
∑

n=0

(Hy(Un) − Yn)
T R−1(Hy(Un) − Yn)

(4.1)

oP�Un = Mn(U0)Op{!{BAX� nNU2�1o�T OxR�1N��UbasL57o�aAXC�2sL8|���Q�agPO��%Qg�F℄NLTg{BAX9A2�1'4|OsL57o�B−1 OsL57o2�ml�4�Xk #Jp/,ej�o�Yk #Jpp/,ej��Hx(Un) #JAX�<-p/,eo2e9Æl�Hy (Un) #JAX�<-pp/,eo2e9Æl�O−1 #Jp/,eo,edl2�ml�4�R−1 #Jpp/,eo,edl2�ml�4�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag!X
4.1�ST�wTr�X�
J(U0) = JB + JO + JR (4.2)!XqS2/�uK#J{BAX�VoysL57o2gs�{BAX�1'4yp/,eo2gsTp{BAX�1'4yp/,eo2gs�

§4.1.2 �?�BNKZEG;{2(P/��C�KaftEG;{
�I42�l MDt
Taylor�/�2�oC:mdA�{!AX2�CnÆq��EG;{(P2�C!XST�O�
R =

J(U0 + αH) − J(U0)

αHT∇J
= 1 + O(α)

H =
∇J

‖∇J‖

(4.3)oP�J(U0) #JDX2EG;{�∇J OEG;{2(P�4p45iu{BAX2&�AX0-�‖ · ‖ O(P��2A�α O�Io{�kt{BAXO}4P�4p�O 10−1 - 10−16 =��
§4.1.3 �>�l=J7C�gtktp/,eo<"(Ud0�9"YP�p/,ej��i|O7V\IQ(�\5�EG;{2DX�X)r�

J(U0) =
1

2
(MTa

(U0) − Uobs
Ta

)T W−1
U (MTa

(U0) − Uobs
Ta

)

1

2
(MTa

(U0) − P obs
Ta

)T W−1
P (MTa

(U0) − P obs
Ta

)

(4.4)oP�Mt(U0) #J^g2{BAX REM�U #J\5s�44p2at�o��
REM AXP�AX2f9C�n_��XPo
T���izo
U�V���uo
Q�A89s7o
Ps)�P #J���+v%M ��|OO��aQ�TNSTF7V��j��Ta #JxR�1NU�4G obs #JgB-AX�<42,eo�WU #J{BAX_�f9C�2�1oy}a2,eolB2�ml�4�WP #J���1oy,eolB2�ml�4�
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9�# EG;{2(P�Cpt�,eohCEG;{P2 W �4n��|g�O�|gaT0EG;{P��C��I2�s�A�R$8�he��C�2�I�EG;{P�p2|g��O�|ga�#J�,eo{C2S�izP
Navon et al.�1992��|OG�AX�1oy,eo=�lB2�ml�4 W�4py,eÆl2�ml�4 O n*�a459;,eodl2�ml�4h�D2���PCuj�7VpxiV5zPaO�TI2C��&a W �42d0%Ipp 2�|��7NKaO�ppÆ℄�|�%IF℄s��|*�+m9|�D [}�ktEwZ1n<"n#JWX2 W�4��Q�agPF℄!^g2 W �4Fa#J�N,edl2�4
Courtier

and�Talagrand�1990�Navon et al. 1992���99;�|P�̀ Q� Navon et al.
1992�2mdh�D W �4���
WUk

= Maxi,j,k|(U
obs
i,j,k,Ta

− Uobs
i,j,k,0)|

2 (4.5)oP�Uobs
i,j,k #JgB-{BAX�<N2,eoC��rG Ta A 0 uK#J7VN��\A�VNU�K>a��45 Ta NUA 0 NU2,eoh�D�%I2

W �4�
§4.1.4 �of�1%7<WDt8/�7VN��\�a�PCuj�7VPn
xg,eo�ip|Ægj�2f	��Q��P7V5ze/�p{!iV9;N�)4N��\�2<"q�ktO�h�&�AX2iuN�}(t 4-6 628�p{!AX2iuN��_�iVz+/#PaWWAg&�AXiuh|Æ(P���+G��%I2iV/#N�a}(q��> �2|Ægj��)4/�2N��\<"T�kt�VQ�,ej�y{BAX9A�iux�2OVN�a��AXC�=�}�A25z
4pvO Spin-up��)47VN��\y=TD�a��|ÆWZD��r92hCP��7VN��\O 6 
N�
§4.1.5 �?�BZtEG;{(P2�C�7G/�� ��z2hC�r9��xg��Q�-s�zZDX2EG;{(P/��C2'4��/�(P�CN�REM AX2�1�|y9/#}7�nBazhC2\IE2a�C REM 2&�o8
02EG;{2(Pa}8��hC�Tg2j�ap/1Yj�����zuKa 2000 V 6 
 25 & 00 NA
2000 V 8 
 1 & 00 N2p/1Yj��
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agkt�xg 00 N2Q�-s,e{C|O�Vo�� REM AXiu 6 
N2�1'4|O7V�\N�Q2,eo��N���Q��V,eo4B�O�dl���
u=u+0.1u

v=v+0.1v

t=T+0.1t

q=q+0.1q

ps=ps+0.001psoP�t OXPo�u�v O
Po�q OKPo�ps O89s7��B��dlN2�Vo|O REM AX22�Vo�iu 6 
NEw�1o��|ÆEG;{
4.4�2BOiu&�AX|ÆEG;{2(P�xg
02EG;{2(PB|Æ�!X
4.3�P2 H��yTW72�Io{ α�B�-AX�Vo4�
u=u+0.1u+αHu

v=v+0.1v+αHv

t=T+0.1t+αHt

q=q+0.1q+αHq

ps=ps+0.001ps+αHps�N��C!X
4.3����Io{O 10−3 - 10−15 =�CV�/��EG;{2(P�C�
§4.1.5.1 REM Ak>4(�"Rkt��hC=|2YY�ZFgAXI}a
[u/��1N2EG;{�uK/�� 3 
NiuN2(P�CA 6 
NiuN2(P�C�

a. \0Gg 2000 V 6 
 25 & 00 N2Q�,e{C|O REM AX2�Vo�/��EG;{2(P�C�
J 1 2000 V 6 
 25 & 00 N REM AXI}a
[uiu 3 
N2EG;{(P�C
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9�# EG;{2(P�Cpt�,eohC
J 2 2000 V 6 
 25 & 00 N REM AXI}a
[uiu 6 
N2EG;{(P�C

b. \0Gg 2000 V 8 
 1 & 00 N2Q�,e{C|O REM AX2�Vo�/��EG;{2(P�C�
J 3 2000 V 8 
 1 & 00 N REM AXI}a
[uiu 3 
N2EG;{(P�C
J 4 2000 V 8 
 1 & 00 N REM AXI}a
[uiu 6 
N2EG;{(P�C45T4���z�ZFgAXI}a
[u|ÆEG;{N2(P/���C�'4J=��i�Io{2�
��C!XP<B R [�Æ0t 1.0��N�i|Æg8*dl2���R Br[��s 1.0��C'4�D�C/��xgI}a
[u&�AX
�2EG;{2(Pa8�2�
§4.1.5.2 REM Ak� ��zhCf	4�7G��xg492��-s�z�ZTg+9�[at5z2 REM AX/��1NEG;{(P�C�uK/�� 3 
Niu(P�CA 6 
Niu(P�C�

a. \0Gg 2000 V 6 
 25 & 00 N2Q�,e{C|O REM AX2�Vo�/��EG;{2(P�C�
J 5 2000 V 6 
 25 & 00 N REM AXiu 3 
N2EG;{(P�C
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agJ 6 2000 V 6 
 25 & 00 N REM AXiu 6 
N2EG;{(P�C
b. \0Gg 2000 V 8 
 1 & 00 N2Q�,e{C|O REM AX2�Vo�/��EG;{2(P�C�
J 7 2000 V 8 
 1 & 00 N REM AXiu 3 
N2EG;{(P�C
J 8 2000 V 8 
 1 & 00 N REM AXiu 6 
N2EG;{(P�C45T4��2���z�Z+9�nat5zAX|ÆEG;{N2(P/���C�'4J=��i�Io{2�
��C!XP<B R [�Æ0t 1.0��N�i|Æg8*dl2���R Br[��s 1.0 ��C'4�D�C/��xg+9�nat5zN2&�AX
�2EG;{2(Pa8�2�

§4.1.5.3 �?�B"R*��49�[uZEG;{(P2�C'4hP��C'4�D��2�C/��xg REM AX2&�AXST&-EG;{28�(P���C:Z REM AX�{!AXA&�AX2��aw�2��I}a
[uEG;{2�CP�o�C'48��(�C/���i�Io{2CV��C!XP R BÆ� 1.0 2CVa�-2��C'4P 0 e 9 2U{x`a{�X��4�nat5zN��ZEG;{2(P�C'4P��i�Io{2CV�RB2CVnO�;�� 1.0 CV2w���N��C'4P 0 e 9 2U{℄�`a{/�CV�+7G,w�AXP�on-off�5z|g2
��ktat5z[ulz+P+9�on-off�5z�T0p{!AX9A2C�W�-�
§4.2 -%
&*8Q#5RpoCBwZEG;{(P28�!�CN�r9�xg REM AXEwt�,eo�/�t�o2p{!iVhC�+GSTZ�PCu7Vp/�p{!iV26�5z/�=|A�C��_STbwz+=|P��2[+�EG;{�O!X
4.4��X�
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9�# EG;{2(P�Cpt�,eohC
§4.2.1 P"4Qo+89Y/�p{!iVhCP^g2iVz+a L-BFGS-B z+�	z+ak32f3 0>l�zy|ÆgR0oMbOb �o��axgnyQ�Æd
Limited

Memory Algorithm�, K>afZ[md (Quasi-Newton Method) h(I /A2p{!iV[+�&Ka}-( Hession �4<"dNN�	z+n<"=2Jw�L-

BFGS-B z+7NZSTgh(In	yiVp^	yiV[+�iVz+2E2/�n���O�a(EG;{B
t�D2i�
B��O�/�aiVz+���- 100 ���9YP�7G^g+��iVz+2E/��EG;{2i�
B�O 1.0x10−5�
§4.2.2 �5XoAXC�2���^	y2xiV5SaO�ppTI2[�
Gill�etal�1981)��P�P{B�1AXP�AXP2f9C�=�2�saW72�� REM AXP�n_�f9AXC��XPo
T���izo
U�V���uo
Q�A89s7o
Ps���52�suKa T − 102, U − 101, V − 101, Q − 10−2, Ps − 103 ��/�p{!iV5zP�)41n8�Q�AXC�=�2�s�aZEG;{2(Pm�mE
���_
�p{!iVz+2	�m��TEG;{2i�
P�+DIWi��[Æ�p{!iV5zP�IZAXC�/�^��V�t�

Us =
U

S
Gs = G · S

Hs = S · H · S

(4.6)oP�U #J{BAX2f9C��S #J{BAXf9C�2���4�G #J{BAXf9C�2(Po�4�H #J Hessian �4����4 S2�DKIQ�#JEG;{P�1oy,eo=�gl2�ml�4 W 2|g�99;P`Q Navon et al.
1992�P2!X���
SUk

= Maxi,j,k|U
obs
i,j,k,Ta

− Uobs
i,j,k,0| (4.7)oP�4G obs #Jg-{BAX�<42,eC��Ta O7VN��\�

§4.2.3 nBaz9hC2\IE2axg{BAXEw2t�,eo/�p{!iV�45hCSTC:Z�PCuj�7Vpp{!iV5z2=|a}8���_bwz+=|p��P2�d�� ��zhC2f	4�r9����hC�z2'4�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2aghC�^g2�Voj�a 2000 V 6 
 25 & 00 NA 2002 V 6 
 19 & 00 N21Y,ej���/�QC9;N�xg REM AXEw�9;�%I2 6 
N�,eo�AAX�1o�kt�xg 00 N2Q�-s,e{C|O�Vo�� REM AXiu 6 
N2�1'4|O7V�\N�Q2,eo��N���Q��V,eo4B�O�dl�|O REM AX22�Vo��Vodl2B�y4O%(P�CN�dOJ��iu REM AX 6 
NN|OAX2�1o��N|Æ�EG;{B�#*p{!iVz+/�iVhC��pSuOTrtY/��
1. xg 00 N2Q�,eo|OAX�Vo�� REM AXiu 6 
N�1'4|Ot�,eo
2. |Æ W �4A S �4
3. � 00 N2Q�,eo4B�O�dl
4. g REM AX/�iu�0-�1oO|ÆEG;{B
5. iu&�AX|ÆEG;{2(P
6. �EG;{BAEG;{2(P�* L-BFGS z+
7. xgiV0-2�2�Vo�iu REM AX/��1
8. T�4wYY 4 � 7�?-iVz+8p'y�0-xiAX�Vo

§4.2.4 \0hBr9�xghC=|P��2��Q�-s�z��(49��2md/��t�o2p{!VhC�O���EG;{pEG;{(P2r��{�
a. 2000 G 6 Z 25 X7�Q\0EG;{2CV�{)=�

= 1a 2000 V 6 
 25 & 00 NEG;{2r��{�EG;{2r��{STP-��p{!iV5z2w 30 �	�5z�EG;{2�{r�<"_�-9 18 �	�N�EG;{2B}Zt�VBS5r��O��s�- 30 �	�TN�EG;{�{2r�}Z<"+��Q�ag2�PP�ST#Ow 30 Yan
�2xi�Vo	�5z�EG;{(P2CV�{)=�
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9�# EG;{2(P�Cpt�,eohC
= 1b 2000 V 6 
 25 & 00 NEG;{(P2r��{�EG;{(P2CV�{hP��iEG;{B2r��EG;{(P2BK�[�r���w 30 Y2	�5zP�(P2CVK<" �r��O�℄�s�-

30 YTN�EG;{2(PCV�<"iZ�
b. 2002 G 6 Z 19 X7�Q\0EG;{2CV�{)=�

= 2a 2002 V 6 
 19 & 00 NEG;{2r��{�+��z2EG;{r��{4STP-��p{!iV5z2w 35 �	35z�EG;{2�{r�<"_�-9 34 �	�N�EG;{2B}Zt�VBS5r��O��s�- 35 �	�TN�EG;{�{2r�}Z<"+��Q�ag2�PP�ST#Ow 40 Yan
�2xi�Vo	�5z�EG;{(P2CV�{)=�
= 2b 2002 V 6 
 19 & 00 NEG;{(P2r��{�EG;{(P2CV�{hP��iEG;{B2r��EG;{(P2BK�[�r���w 5 Y2	�5zP�(P2CVx ��w 35 Y	��EG;{(Pr��O�℄�s�- 35 YTN�EG;{2(PCV�<"iZ��T4��2��Q�-s�z2t�op{!iVhChP��p{!iV2w 40 Y�EG;{2BLr��O�℄�s�EG;{2(PKr��O�℄�s��= REM AX2&�o8��aw�2�STn
8&-EG;{2(P�OR$&-{BAXt��Vo�xg REM AX2&�o8/��PCuj�7VhC2=|KaS�2�

§4.3 �d+�9#�&�AX�C8�2f	4�DX�EG;{�xg REMAX2&�AXZEG;{2(P/���C��C'4�D��2�C!X�/OYC:�Z REMAX2�{!AXA&�AX2��a8�2�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag�EG;{(P�C8�N�=|�xg REM {BAXEw2t�,eo/��PCuj�7Vpp{!iV2�z�Oxg��Q�-s�z/��t�,eo2p{!iVhC��hC'4hP����z�p{!iV2w 40 Y�EG;{2BLr��O�℄�s�EG;{2(PKr��O�℄�s�xg REM AX2&�AXSTn
8&-EG;{2(POR$&-{BAXt��Vo�Z�PCuj�7Vpp{!iV2=|�zaS�2�
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9�# EG;{2(P�Cpt�,eohC:yd8U�O REM Ak>4(�"RuRfC�gt7�?�B�\0GI 1 2000 U 6 � 25 % 00 M REM �WH|`	Ztht 3 	MDF:z1'O�B�Hnz 'O�B
10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

10−15

1.673426754511123

1.067342675453533

1.006734267558711

1.000673426829206

1.000067342235524

1.000006730388186

1.000000641778939

0.9999998543840059

0.9999984761813515

0.9999734092581955

0.9997507725723597

0.9971506384376761

0.9731618901172190

I 2 2000 U 6 � 25 % 00 M REM �WH|`	Ztht 6 	MDF:z1'O�B�Hnz 'O�B
10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

10−15

1.500781932131500

1.050078193212365

1.005007819311845

1.000500781969694

1.000050076954398

1.000004996591630

1.000000376252268

0.9999990518500473

0.9999926173013963

0.9999072760201720

0.9991256222341979

0.9908914340362552

0.9073675227977576
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agO REM Ak>4(�"RuRfC�gt7�?�B�\0GI 3 2000 U 8 � 1 % 00 M REM �WH|`	Ztht 3 	MDF:z1'O�B�Hnz 'O�B
10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

10−15

2.125274112553573

1.112527411254495

1.011252741123344

1.001125274102377

1.000112527561280

1.000011250642528

1.000001121745582

1.000000217585949

0.9999996289016275

0.9999941461705939

0.9999535324610630

0.9995947740351042

0.9934431676694965

I 4 2000 U 8 � 1 % 00 M REM �WH|`	Ztht 6 	MDF:z1'O�B�Hnz 'O�B
10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

10−15

1.863903910411670

1.086390391041144

1.008639039104326

1.000863903965314

1.000086390249832

1.000008639648293

1.000000852710894

0.9999999749765379

0.9999989636673314

0.9999987404194799

1.000001293349456

1.000277486903473

1.004156017758068
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9�# EG;{2(P�Cpt�,eohCO REM AkuRfC�gt7�?�B�\0GI 5 2000 U 6 � 25 % 00 M REM �Wht 3 	MDF:z1'O�B�Hnz 'O�B
10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

10−15

0.9110021033045539

0.5668009288608525

2.765802877357893

12.37391313564795

0.9951994476874019

1.000002327130341

1.000000082764468

1.000001620539833

0.9999845359757289

1.000490556222440

1.000214967298909

0.9870804750039371

1.054623042847903

I 6 2000 U 6 � 25 % 00 M REM �Wht 6 	MDF:z1'O�B�Hnz 'O�B
10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

10−15

0.1596400824702615

-0.1560636225656181

-2.243309460004021

0.0144216905421128

19.56378462454570

0.9960293298939181

1.017617625117375

1.000000885506630

1.000016515093965

1.000027443284019

1.004207324092256

1.016470801334036

1.020868367755654
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agO REM AkuRfC�gt7�?�B�\0GI 7 2000 U 8 � 1 % 00 M REM �Wht 3 	MDF:z1'O�B�Hnz 'O�B
10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

10−15

1.066572435253790

1.022401587198573

1.093584567426960

0.9834297409726299

0.4704364029682531

0.0178027097550951

1.000000079619338

1.000000902796141

0.9999951049173800

0.9996109049171643

0.9985940842994683

1.010931253668439

0.9872785004058207

I 8 2000 U 8 � 1 % 00 M REM �Wht 6 	MDF:z1'O�B�Hnz 'O�B
10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

10−15

0.8451757699825558

0.4581165648848426

1.012488410921912

1.071148887329032

1.073908022129093

1.096992779597963

1.000000138166309

1.000016828124916

0.9999959767044237

1.000173136286195

0.9907965541150768

0.9853935445283629

0.6902785857694994
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9�# EG;{2(P�Cpt�,eohC:yd8U�

< 1a 2000 U 6 � 25 % 00 MDF:z1q��z

< 1b 2000 U 6 � 25 % 00 MDF:z'O1q��z
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag

< 2a 2002 U 6 � 19 % 00 MDF:z1q��z

< 2b 2002 U 6 � 19 % 00 MDF:z'O1q��z
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9_# �PCuj�7VhC:�d y��Su8	poC9#xg REM AX2&�o8�TgQ�-s�z/���PCuj�7VhC�Oxg7V0-2{BAX�Vo/��;��1��/-s�zO 1998 V 6 

8 & 00 N- 6 
 9 & 00 N
�gN�KO℄)N��A 2000 V 8 
 1 & 00 NI 8
 2 & 00 N2��-s5z�

§5.1 oCb{9hC2\IE2axg REM AX2&�o8�/�Q�-s�z2�PCuj�7VhC�Oxg�PCuj�7V0-2�Vo/��;��1�hC�Tg2,eoj�Op/d021Yj��,eN�O2- 00 NA 12 N��N��hCP�REM AX�i�<�O
41�61���i�F�O 0.5◦�AX�|2z4�5QPBuK�O
105◦E�40 ◦N���?�f�O 20 f�OK�uX�EG;{�OTr�X�
J(U0) =

1

2
(MTa

(U0) − Uobs
Ta

)T W−1(MTa
(U0) − Uobs

Ta
) (5.1)oP�MTa

(U0) #JP
�P{BAX REM�U #J\5s�44p2at�o�� REM AXP2f9C�n_��XPo
T���izo
U�V���uo
Q�A89s7o
Ps)�4G obs #JgB-AX�<42,eo�ktp/1Y,ej�O 12 
N���hCP� 06 N� 12 NO7VN��\�Ta �O 12 N�t�{BAXiu 6 
NN|O�PCuj�7V2�\o���{BAXiu 6 
N�xg 12 N21Y,eo/�Cuj�7VhC�+v�kt
12 N2,eoP��O 24 
Npi����'EG;{P1nQ�7V��j��/��PCuj�7VN�Tg7VN2�Vo|� 06 N-9a- 00 N2�1�

§5.2 ℄1H
§5.2.1 �Qe+� 1998 V 06 
 08 & 00 N2 500mb XPo4�f38�A�F(*OrP��E3A1f8�OO\P��q�TM8��O\��- 8 & 12 N�f38�2rP�!�FQ�E3y1f2\P��yq�M[2��DO�P2 [u8�O\�ZL�- 9 & 00 N�f38�2rP��{F/�F[2\P��.FQ�)= 1�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
= 1�500mb XP,eo

a. 6 
 8 & 00 N b. 6 
 8 & 12 N c. 6 
 9 & 00 N� 1998 V 06 
 08 & 00 N2 500mb U`�Po=4P��S7T3nO57�57b>\E�|�fM;���EM8�257bPnO.257P��q�TMOi?fz�- 8 & 12 N�EM8�2.57P�yF38�257o8DOOb FQ�E38�OO�7u�1FyEM8�OO57b�- 9 & 00 N�1FyEM8�257bQ-794�\EE%8�n57bQ/Ob �)= 2�
= 2�500mb U`�P,eo

a. 6 
 8 & 00 N b. 6 
 8 & 12 N c. 6 
 9 & 00 N� 1998 V 06 
 08 & 00 N2 700mb 2XPo4�1f8�A\EPlnO.2rP���F(*OrP��OnXPrb>\E�|;���
T3-1F(*O\P�ZL�- 8 & 12 N�rP�$Ut�F(*�XPbO?;��q�T32P28���
T32\P�Q-�74�- 9 & 00 N��F(*2rP�MV�.�P�UK�FQI�)= 3�
= 3�700mb XP,eo

a. 6 
 8 & 00 N b. 6 
 8 & 12 N c. 6 
 9 & 00 N� 1998 V 06 
 08 & 00 N2 700mb 2U`�Po=4�57o8<"=v��EM8�nO57P��- 8 & 12 N�EM8�257�.FQ�- 9 & 00 N�57�-�.�P�Q-�_8��)= 4�
= 4�700mb U`�P,eo

a. 6 
 8 & 00 N b. 6 
 8 & 12 N c. 6 
 9 & 00 N��/NV2,eo4P�+aO�57o8b FQ2-s5z�� 6 
 9 &
00 N 24 
Npi��=4STP-�n57o8
���q�TMARMmE 9
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9_# �PCuj�7VhCi�����P�Ut
119◦E�26.5◦N��0���P�{PO 80mm�
§5.2.2 x��Rt7�onB�EG;{)!X (5.1)�� REM AX� 6 
 8 & 00 NMViu 6 
NN2p�'4|O�\o�xg 6 
 8 & 12 N2,ej��/���PCuj�7VhC�p{!iVz+2/�AEG;{P W �4p���4 S 2|Æmd79�#�= 5 ���EG;{A(P2r��{�

= 5 EG;{AEG;{(P2r��{
§5.2.3 x��Rt7�omW�,d7��xg�PCuj�7VN0-2xi�Vo/�� 6 
 8 & 06 N- 6 
 9 & 00N2�1�OuK�7VN��\'yN� 6 
 8 & 12 N�A;��1'yN� 6
 9 & 00 N��Cu7VwN2�1'4y,eo� 200mb�500mb�700mb /�s794/��<"ue�
§5.2.3.1 �of�1%�sf"7W�,d� 6 
 8 & 12 N 200mb XPo4STP-�ZtS7Af[2XPb�7Vw2�1'4�AX�|3?�a5X��Zt	b2UK1n�1�h��q�Pl8�kt\P��w2\u��7Vw2AX�1'4PK1n�_�7VN2�1'4P�+��8m2�1Ln
3�S7Af?2XPbUKy,eoB�}7�q�Pl2XP\uK=v�1��h�)= 6�� 500mb XPo4�Ztf38�2XPb�7Vw2�1o1n�1�h�kt)D?)2�[�7425XP�1nQ�AX�|�XP\u2�`K1n�1�h�_Cu7VN2�1'4�+�m9Ln=v�#0t,e�)= 7�� 700mb XPo4�S78�25XP��7Vw�1'4P7G1nQ�AX�|�7VN2�1'4Z+m9n
3�)= 8�

= 6 1998 V 6 
 8 & 12 N 200mb XPo7VN��\'yNU�1
42<"
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
= 7 1998 V 6 
 8 & 12 N 500mb XPo7VN��\'yNU�1
42<"
= 8 1998 V 6 
 8 & 12 N 700mb XPo7VN��\'yNU�1
42<"U`�Po2�1'4f9yXPo2�1'4}Za�� 6
 8& 12N 200mbU`�Po4STP-�7Vw2�1'4�AXF?)nQ2Xi��`o6,g.��PCu7VN2�1�1n�AXF?)2Xi�7NZ�`o2�1=v�{�&$.tQ�,eo�)= 9�� 500mb U`�Po4�7Vw2�1'47G��?)
a�57P�1nQ�AX�|��PCuj�7VN�ZtF?)AU`o{P2�1Ln
3�)= 10�� 700mb U`�Po4��PCuj�7VN�1��q�3?257P�2UK�Fa57o82{P!{t,eo�7Vw2�1oP�1n	57P��)= 11�

= 9 1998 V 6 
 8 & 12 N 200mb U`�Po7VN��\'yNU�1
42<"
= 10 1998 V 6 
 8 & 12 N 500mb U`�Po7VN��\'yNU�1
42<"
= 11 1998 V 6 
 8 & 12 N 700mb U`�Po7VN��\'yNU�1
42<"�PCuj�7VN�Zzo2�1y,eoK<"#0�joaZP5fs�2{PAm�2�1�L=v=t7Vw2�1�)= 12�= 13�= 14�
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9_# �PCuj�7VhC
= 12 1998 V 6 
 8 & 12 N 200mb zo7VN��\'yNU�1
42<"
= 13 1998 V 6 
 8 & 12 N 500mb zo7VN��\'yNU�1
42<"
= 14 1998 V 6 
 8 & 12 N 700mb zo7VN��\'yNU�1
42<"�PCuj�7VNZKPo2�1'4y,eotOB�}7�� 700mbKPo4�1F(*TMnO��P��7Vw2�1UKg3�P�{P t,eo��PCuj�7VNo{PAUK2�1y,eB�}7�7Vw2�1o�PM8���OÆ
2KPP���PCuj�7VN�KB����+Æ�d2�1�)=

15�
= 15 1998 V 6 
 8 & 12 N 700mb KPo7VN��\'yNU�1
42<"�XPo�U`�Po�zoAKPo2�1
4hP�/��PCuj�7VN�REM AX�Cu7VN��\'yNU2�1
4=v<7Vw�#0,eo�

§5.2.3.2 A
W�fA7W�,d� 200mbXPo4�7VwZq��|2XP\u�1W=v��1o6,g.�/��PCuj�7VN�+�m9I=t7Vw�)= 16�� 500mb XPo4�7Vw�1'4PrP�$��AX�1�|P�Z�1�|f?2rP�1n�1�h�XP\u2{PAjMg.�/��PCuj�7VN��1'4�+tm9�#0,e�)= 17�� 700mb XPo4��PCuj�7VN2�1o�=v�1��1F(*�2\7�)= 18�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
= 16 1998 V 6 
 9 & 00 N 200mb XPo;��1NV�1
42<"
= 17 1998 V 6 
 9 & 00 N 500mb XPo;��1NV�1
42<"
= 18 1998 V 6 
 9 & 00 N 700mb XPo;��1NV�1
42<"U`�Po2�1'4�� 200mb U`�Po4STP-�7VwAXF?)nQ2Xi��`o6,g.��PCuj�7VN2�1'4���AXF?)2Xi�Z�`o2�1=v�{�)= 19�� 500mb U`�Po4�7Vw2�1'47G�F?)��Xi�57P�$�AX�|Q��PCuj�7VN�Zt\Erl2u{UKp6�U`o2{P�1�Ln�=v2
3�)= 20�� 700mb U`�Po4�7Vwq�3?257P�1n�1�h�7VN��1��h�Fa57o8{P!{t,eo�)= 21 �

= 19 1998 V 6 
 9 & 00 N 200mb U`�Po;��1NV�1
42<"
= 20 1998 V 6 
 9 & 00 N 500mb U`�Po;��1NV�1
42<"
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9_# �PCuj�7VhC= 21 1998 V 6 
 9 & 00 N 700mb U`�Po;��1NV�1
42<"�;��1NV��PCuj�7VNZzo2�1
37G,w�ZP5fs�2{PAm��14�=v=t7Vw2�1�)= 22�= 23�= 24�
= 22 1998 V 6 
 9 & 00 N 200mb zo;��1NV�1
42<"
= 23 1998 V 6 
 9 & 00 N 500mb zo;��1NV�1
42<"
= 24 1998 V 6 
 9 & 00 N 700mb zo;��1NV�1
42<"�;��1NV��PCuj�7VNZtKPo2�1=vit7Vw2�1�� 700mb KPo4�,eo�1F(*TMnO��P��7Vw2�1'41n	P��_7VN2�1'4��1��h�FaUKgM�P�{P t,eo�q�TM2KPo�Cu7Vw2�1g.�O��OÆ�IP��_Cu7VN2�1'4�y,eof9OJ�)= 25�
= 25 1998 V 6 
 9 & 00 N 700mb KPo;��1NV�1
42<"-;��1NV'y�Zt��o2�1K/��<"�� 9& 00N 24
Npi���2,eo4P�� 117� 119◦E�26.5◦NnO���|�P�Ut 119◦E�26.5◦N�{P� 80mm��7Vw2�1o4����|Ut 112 � 118 ◦E�27◦N�P�Ut

113◦E�27◦N�P�{P� 110mm�Cu7VN2���1jM�y,eof9}7�_���P�2UK 120◦E�28◦N�=v=t7Vw�Fa7VN��P�2{P$.t,eo�Cu7VN�74ZnO�{��P��kt1n,e�̂ dC:�)=
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
26 �[�

= 26 1998 V 6 
 9 & 00 N 24 
Npi��o�1
42<"�;��1NL2�1
4hP�/��PCuj�7VN�{BAXZXPo�U`�Po�zo�KPoA 24 
Npi���2�1
4}Zt7VwLn=v
3��PCuj�7Vaw�2���zO2�PCuj�7V
4hP��Cu7VN��\'yNUp�;��1NVxRNU�/��PCu7VN�REM AX2�1'4LI=v<7Vw2�1
4=���#0tQ�,eo��+��z2{BhCP�ST#O�PCuj�7Vb℄�n
2|g�T0{BAX�;��1NV2�1
4*��
§5.3 ℄1H

§5.3.1 �Qe+�+��zP�� 2000 V 08 
 01 & 00 N2 500mb XPo4P�\2 [u8�OO\P�ZL��E3AYs8�nOrP���tAX�|23?)�- 1 &
12 N�\P�2{PAUK1nCV�f38�2rP��{F/�F38�2rP�S5Q�AX�|�- 2 & 00 N�\P�2{PAUK1nCV�rP��{�Q-\P�2F39�)= 27�

= 27�500mb XP,eo
a. 8 
 1 & 00 N b. 8 
 1 & 12 N c. 8 
 2 & 00 N� 2000 V 08 
 01 & 00 N2 500mb U`�Po4P�\2 [u8�OO�7uZL��\2F3Af38��O��57o8�- 1 & 12 N�ZL\2 [u8�2�7u�FQI�f38�257o8b �{�- 2 & 00 N��7u�-�FQI�f38�257o8b FQ�)= 28�

= 28�500mb U`�P,eo
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9_# �PCuj�7VhC
a. 8 
 1 & 00 N b. 8 
 1 & 12 N c. 8 
 2 & 00 N� 2000 V 08 
 01 & 00 N2 700mb XPo4�F38�2rP��1F(*��O�rb�O?!CP2F[ [u8��- 1 & 12 N��\23mO��rP��O�\P��q�TMO\�ZL�- 2 & 00 N��E3A1f8�nO�rP��q��|pTMO\�ZL�)= 29�

= 29�700mb XP,eo
a. 8 
 1 & 00 N b. 8 
 1 & 12 N c. 8 
 2 & 00 N� 2000 V 08 
 01 & 00 N2 700mb 2U`�Po4P��7o8� 700mb n��P��- 1 & 12 N��7P�Q-S7A�f38�257b�{�- 2 & 00N��7P�$�S7A��2f8�nO
�7u�)= 30�

= 30�700mb U`�P,eo
a. 8 
 1 & 00 N b. 8 
 1 & 12 N c. 8 
 2 & 00 N� 8 
 2 & 00 N2 24 
Npi��=4��,�M[A�
n��.2��P��P�{PuKO 40mm A 30mm���/NV2,eoP�+�-s5zOP2f3[8�57bb QI25z�

§5.3.2 x��Rt7�onB7�zO��EG;{)!X (5.1)�� REM AX� 8 
 1 & 00 NMViu 6
NN2p�'4|O�\o�xg 8 
 1 & 12 N2,ej��/���PCuj�7VhC�p{!!iVz+2/�AEG;{P W �4p���4 S 2|Æmd79�#�= 31 ���EG;{A(P2r��{�
= 31 EG;{AEG;{(P2r��{

§5.3.3 x��Rt7�omW�,d7��xg�PCuj�7VN0-2xi�Vo/�� 8
 1& 06N- 8
 2& 00N
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag2�1�OuK�7VN��\'yN� 8
 1& 12N�A;��1'yN� 8
 2&
00N��7VwN2�1'4y,eo/��<"�r9uK� 200mb�500mb�700mb/�s794�Cu7VwN2�1'4y,eo/��<"ue�
§5.3.3.1 �of�1%�sf"7W�,d� 8 
 1 & 12 N 200mb XPo4STP-�Ut1FA�_2OZr\P��7Vw2�1'41n�1�h�7VN=v�1��h�)= 32�� 500mb XPo4�Ztf38�2XPbA\EPl2\P��7Vw2�11n1�h�\P�UK2�1gs���_7VN�f��1��XPb�)= 33�� 700m b XPo4�Ztr\P�UKy{P2�1L=v=t7Vw�)= 34�

= 32 2000 V 8 
 1 & 12 N 200mb XPo7VN��\'yNU�1
42<"
= 33 2000 V 8 
 1 & 12 N 500mb XPo7VN��\'yNU�1
42<"
= 34 2000 V 8 
 1 & 12 N 700mb XPo7VN��\'yNU�1
42<"U`�Po2�1'4f9yXPo2�1'4}Za�� 8
 1& 12N 200mbU`�Po4STP-�7VwAXF?)nQ2Xi�E38��7u2�11n,w��PCu7VN��1'4�+��8m=vit7Vw�)= 35�� 500mbU`�Po4�AX�|F[2571nQ��f38�2b{�7Vw2�1'4gf��PCu7VN�Zb{UKAu{{P2�1Ly,ef9}7�)= 36�� 700mb U`�Po4��PCuj�7VN2�1Kn
3�)= 37�

= 35 2000 V 8 
 1 & 12 N 200mb U`�Po
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9_# �PCuj�7VhC7VN��\'yNU�1
42<"
= 36 2000 V 8 
 1 & 12 N 500mb U`�Po7VN��\'yNU�1
42<"
= 37 2000 V 8 
 1 & 12 N 700mb U`�Po7VN��\'yNU�1
42<"�+��zP��PCuj�7VNZzo2�1
4
3KLu=v�kt�PCuj�7VN2�1Zf[b{UK�1f��T06��o�`K=v=t7Vw2�1�)= 38�= 39�= 40�
= 38 2000 V 8 
 1 & 12 N 200mb zo7VN��\'yNU�1
42<"
= 39 2000 V 8 
 1 & 12 N 500mb zo7VN��\'yNU�1
42<"
= 40 2000 V 8 
 1 & 12 N 700mb zo7VN��\'yNU�1
42<"�PCuj�7VNKPo2�1'4y,eotOB�}7�� 700mbKPo4�1FAEM�)�nO��P��7Vw2�1UKgt>7��PCuj�7VNo{PAUK2�1y,eB�}7�)= 41�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
= 41 2000 V 8 
 1 & 12 N 700mb KPo7VN��\'yNU�1
42<"Zt+��z��XPo�U`�Po�zoAKPo2�1
4hP�/��PCuj�7VN�REM AX�7VN��\'yNU2�1
4�}Zt7Vwn=v
3�

§5.3.3.2 A
W�fA7W�,d�;��1NVZXPo2�1P�� 200mb�500mb A 700mb /�479�7VN2�1'4}Zt7VwL!n*��*�Wapp �&Ka� 500mb ,eo42\P��7VwNL1n�1�h�)= 42�)= 43�= 44�
= 42 2000 V 8 
 2 & 00 N 200mb XPo;��1NV�1
42<"
= 43 2000 V 8 
 2 & 00 N 500mb XPo;��1NV�1
42<"
= 44 2000 V 8 
 2 & 00 N 700mb XPo;��1NV�1
42<"�;��1NL��PCuj�7VNZU`�Po{P2�1'4=vit7Vw2�1�� 200mb U`�Po4STP-�7Vw�`o6,g.��PCuj�7VNZ�`o2�1=v�{�)= 45�� 500mb U`�Po4��PCuj�7VN�Zt\Erl2u{UKp6�U`o2{P�1�L=v=t7Vw2�1�&$$Nt,eo2UK�)= 46�� 700mb U`�Po4��PCuj�7VNZf38�b{2UK2�1<7Vwn
3�)= 47�
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9_# �PCuj�7VhC
= 45 2000 V 8 
 2 & 00 N 200mb U`�Po;��1NV�1
42<"
= 46 2000 V 8 
 2 & 00 N 500mb U`�Po;��1NV�1
42<"
= 47 2000 V 8 
 2 & 00 N 700mb U`�Po;��1NV�1
42<"�;��1NV��PCuj�7VNZzo2�1
4
3WaLu=v�200mb42�YA7Vw}(�7VNZ 500mb zo2�1�f3b{�y,e<"#0�AX�|F?2zo�1nCV�P}5b2�o�X�7VN�Z 700mb zo2�1<7VwI=�y,eof9OJ�)= 48�= 49�= 50�
= 48 2000 V 8 
 2 & 00 N 200mb zo;��1NV�1
42<"
= 49 2000 V 8 
 2 & 00 N 500mb zo;��1NV�1
42<"
= 50 2000 V 8 
 2 & 00 N 700mb zo;��1NV�1
42<"�;��1NV�/��PCuj�7VNZtKPo2�1<7Vwn=v
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag3�8 
 2 & 00 N 700mb KP,eo4��1FAEMnO��P��7Vw1n�1�	P��O�q�TMmEOÆKP��7VN��1��+��P��FaUK<,e!gf�Zq�TMKPo2�1K���W8�2KPP��)= 51�
= 51 2000 V 8 
 2 & 00 N 700mb KPo;��1NV�1
42<"-;��1NV'y�Zt��o2�1K/��<"�� 2 & 00 N 24 
Npi���2,eo4P��,�A�
�nO���|�{PuKa 40mm A 25mm��7Vw2�1o4����|�w�1F(*�P�{P� 80mm�Cu7VN2���1�w�2f�P�{PO 40mm�+��z�/��PCuj�7VN�;��1NV 24 
Npi��2�1O1n
3�)= 52 �[�

= 52 2000 V 8 
 2 & 00 N 24 
Npi��o�1
42<"�;��1NL2�1
4hP�/��PCuj�7VN�{BAXZXPo�U`�Po�zo�KPo2�1
4}Zt7Vw!n
3�24 
Npi���2�1�7VN�1n
3�A7VwOG�Z��P�2UKA{PL1�����za�PCuj�7VwN2�1
4hP��7VN��\'yNU�/��PCuj�7VN2AX�1'4LI<7Vw2�1'4��#0tQ�,eo��;��1NV'yN�/�Cu7VN2{BAX�1'4�XPo�U`�Po�zo�KPo2�1
4}Zt7VwK!n*��Zt 24 
Npi���2�1}Zt7Vw�1n
3�Z��P�2UKA{P1n|�f��1�Zt�zaP2�b��[SRa℄m92�/��PCuj�7VO�ppTI2w*�=a�Tg2{BAXa<"f�2�({BAXP��dlN�SRa+J+Sw��w�4pO���{BAXdl2
���EG;{PI�*57o����Zt7V�\Q,eoN�K%I<"f��}�7Ga�w�PCuj�7VN�1
41n
32w��+N%IZ,eodl2�ml�4nO�f�28|A#��Zt+��z�rOYZ%I/�B*9;Aue�
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9_# �PCuj�7VhC
§5.4 �d+�4549Z��Q�-s�z2�PCuj�7VhCp;��1
42<"�ST0-Tr'"�/��PCuj�7VN���-s�z�7VN��\'yNU2�1'4LI=v<7Vw2�1'4=�ZXPo�U`�Po�zoAKPo2�1}Zt7Vw��#0tQ�,eo�_�;��1NV'yN����z/��PCuj�7VN�o�1'4�zoAKPo2�14Ln=v
3�ZXPoA�Po2�1Kn�
3�Ztpi��2�1����zxg�PCu7VN2�Vo/�2�1�nF W7���zOP�Cu7VNZ��P�2UKA��{P2�1Ln=v
3��1'4�#0t,eo��zaP�Cu7VNZ��P�UKA{P2�1�1n
3�Zt�zaZ%I/OY/�9;�hC'4�=�/��PCuj�7VN�n2�z�7VN��\'yN�o�1'4y,eoST0-<"=2TD��;��1NVQK<7Vw2�1n�*��_�n2�zP����7VN��\'yN�o�1'4y,eoST0-<"=2TD�_�;��1NVQ��WODR0-t�2�1
4�&KaZt��2�1�/��PCuj�7VNo�;��1NVOWODR0-
32�1'4�kt9#F/g���-s�z/��PCuj�7VhCp;��1��0'"ZWElE!�7N�^g2�PCuj�7Vm�ZnÆ�a��EG;{P1nQ�57o��ktj�yL��EG;{PZ��j�K1n/�7V�TN�%I/OYQ�<"B32�PCu7Vm��O| �2-s�zQC�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag:�d8U�

< 1a

< 1b

< 1c< 1�1998 U 6 � 8 % 00 M, 9 %
00 M1 500mb WO+dn

a.6 � 8 % 00 M b.6 � 8 % 12 M
c.6 � 9 % 00 M

< 2a

< 2b

< 2c< 2�1998 U 6 � 8 % 00 M, 9 %
00 M1 500mb T_�O+dn

a.6 � 8 % 00 M b.6 � 8 % 12 M
c.6 � 9 % 00 M
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< 3a

< 3b

< 3c< 3�1998 U 6 � 8 % 00 M, 9 %
00 M1 700mb WO+dn

a.6 � 8 % 00 M b.6 � 8 % 12 M
c.6 � 9 % 00 M

< 4a

< 4b

< 4c< 4�1998 U 6 � 8 % 00 M, 9 %
00 M1 700mb T_�O+dn

a.6 � 8 % 00 M b.6 � 8 % 12 M
c.6 � 9 % 00 M
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag

< 5a

< 5b< 5 DF:z�DF:z'O1q��z��yNÆ
a. DF:z1q��z�J/J0) b. 'O1q��z (g/g0)
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9_# �PCuj�7VhC�of�1%�sfW�,d���\0G

< 6a

< 6b

< 6c< 6�200mb WOn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 7a

< 7b

< 7c< 7�500mb WOn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag

< 8a

< 8b

< 8c< 8�700mb WOn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 9a

< 9b

< 9c< 9�200mb T_�On�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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9_# �PCuj�7VhC

< 10a

< 10b

< 10c< 10�500mb T_�On�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 11a

< 11b

< 11c< 11�700mb T_�On�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag

< 12a

< 12b

< 12c< 12�200mb yn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 13a

< 13b

< 13c< 13�500mb yn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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9_# �PCuj�7VhC

< 14a

< 14b

< 14c< 14�700mb yn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 15a

< 15b

< 15c< 15�700mb ;Jn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agA
W�fAW�,d7���\0G

< 16a

< 16b

< 16c< 16�200mb WOn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 17a

< 17b

< 17c< 17�500mb WOn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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9_# �PCuj�7VhC

< 18a

< 18b

< 18c< 18�700mb WOn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 19a

< 19b

< 19c< 19�200mb T_�On�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag

< 20a

< 20b

< 20c< 20�500mb T_�On�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 21a

< 21b

< 21c< 21�700mb T_�On�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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9_# �PCuj�7VhC

< 22a

< 22b

< 22c< 22�200mb yn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 23a

< 23b

< 23c< 23�500mb yn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag

< 24a

< 24b

< 24c< 24�700mb yn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 25a

< 25b

< 25c< 25�700mb ;Jn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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9_# �PCuj�7VhC

< 26a

< 26b

< 26c< 26�24 	Moh�~n�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag\0G

< 27a

< 27b

< 27c< 27�2000 U 8 � 1 % 00 M, 2 %
00 M1 500mb WO+dn

a.8 � 1 % 00 M b.8 � 1 % 12 M
c.8 � 2 % 00 M

< 28a

< 28b

< 28c< 28�2000 U 8 � 1 % 00 M, 2 %
00 M1 500mb T_�O+dn

a.8 � 1 % 00 M b.8 � 1 % 12 M
c.8 � 2 % 00 M

· 94 ·



9_# �PCuj�7VhC

< 29a

< 29b

< 29c< 29�2000 U 8 � 1 % 00 M, 2 %
00 M1 700mb WO+dn

a.8 � 1 % 00 M b.8 � 1 % 12 M
c.8 � 2 % 00 M

< 30a

< 30b

< 30c< 30�2000 U 8 � 1 % 00 M, 2 %
00 M1 700mb T_�O+dn

a.8 � 1 % 00 M b.8 � 1 % 12 M
c.8 � 2 % 00 M
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag

< 31a

< 31b< 31 DF:z�DF:z'O1q��z��y`Æ
a. DF:z1q��z�J/J0) b. 'O1q��z (g/g0)

· 96 ·



9_# �PCuj�7VhC�o1%�sfW�,d7���\0G

< 32a

< 32b

< 32c< 32�200mb WOn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 33a

< 33b

< 33c< 33�500mb WOn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag

< 34a

< 34b

< 34c< 34�700mb WOn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 35a

< 35b

< 35c< 35�200mb T_�On�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
· 98 ·



9_# �PCuj�7VhC

< 36a

< 36b

< 36c< 36�500mb T_�On�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 37a

< 37b

< 37c< 37�700mb T_�On�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag

< 38a

< 38b

< 38c< 38�200mb yn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 39a

< 39b

< 39c< 39�500mb yn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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9_# �PCuj�7VhC

< 40a

< 40b

< 40c< 40�700mb yn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 41a

< 41b

< 41c< 41�700mb ;Jn�6U�[&xM�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agA
W�fAW�,d7���\0G

< 42a

< 42b

< 42c< 42�200mb WOn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 43a

< 43b

< 43c< 43�500mb WOn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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9_# �PCuj�7VhC

< 44a

< 44b

< 44c< 44�700mb WOn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 45a

< 45b

< 45c< 45�200mb T_�On�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
· 103 ·



REM AX2&�o8po��PCuj�7VyS�1!9;P2ag

< 46a

< 46b

< 46c< 46�500mb T_�On�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 47a

< 47b

< 47c< 47�700mb T_�On�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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9_# �PCuj�7VhC

< 48a

< 48b

< 48c< 48�200mb yn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 49a

< 49b

< 49c< 49�500mb yn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag

< 50a

< 50b

< 50c< 50�700mb yn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n

< 51a

< 51b

< 51c< 51�700mb ;Jn�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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< 52a

< 52b

< 52c< 52�24 	Moh�~n�:?�0MU�0�31;!
a. +dn b. 6Uv�0n

c. 6UM�0n
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag::d uhBl�(D�wy��Su8	p8N'���1O?a{B-s�12O�TIQ(��P�P-so8}*2���19;P���S5�0�OD2wj�&���1Z5pa�wY1��1p�12�b��i�PCuj�7Vmd2_
b �R0�5jH45ag�PCuj�7Vmd
3�1AX2�Vo�/_*����12f�!
X.Zou and Y.-H.

Kou,1996���4O#�PCuj�7V2hC9;STP-��9O��zP�/��PCuj�7VN�REM AX2�1'4�7VN��\'yNUp�;��1NVZI�oApi��2�1
4L0-�F 2
3�<7Vw2�1'4�#0t,e��9a��zP�/��PCu7VN��� REM AX�7VN��\'yNp�;��1NVZI�o2�1n�F 2
3�&�;��1NVQZpi��2�1�1n
3�+S�b4pakt{BAXdl�w2��,"P\5S5*-�AX�VoP��dlA{BAX9A��dlLa+J�1'42Wf���PCuj�7VmdQI2O�TIw*/�a�D{BAXaf�2
Perfect��_Q�ag2{BAXPGGWS>78La��AXdl�4p�Q�ag2{BAXa� s�Imz/�s0V�t0-2�{BAXdlmE2\I�[S0'OTr��m9�
1�ZQ� s�IP2OÆI}5zAOÆ sw�mE2atgL\5Z#RW���WR� s�ImzPf�8/�:w�
2�� s�Imz/�s0�tN�a"hkts0m�W7p�F��Pat5z44kts0℄p2dl (Hack�1994���F�1999�Chungu Lu�Gerald L.

Browning�D. Orrell, 2002)�AXdlZ�PCuj�7V2
��S5℄ps��|*2Tf�Wergen
1992�D��Cuj�7VPxgndl2AX|O	y/�a�w8T2[+�����~kF
1994�xgy�AXQj�AXdlZ�PCuj�7V2
���5#O��Cuj�7V5zP�{BAXdla8aQ-7VN2�VoP�O�Qj{BAX��dlNZpi���PCuj�7V2
��9#xgO^���ub mz�9;�W��AXdlA��AXdlZ�PCuj�7VNpi����1
42
��45QjCuj�7V'4yt�.Q sd 2gl�/_ue���PCuj�7V�1'4Z{BAXdl2<
!�
§6.1 wSJbBl�N�&5�PO 104s�Y�&5�PO 105m�
P2&5�P 101m/s�Tp�u2&5�PO 10−1g/g���ub mz/�^��V�
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9�# {BAXdlZ���PCuj�7V2
��^��V2�umz/��VO^gN�wl�XA�iPDl�X/�s0�0-Tr�X2�ub AX�










































qi
n = 0.2f i(~qn−1) + 0.8qi

cn

Ri
n = Ri

n−1 + 0.8(f i(~qn−1) − qi
cn)

f i(~qn−1) ≥ qi
cn

qi
n = f i(~qn−1)

Ri
n = Ri

n−1

f i(~qn−1) < qi
cn

1 ≤ i ≤ M ; 1 ≤ n ≤ N

(6.1)oP�
f i(~qn−1) =















qi
n−1 −

(

ui
n−1

(qi+1
n−1 − qi−1

n−1)

2∆x
− Fn−1

)

∆t 2 ≤ i ≤ M − 1; 1 ≤ n ≤ N

qi
n−1 −

(

ui
n−1q

i−1
n−1 − Fn−1

)

∆t i = 1; i = M ; 1 ≤ n ≤ N

(6.2)�T4s0�XP�i #J�i�<�M aAX�ix �<{�n #JN�Y�Naiux N�Y{�~un O�iz
�Fn J[ s2�ip�?f0�?)f�A~94at5zZ�u2
��qi
n #J<K�qi

cn #J.A<K��N�iu5zP�^g�uYiu2md�f i(~qn−1) #JAX�9 n-1 N�Yiu-9 n N�Y5zP�/���_Ww2P�C��qi
n A Ri

n uK/���_WN9 n N�Y2<KBppi�����AXiu5zP�(�w<KB t.A<KN�#On��mE�Q�-X'x 
oaT0O[uX'raVO�u2�X�AXP����bN�u2CV/�`{V�t�F�s5.A<K 80%2<K|OmE2���ou 20% $aVO�u�� sP��AX2�VoO)r�X:

qi
0 = q0

(

1.0 + 0.1cos(
iπ

M
)
)

(6.3)+v�q0 Op{�W72 q0 ZatW72�Vo��iz
 ui
n �O�

ui
n =

(M − i)(N + n − 1)

MN
(6.4)O.Qhe s2�I/���Z��TpQ�-s�z2,ej�/�ue2f	4�� Fn 2B� [-2.0�2.0] =�CV�n)r�X�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
Fn = F0sin

(

3π(n − 1)

N
+ 0.8

)

+ 0.002nF0 (6.5)oP�F0 O�D2p{�.A<K qc 2B�O)r�X�
qcn = qc0

(

0.8 + 0.2cos

(

3π(n − 1)

N

))

(6.6)oP�qc0 O�D2p{�
§6.2 oCb{xS��49��2�ub AXP���ix �<{ M=20��1N��\O [0�120]�Zat 24
NiuN���N�V [0�30]O7VN��\�}(t 6
N�1�[30�120]�OAX;��1N�V
= 1��AXiuP�N�Yq�ON��\2){�r

∆t = 0.008�
= 1�AX27V�\p;��1NV

§6.2.1 C�gtwO�?9#h=$"AXdlZ���PCuj�7V2
��kt�EG;{P1nQ�57o|g�ZW72AXdl�b/�ue��7VN��\Q���)r�X2EG;{�
J(Q0) =

1

2

T1
∑

n=0

(Qn − Qo
n)T (Qn − Qo

n) +
1

2

T1
∑

n=0

(Rn − Ro
n)T (Rn − Ro

n) (6.7)oP�T1 = 30 #J7VN��\�Qn A Rn uKO{BAX Mn(Q0) �12<KApi����Qo
n A Ro

n uKa<KApi���2,eo�{BhCPTg2,eoWaQ�-s�z,eo�ak{BAXEw2t�,eo�/��PCuj�7Vw�ktI8���	{BAX2�{!AXp&�AX�O��8�!�C��C'4)J 1�J 2�
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9�# {BAXdlZ���PCuj�7V2
��{!�CJ 1��{!�C&��CJ 2�&��CZ#�;{
6.7�/��(P�C��C'4)J 3�(P�CJ 3�(P�C
§6.2.2 tgnBO���AX�VoP��2dl�Ew<"pg2mda�PCuj�7Vmd�̂ g�PCuj�7Vmd�4p�=^g2{BAX��F
2dle*1nAXdl����br�xg7VN��\Q�S,e�i�45p{!iV0-t�2AX�Vo��_�Q�^g2��{BAX4pa��AXdl�J.�AXdlaZ���PCu7VnO.
�O�r9>{BAXW��dlA��dl+�S�b�0Z7VN��\QW7���1�b�Z�PCuj�7VN2AX�VopCuj�7VN2���1'4/�{BhCAue�O�G�AX�1'4Z,eo2gszP���

Rin =

√

M
∑

i=1
(xi

n − xoi
n)2

Rion =

√

M
∑

i=1
(xoi

n)2

(6.8)oP�xn #J{BAX�9 n NU�12<KApi���o�xo
n #J�9 nNU2<KApi���2,eo�g Rin J[pi����1'4y,eo=�2gl�Ri0

Rio
0

J[�PCuj�7V�tN2<K�Voyt�<K�B2lBA�V,eo=<�
§6.2.3  5℄Ak�'kt�Z1nAXdl2�b/�$"��D�^g2{BAXaf�2�{BAX�1'42W�Dak�Vdl℄p2�+N�uKxg7VN��\QW��
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag,edlA��,edl2,eo�ZW72�Vdl/�����PCuj�7VhC�� F0=1.3 A qc0=0.6�45!X
6.5��
6.6�uKmE{BAX2 Fn A.A<KB qc�k!X
6.3��� q0=0.3 A q0=0.45�\5ST0-���z2AX�Vo
qi
0
i=1,2��T qi

0 O�Biu{BAX��7VN��\Q2iu'4|O<Kypi���2.Qd ���iu'44B�O�g�I|On,edl2,eo�q0=0.3 �z�7V�\P1n��mE�q0=0.45 �z�7V�\Qn��mE��N��#�;{�X) (6.7)�Z���z/��PCuj�7VhC�45�.Q�Vo qi
0 4B�W72dl�|O{BAX�\o/�{BhC�'4J=�(7V�\Q2,eo1ndle*dlF
N�xg�PCuj�7Vmd/��t�STn
8&-#0.Q s2AX�Vo�rT{BAX2�\odl<" ���-.Q�Vo2 50% N�/�Cuj�7V�tN$R&-#0t.Q s2AX�Vo
=!��(7VN��\Q2,eo1n,edlN�Zt7VN��\Q1n���z�xg�PCuj�7Vmd&-2{BAX�Voy.QoB�}7�xg	�Vo�|2�1�7V�\Qp;��1�\Qy,eoB�}7�Z7VN��\n���z�Cu7V�tN&-2{BAX�Voy.QoKB�}7�xg	�Vo�|2�1�7V�\Qp;��1NV�K7G0-�y,eoOJ2�1'4�(7V�\Q2,eo��OD2dlN��{BAX9Af�2�br�Cuj�7VN��\Q2,eoN�Z7VN2'4K��nF 2
����PCuj�7VN�4p�#�;{P�*,eÆl2�ml�4h��7V�\Q,eo2dl�+vW|$"�45T4{BhC�ST0-Tr'"�({BAXaB�f�2��7VN��\Q2,eo1ndle*dlF
2�b��PCuj�7VmdR$F=8b℄|g�n
8&- s2.Q�Vo�Ka\54p�Wr�jH0-2'4�

§6.2.4 5℄Ak�'r9�Z��AXdl2�b/�$"�O���8�=��AXdlNZ��5z�PCuj�7V�t2
��ST�D�7VN��\Q2,eo1n,edl�>a s2.Qd �e*�D,eÆl2�ml�4S5�t2pp=�ST��7V�\Q,edl2
��+v�D7V�\Q2,eoa1ndl2�,e+	k{BAXmE�Q�ag2{BAXP�AXdlST�F℄at5zP,w�9Y��%<Kb {BAXP2dl\I0'��[u�O[ua��mEw2at5zP��2dl�,w� Fn [u��O[u�a�mE��2at5zP��2dl�,w��
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9�# {BAXdlZ���PCuj�7V2
��mE2�)/� qc�( Fn +[uat5z�tW(N�aT{BAXWR$8�8he�u2�qpp�'4�
���mE2 �P57/��T��mE2N�*we?~�DIWRmE����wY1��1p�12w�
\J4�2000�u84�2003��)4Z��m�p��mEN/�2XPpKPoA64��[uat5z�tW(N��a
���mE2/� qc�Z���mE2 
nF 
�
Hack,1994�$ ��1998���Q�{B-s�1P�+�SAXdla[-s�z2W7_%M|g�e*�Sdl"7|gO�}Qh
�[_�"h2
�KW1}7����mEwat5z2dl��3�AU}�[u�nN<"
2U}glKa℄p<" 2lZ��hCP� Fn x dlWs5 Fn B2 20%��C.A<K2|Æ!X�
qc = 0.622(

es

p
)

es = E010( 7.45t

235+t
)

(6.9)oP�es #J.A�u7�p #Js7�E0=6.1078 a 0◦C N.A�u72B�t#J�u2XP�Zt 850mb Gff42 s�(XPn 0.5◦C dlN�.A<KamE 3-4% 2dl�(XPn 1.0◦C dlN�.A<KamE 7-8% 2dl�Zt
700mb 2Gff42 s�.A<K2dljMy 850mb  J}7�r9{BhCP��,w��at5zAXdl2.A<K qc [u2dl��Ox Ws5.A<KB2 10%�$Tg492���z�k!X
6.3��� q0=0.3 A q0=0.45�\5ST0-���z2AX�Vo qi

0
i=1,2��xg1nAXdl2{BAXuKZ qi
0 iu��iu'4|O7V�\Q<Kypi���2,e+	��N��{BAX2�\oO

qiε
0 = (1 + 0.1)q0�xgndl2{BAXuKZAX�\o/�iuO/��PCuj�7V�t��7VwN2{BAX�1
4�TrYY/�<"�
• Tgndl2{BAXZAX�\B�6��1NV/�pi���2�1�
• k!X
6.8�|Æpi���2�1'4yo}a,eo2Km�l�
• �#�;{k;)
6.7��X��7V�\Q/��PCuj�7V�xgCu7VN2{BAXxi�Vo�Tgndl2{BAX�6��1NV/�pi���2�1�
• k!X
6.8�P2 Rin�|ÆCuj�7VNpi���2�1'4y}a,eo2Km�l�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
• k!X
6.8�P2 Ri0

Rio
0

�|ÆCuj�7VN2�V<Koy.Q�V,eo2lBy.Q�V,eo9A=<�\0G� q0=0.3 0-AX�Vo q1
0�+��z�7VN��\Q1n��mE�_�;��1N�Vv�n��mE�k!X
6.5��
6.6��uK� Fn A qc 4B�O�dl�� Fn A qc 2dlL�3�4CV�+��zP��� Fn 2Be*�5 qc 2BLa℄p{BAX�12��N�*w��7V�\P�1�&�2���mEY1�~ndl Fn A qc O F ε

n A qε
c �n:

F ε
n = Fn + ε1F0

qε
c = qc + ε2qc0

(6.10)� ε1 � [0�0.2]�ε2 � [-0.1�0] CV�"=|� 12 vhC�ε1 A ε2 �B)J 4�
J 4�{BAX2dl�w9��2YYZ4wW72AXdl/��hCue�uK<"� 12vhCP/��PCuj�7VwN��2�1'4y,eo2lB Rin�O|Æ�Cuj�7VN2�V<Koy.Q�V,eo2lBy.Q�V,eo9A=< Ri0

Rio
0

�45Z<bw�kt{BAXdl2|g�12 vhC2�1'4�7VN��\QL�w&�����O��i{BAXdl2� o�1dl7G� �/��PCuj�7VN�12 vhCLST=v
37VN��\Qpi���2�1�T&�2pi����1�5�O�T0mE��2N�;~��;��1NVpi���2�1
4Kn=v
3�r9T<��hC 5 AhC 10 2ue'4�hC 5 P�ε1 2dl�O 10%�ε2 2dl�O -10%�ktAXdl2|g�T0AX�1o�9 21 YMVmE���/��PCu7VN���1o2��N�?~-9 27 Y�-7V�\'y9 30 YN�pi����1By,eo=�2glk7Vw2 0.5 �-�7VN2 0.1�r�� 0.4��;��1NV�ktrn��mE�{BAX��[uat5zdlp|g�T0Cuj�7VN2�1
4�5�-xR�1NU 120 YN�pi����1By,eo=�2glk7Vw2 0.99 �-�7VN2 0.78��5� 0.21�hC'4)= 2. �[�
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9�# {BAXdlZ���PCuj�7V2
�= 2�Y��<J[7Vw2pi����1y,eo2glQ��<J[7VN2pi����1y,eo2glhC 10 P�ε1 2dl�O 3%�ε2 2dl�O -3%�{BAX2dlF
�7V�\Qpi����1By,eo=�2glFn 0.037�/��PCuj�7VNB����&�����;��1NV�ktn��mE�{BAX��[uat5zdlMVp|g�-xR�1NU 120 YN����1'4<7Vwn�
3�pi����1By,eo=�2gl$n 0.23�hC'4)= 3. �[�
= 3�Y��<J[7Vw2pi����1y,eo2glQ��<J[7VN2pi����1y,eo2glZ<�PCuj�7VN0-2AX�VoA.Q<K�Vo2lBy.Q<K�Vo9A=< Ri0

Rio
0

STP-��hC 5 P�/��PCu7VN0-{BAX�Voy.Q s2gsx �Ri0
Rio

0

O 5.2%��hC 10 P�/��PCuj�7VN0-2{BAX�VotOy.Q s}7�Ri0
Rio

0

Fn 1.4%�{BhC'4J=�kt��AXdl�/��PCuj�7VN0-2<K�VoOWa.Q<K2�Vd �_ay.Q<K�Vd nODgl2�Vo�ogl 
�i{BAXdl2� _
h
8T�(7VN��\Q2{BAXdlF
N�/��PCuj�7V�tST&-.Q2<K�Vo�&kt�;��1NVQn��mE���at5z2AXdlbE|g�opi���2�1��}Zt7Vwn�
3�&y.Qo$��OD2gl�)4+�gls�S#njM�+N7VN2�1'4$�aH"2�\0G� q0=0.45 0-AX�Vo q2
0�+��z�7VN��\QA;��1N�VvLn��mE�k!X
6.5��
6.6��uK� Fn A qc 4B�O�dl�� Fn 2dl�U}A3�4LnCV�7VN��\QdlB��U}4�;��1NVQ�dlB��3�4�qc 2dlF�3�4CV�+��zP��5 Fn 2Be*�� qc2BLa℄p{BAX�1'4P��2mEN�?~��7V�\PWR�1���eZ����1Wf��mE�1e�1�~ndl2 Fn A qc O F ε

n A qε
c�n�

F ε
n =















F0sin

(

3π(n − 1)

N
+ 0.8 + ε1

)

+ 0.002nF0 n ≤ 40

Fn + 0.1F0 n > 40

(6.11)� ε1 � [-0.2�0]�ε2 � [0�0.1] =�CV�"=|� 12 vhC�ε1 A ε2 �B)
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agJ 5 �
J 5 {BAX2dl7G��w9��2YYZ4w 12vW72AXdl/��hCue�<"� 12vhCP/��PCuj�7VwN��2�1'4y,eo2lB Rin�O|ÆCuj�7VN2�V<Koy.Q�V,eo2lBy.Q�V,eo9A=< Ri0

Rio
0

�45Z<STbw��+��z2 12 vhCP�kt{BAX9A��dl�T0AX�1'4�7VN��\Q1n�1����e*Z��mE2N�ppi���2�1ndl��1dl2 
�i{BAXdl2W7_CV�r9T<��ZhC 1 AhC 5 2ue��hC 1 P�� Fn [u�4O� -0.2 2U}l�qc [u�* 10% 2dl��7VN��\Qpi���2�1y,eo=�2gl� 0.35�_�;��1NVktAXdl�iN�2CV����mENrZ�1'4mE
���xR�1NU�pi���2�1y,eo=�2glFn 0.07��1
4h_C=�+N�AXdl"h2Zpi���2�1I<�zO2�b���/�Cuj�7V�tN��hC 1 P�/��PCuj�7V�tN��7VN��\Qpi���y,e2gszPk 0.35 �5-� 0.02��;��1P�?-��mE��w�pi��2�1'47G=t7Vw�9 96 YmE��N�kt��at5zPdl2|g�rT0Cuj�7VN2�1'4lt7Vw2�1�pi���y,e2gszPk 0.07h_��-� 0.46�)= 4 �[�
= 4 Y��<J[7Vw2pi����1y,eo2glQ��<J[7VN2pi����1y,eo2gl�hC 5 P�� Fn [u�4O� -0.2 2U}l�}(t��� -17% 2dl��7V�\'yN�pi���2�1y,eo=�2gl� 0.15�-xR�1NU�pi���2�1y,eo=�2gl��- 0.30�/��PCuj�7VN��7VN��\Qpi���y,e2gszPk 0.15 �5-� 0.02�-7V�\Æ'y9 38 YN�pi���2�1y,eglS5MVlt7Vw�9 44 Y��'yN�<7Vwl� 0.08�-;��1xN$V�9 96 YNrn��mE�xR�1NUNpi���2�1y,eogl<7Vwl� 0.18�)= 5 �[�
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9�# {BAXdlZ���PCuj�7V2
�
= 5 Y��<J[7Vw2pi����1y,eo2glQ��<J[7VN2pi����1y,eo2glZ<�PCuj�7VN0-2AX�VoA.Q<K�Vo2lBy.Q<K�Vo9A=< Ri0

Rio
0

STP-��hC 4 P�Ri0
Rio

0

Fn 1%�tO>a.Q sd ��hC 9 P�Ri0
Rio

0

O 10%�'4J=�({BAX9A��dlN�/��PCuj�7V�ta�AX9A2dlaQ-Cuj�7VN0-2AX�Vo4�T0Cuj�7VN2AX�Vogs.Q2 s�Vd �+Sgs�iAXdl2W7_W7�&hC 4 PxgCuj�7VN2�Vo/��1�-xR�1NU�pi���2�1'4y.Q<K,eo2glh_k7Vw2 0.23 ��- 0.48�[_�(��{BAXdlN�rTCuj�7VN0-2AX�Vo>a.Q2<K�Vo�ktAXdl2|g�-xR�1NU�pi���2�1'4Kags.Q sd �nNZalt7Vw2�1��492���z2W7hCSTP-�({BAX9A��dlN�T0�PCuj�7VN0-2AX�VoLgs�.Q s2�Vd �K>a���{BAX9A��dlN�/��PCuj�7V�a�AXdlaQ-Cuj�7VN2AX�Vo�nÆAXdl�br�&KaAXdl�iN�
C2�br�Z���PCuj�7V2
�<" �nNAXdl�Cuj�7VN��\QW �/��PCu7V�tN�ST&-#0t.Q s2<K�Vo�o�1'4�7VN��\Qy,eo2gsKF
�&�;��1NV�ktAXdl|g2� �e*��5zmEN��at5zP2dlp|g�T0Cuj�7VNpi���2�1'4h_lt7Vw2�1�[_�/��PCuj�7Vw�I�uQ�{BAXP��2dl�℄R0-<"=27Vp�1
4�
§6.3 �<	p2&~_��*s��|*S5[�#R-AXdl��PCuj�7VP2
��O���{BAX9A��dl�℄p2Cuj�7VN2{BAX�VoZ s.Qd 2gs��Q�/��P7VN�4p�#�;{P�*57o2|g�EG;{�w)r�X�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
J(Q0) =

1

2
(Q0 − Qb)T B−1(Q0 − Qb) +

1

2

T1
∑

n=0

(Qn − Qo
n)T (Qn − Qo

n)

+
1

2

T1
∑

n=0

(Rn − Ro
n)T (Rn − Ro

n)

(6.12)oP�Q0 #J{BAX2�Vo�Qb #J57o�B #J57o2�To{�4�T1 #J7VN��\�o�C�7!X
6.10��xg#�;{
6.12�/��PCuj�7VN�Fv��o7V'4y57o Qb A�To{�4 B 2/�n*�)B/� Qb A B�T0�PCuj�7VN2'4�#0t s2.Q�Vd �xgCuj�7VN2AX�Vo/��1�a}�;��1NVKR$0-#0t,eo2�1'4�+a0Vh9;2 <[+�*℄s��|*
Sun�1998�����2001�Zj�Cu7VP)Bxg57o|� �2�|�RWR&-O�Db257oe*Db2�T;{�T0�7V�\Q/�7V�tN�|2;��1RyxRNU2,eox#0O�r9��xiV2�Ph3
)B�#�;{P�*57oh�5AXdl��PCuj�7VP2
���)r2EG;{�Z{BAXxRNU2�1'4y}a2,eB/�<"�
J(Q0) =

1

2
(QT2

− Qo
T2

)T (QT2
− Qo

T2
) +

1

2
(RT2

− Ro
T2

)T (RT2
− Ro

T2
) (6.13)oP�T2 #JxR�1NU�QT2

A RT2
uK#J<Kypi����xR�1NU T2 k{BAX Mn(Q0) iu0-2�1o�Qo

T2
A Ro

T2
�uKa<KApi����xR�1NU T2 2,eo�Z#�;{
6.13�/�p{!iV�+N&-2{BAX2�Vo��aR$T0	{BAX�xR�1NU T2 2�1'4y,eox#0�%I2AX�Vo��0-2iV�Vo~O Q∗

0�)4/��PCuj�7VN�/�b(257o Qb A�To{�4 B��xg#�;{
6.12�/��PCuj�7VN�R$&-+O�Vo��+N/�257o Qb A�To{�4 B ax=8b℄�PCuj�7Vwv257oA�To{�4��C492���ktxg#�;{
6.13�/�p{!iV��0-2iV�Vo~O Q∗

0��N��#�;{
6.12�nm
BN�%I2{BAXxi�Vo~O
Q∗∗

0 �� Q∗∗

0 =Q∗

0��ST��D�To{�4 B N�0-xi57o Qb 2J��X�?+)r�Z
6.12�X�O$+{�S0�
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�
∇J(Q0) = B−1(Q0 − Qb) +

T1
∑

n=0

M∗

n(Qn − Qo
n) +

T1
∑

n=0

M∗

n(Rn − Ro
n) (6.14)-�#�;{
6.12�nm
B���

∇J(Q0) = 0 (6.15)�n
B−1(Q0 − Qb) +

T1
∑

n=0

M∗

n(Qn − Qo
n) +

T1
∑

n=0

M∗

n(Rn − Ro
n) = 0 (6.16)

Qb = Q0 + B





T1
∑

n=0

M∗

n(Qn − Qo
n) +

T1
∑

n=0

M∗

n(Rn − Ro
n)



 (6.17)Z#�;{ (6.13) /�p{!iV�0-T{BAX�xR�1NU T2 �1'4y,ex#0�%I2xi�Vo Q∗

0�� Q∗

0 #* (6.17) 0�
Qb = Q∗

0 + B





T1
∑

n=0

M∗

n(Mn(Q∗

0) − Qo
n) +

T1
∑

n=0

M∗

n(Mn(Q∗

0) − Ro
n)



 (6.18)xg!X
6.18��ST��D�To{�4 B N�0-xi257o�k!X
6.18�ST=vP��ZtO��D2{BAX�ZtW72-s�z�xg#�;{
6.13�/�p{!iV�0-2iV�VoaW72�[_���D�To{�4 B N��0-2xi57oKaWOG2�r9�xg^��2�ub AX/�{BhC�45{BhC'4/OYC:492ue��C!X
6.3��uK� q0=0.3�q0=0.35�q0=0.4�q0=0.45 Za2���Vo�z/�hCue�ktTg1ndl2{BAXiu��iu'4|O.Q s2�uApi�����N�uK����Vo4�4O�dl�|O{BAX�Vo�� qoi
0 =
1+0.1�qi

0�k!X
6.5��
6.6��uK�A qc 4B�O�dl�� FnA qc 2dlL�3�4CV�~ndl2 Fn A qc O F ε
n A qε

c�n F ε
n = Fn − 0.01F0A qε

c = qc + 0.01q0�xgndl2{BAXuKZ���ziu�0-�1o��N��4wmd&�2��zo}a2xi57o��To{�4 B �OZ�4�X�+v�Z�4��8O�O 1.0�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag= 6 Y��O q0=0.3 Za2xi57oQ��O q0=0.35 Za2xi57oY�8m�O q0=0.4 Za2xi57oQ�8m�O q0=0.45 Za2xi57o�= 6 STP-�T4���z�Za2xi257oaWOG2�+NFa�{BAX4���pp
2dl�Fn 1% 2dl�({BAXP2dl� �O�W7�X2dlN��{BhCP�Za�w�2xi57o�+Sxi57oaWwQ2�[���xg�P7Vmd/�{BAX�Vo�tN�I�45�#�;{P�*57o�h$8{BAX9A��dl"h2
��ZtW72-s�zh��og-2xi57oaW72�KST45A%�To{�4 B hT0W7�zZa2xi57oOG�2�S5M +m99;�|�h=0Z2�W72-s�zLIA%�To{�4 B��_xg8O2sL57o�kT4ueSTP-�45�#�;{P�*57oh<8�PCuj�7VP{BAX9A��dlN�a	0ZW72-s�za(/�W7257o/��PCuj�7V�e*45A6�To{�4 B hT0W7-s�zZa2xi57oOG�+G℄R0-<"=2�PCuj�7V
4�
§6.4 �d+�9YxgO�V2�ub mz�45p{!iVmd�Z{BAXW��AXdlA��AXdlZ���PCuj�7V2
�/��{BhCAue�45ZT4{BhC2'4/�ue�S0-Tr'"�

1�(<K�Vo��dl�̂ g2{B�1AXW��dlN�)47VN��\Q<Kypi���2,eoaf�2�45�PCuj�7VmdST&-f�2AX�Vo�g�PCuj�7VN2<K�Vo�|2pi���1^"�7VN��\QZa�;��1NV�LR$f�8�1�,e+	�
2�(<K�Vo��dl�̂ g2{B�1AXK��dlN�+S�br/��PCuj�7V����N��\'yN<Kypi���2�1y,eo<"#0�&�;��1NV�WODR$0-*�2�1
4�({BAX9A��dlN�/��PCuj�7V�t�o}(t�{BAX9A��2dlaQ-{BAX2�VoP�+N��PCuj�7V�0-2<Kxi�VoOWa.Q s2<K�Vd �_abat	{BAX�12�Vd �+N�/�2�1�QNaxgndl2<K�VoAndl2{B�1AX�/�2�1�rT�PCuj�7V�tNR$&-<K2.Q�Vd �ktAXdl2|g�i�1N�2;q_WWpi�T0pi���2�1'4Kags.Q s2,e�
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9�# {BAXdlZ���PCuj�7V2
�
3��nÆAXdl�br�&KaAXdl�iiuN�;q_CV2�br�/��PCuj�7VN���pi���2�1�7V�\QZ,eonF=2:0�&�;��1NVP��1'4��iAXdl2CVa[�Cl�nÆAXdl�br�ktAXdl2
��pi���-xR�1NU2�1'4h_a<7Vwl��/����PCuj�7Vw�a	�uQ�{BAXP��2dl�℄R0-<"=27Vp�1
4�
4�/��PCuj�7VN�4pQ��#�;{P�*57o�h<8{BAX9A��dlZxi�Vo"h2
��9Yxgp{!xiV2md�?+��Tg�PCuj�7VmdN�T0�PCuj�7VN2AX�VoR$xi8�1�xR�1NU2,eo�o�%I2xi57oJ��X�O/��{BhC/�C:�45{BQCuebw�W72-s�zo�Za2xi57op57o2�T�4aWOG2��Q�/��PCuj�7V�tN�a	0ZW7-s�zh/�xi57op57o�To{�4�T4'"FaxgO�^��2�ub mz/�2ue$"�o'4ZQ�agEnOD2D+|g�rOY�|STxgQ����1AXh/�QCue��0-2'"a�nWX�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag::dm8U�jU�I 1 ~z �B~z �W1�B�Hnz 6U�[P0m�~ 6U�[Pm�~
10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

10−15

10−16

1.00000000000000

1.00000000000001

1.00000000000004

1.00000000000031

0.999999999999073

0.999999999991016

1.00000000041246

1.00000000103223

0.999999911785079

1.00000059973189

1.00001373889620

0.999958579196961

1.00142743860375

1.00093162108247

0.985437323542495

1.23954380319811

1.03550145887377

1.00500066402991

1.00042148431888

1.00000000000076

1.00000000000018

0.999999999901184

1.00000000016678

0.999999988232211

0.999999894411325

1.00000078088073

1.00000336785369

0.999751224222022

1.00171042508097

1.00753973749578

0.838179240710288

1.13826810466829I 2 %��W�B%��W1�B6U�[P0m�~ 6U�[Pm�~yR� 1.800000000000000E-002 3.763778858678739E-002pR� 1.800000000000000E-002 3.763778858678739E-002
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9�# {BAXdlZ���PCuj�7V2
�I 3 'O�B'O�B�Hnz 6U�[P0m�~ 6U�[Pm�~
10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

1.25130011085384

1.02491276099960

1.00249127609988

1.00024912761045

1.00002491274286

1.00000249120101

1.00000024830404

1.00000000863788

0.999999989136967

0.999999560116983

0.999992929808143

0.999987079535636

1.00098162586174

0.978945599420600

1.36566778275820

1.03764765769711

1.00380325993224

1.00038032599429

1.00003803260537

1.00000380320633

1.00000038054545

1.00000004242517

1.00000004105737

0.999999493937167

0.999992107814457

1.00012204886212

1.00013572686714

1.00806896977719

I 4 �yN1gB<{zAgB<{
1 2 3 4 5 6 7 8 9 10 11 12

Fn 1
k�O ε1

0.1 0.1 0.1 0.1 0.1 0.08 0.05 0.03 0.0 0.03 0.05 0.08

qc 1
k�O ε2

0.0 -0.03 -0.05 -0.08 -0.1 -0.1 -0.1 -0.1 -0.1 -0.03 -0.05 -0.08
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag

< 2 X��;IZ6Uv1oh�~��0x+dn1fkP��;IZ6UM1oh�~��0x+dn1fk� < 3�X��;IZ6Uv1oh�~��0x+dn1fkP��;IZ6UM1oh�~��0x+dn1fk�I 5 �y`1gB<{zAgB<{
1 2 3 4 5 6 7 8 9 10 11 12

Fn 1
k�O ε1

-0.2 -0.2 -0.2 -0.2 -0.2 -0.15 -0.1 -0.05 0.0 -0.05 -0.1 -0.15

qc 1
k�O ε2

0.1 0.08 0.05 0.03 0.0 0.1 0.1 0.1 0.1 0.03 0.05 0.08

< 4�X��;IZ6Uv1oh�~��0x+dn1fkP��;IZ6UM1oh�~��0x+dn1fk� < 5�X��;IZ6Uv1oh�~��0x+dn1fkP��;IZ6UM1oh�~��0x+dn1fk�
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9�# {BAXdlZ���PCuj�7V2
�

< 6 X��N q0=0.3 Y`1wh46nP��N q0=0.35 Y`1wh46nX�7l�N q0=0.4 Y`1wh46nP�7l�N q0=0.45 Y`1wh46n
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag:Nd Æ|BljQ#5RpOL^!X�5����m8LP4O#xg^��2�ub mz�ue�{BAXdlZ���PCuj�7V2
��J.�ZtO�P�P{BAXh��)Bje{BAXa}R$ZCO-s5zEn�1R}�Z{BAXa}��AXdlR}|�je�	{BAX%IO.G2�Vo℄Rx=8ZxR�1NU2,eo/��1O�)BZ{BAX�V,eoP��2dl/�je�ZtT4[+�S0'O{B-s�1P2S�1![+�Thompson
1957�A
Lorenz
1963�1965��S�1![+m9/��M�!29;�oN�2Q�2s��|*�+O�|/��W�2[}�\22��j�~kF4
1974�1995�1999��GG4
2000�2001�2002�2004��+m9K|�*℄nY2�|�0Vh�Mu and Wang
2001�Zp{!x_�q�Iy9OqS�1![+/��9;�Mu et al.
2002a�*��{B-s�1ysL�ePS�1![+2/ql[+�r�x S�1N��x �1dlA�By`{2x �*dl�Mu et

al.(2002b) ���Tgp{!iVAX<
!ue2���&1n/�{BhCZmd/�C:�Xu Hui et al.
2004�� Mu et al.
2002a�2�|f	4�xgaPf8aAX�Tgp{!iVy&�md/��<
!ue�gt�oZ{BAXdlp�Vodl/��_W�9#�T4�|f	4�xg^��2�ub mz�Tgp{!iVA&�md�45t�,eoZAXdl/��_W�xNxg REM AX2&�o8Ap{!iVmd�45Q�-s�zZS�1![+/��9;�
§7.1 OL�`O�Q�{BAX2�1R}p{BAXA�V,eoP��2dl�Zt"O{BAX Mt(U0)�\5DX)r2EG;{ (Mu et al., 2002a�Xu Hui et al.�2004��

J(U0) =
1

2
(MT1

(U0) − Uobs
T1

)T W−1(MT1
(U0) − Uobs

T1
) (7.1)oP�T1 O�1N��U obs

T1
O T1 NU2,eo�U0 O{BAX2�Vo�W O,edl2�ml�4�xgp{!iVt"A&�AX2md�ST
0 J(U0) 2x
BAT0 J(U0)nx
B2�Vo U0��=EG;{2x
BO E�
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9n# &�AXAp{!iVmd�S�1![+9;P2ag
E = minJ(U0) (7.2)Zt�D2O��1dl�*jM��E STn�S�b�






E > ε

0 ≤ E ≤ ε
(7.3)

§7.1.1 9GnV) E > εZt9OS�b�E  t��D2�*dl��=rT\5R$d0xi2{BAX2�Vo�	{BAXKWR�1�Q�,eo�[OS�Ph��>a^"\5�.A%{BAX2�Vo�LWR0-F=2�1'4��+S�br��={BAX9A2dl<" �%IZ	{BAX/� 2$
�<)�ZAXP^g2at5z/�B3�ZAXP^g2�S`{/�A6��_
/{B�12
4�T�1'4�-xi�Z{BAXPdl29;ST45pg2{BAT2md/�9;�KSTg&�2mdh/�9;�
§7.1.2 9GnV) 0 ≤ E ≤ εZt9aS�b�E *s\5�D2dljM��=	{BAX0-2�1'4yQ�,eo<"#0�r	{BAXZ T1 NU2,eon�1R}��S�1!�Ph��)4\5A%�Vo�>R
/�1
4�+N�ST�
02{BAX2xi�Vo U∗

0 y�VNU2Q�,eo Uobs
0 |O<"�Za*2lZ/�ue��xi�Voy�V,eo=�2lB~O E0�

E0 =
1

2
(U∗

0 − Uobs
0 )T W−1(U∗

0 − Uobs
0 ) (7.4)+N���DO��V,eo2x �*dl ε0�rST0-Tr/S�b�



















E0 ≪ ε0 (a)

E0 ≈ ε0 (b)

E0 ≫ ε0 (c)

(7.5)

§7.1.2.1 .jb%) Uobs
0 7�'��*)4�VNU,eo Uobs

0 2dl<"

)d02�6,ehCj����STxg�V,eo�ft49/S�bZ{BAX2f�!/�je�
• �b
a���+S�br��=�Tg2{BAXa<"f�2�xgwn2,ej��	AXB�nR}Z+O-s5z/��1�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
• �b
b���+S�br��=�Tg2{BAX��OD2AXdl�+NST�dl�*jMQZAX�Vo/�OÆA6��_�+O-s5zST�-<"*W2�1
4�
• �b
c���+S�br��=�Tg2{BAXP��2dl<" �+Nxg	{BAX/��1N���R$45A%AX�Vo_Z+O-s�z0-*W2�1
4�&a%Ixggs.Qo<" 2{BAX�Vo/��1℄R0-�+N�a	Z{BAX/�$8�

§7.1.2.2 tgAk�'��*)4Tg2{BAXdl<"
�+N�ST4549/S�bZ�VNU2,eo Uobs
0 /�je�

• �b
a���+S�br��=wn2�V,ej�a<"S�i2��wn2,ej�/��%2gB�	AX>ST0-<"t�2�1'4�
• �b
b���+S�br��=wn2�V,ej���ODdl��wn2,ej�ZWR0-<"t�2�1'4�)4
/	{BAX2�Vo�z)�Z	{BAX2�Vo/��PCuj�7V�t�	AX�ZST0-<"t�2�1'4�
• �b
c���+S�br��=wn2�V,ej���<" 2dl�Z%IZwn2,ej�/�F 2
/�SRa�Vo2�i�5��wn2,ej�A,ejVZWRhe�P
�P-s5z2CV�%IZwn2,eF/��6�0-���p2,ej��e*��,eN
��Tj�2,eVm����2,ejV�d0�2,e�i�

§7.2 .P�6YwSJbO,�3oC�Q�agP�ST45�6,e4jV0-O�N�<e*O��1NVQ4P<"�2,eo�Z{BAXP��2dl/�_W�r9�xg9�#P2^���ub AX��49t"ue2f	4�Tg{BAXEw2t�,eo�Z{BAXP2W7dl/�_W�
§7.2.1 nBazhC�Tg2{BAXa9�#P2^���ub AX�hC2\IE2aftt"ueP29aS�b 0 ≤ E ≤ ε�xgt�2.Q�V,eo�45p{!iV2mdZW7{BAXdl/�_W��xR�1NUO T2�hC�Tg T2 NU,eoO{BAXEw�1n,edl�
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9n# &�AXAp{!iVmd�S�1![+9;P2agO�G�AX�1'4Z,eo2gszP���
Rin =

√

M
∑

i=1
(xi

n − xoi
n)2

Rion =

√

M
∑

i=1
(xoi

n)2

(7.6)oP�xn #J{BAX�9 n NU�12<KApi���o�xo
n #J�9 nNU2<KApi���2,eo�g Rin J[pi����1'4yo,eo=�2gl�Ri0

Rio
0

J[�PCuj�7V�tN2<K�Voyt�<K�B2lByt�<K�B9A=<�hCP��x �*dljM ε0 = Ri0
Rio

0

=0.15�nB!p�
1�kt�xg9�#P2{BAX�Ew [0�T2] ��2t�,eo�
2�xgndl2{BAX�Tgf�2�V,eo/��1�
3��#�;{�X)!X
6.13��/�p{!iV�
4��&-2{BAXxi�Voy s�VNUf�2,eo/�<"�Tg!X
7.5�P Ri0

Rio
0

�G�xiAX�VoZ.Q s2gs�
5�xg�D2�Vox �*dl ε0��DAXdl2 
�

§7.2.2 tgnB�4whCYY 1-4�� q0=0.3 A q0=0.45 ���z�ktTg1ndl2{BAXiu�Ew,eo��C!X
6.5��
6.6��uK� Fn A qc 4B�O�dl��
Fn A qc 2dlL�3�4CV�~ndl2 Fn A qc O F ε

n A qε
c�n F ε

n=Fn + ε1F0A qε
c=qc + ε2q0�ε1 A ε2 �B)J 1 �"=|� 12 vdlvD/�hC�

J 1 {BAXdlvDhC'4)= 1. A= 2. �[�
= 1 q0=0.3 NW7AXdl�Za2iV�Voy.Q�Vo2gl
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag= 2 q0=0.45 NW7AXdl�Za2iV�Voy.Q�Vo2gl�{BhC'4ueS��({BAX9A��dlN�45p{!xiVmd&-2{BAX�Voy s.Qd 2�VoKm� t
��=AXdl2|gT045p{!iVN&-22AX�Vogs� s.Q�Vd �({BAXdl
 N�+Sgs s.Qd 2w�K
=v��hCYY 5��C�Vox �*dljM ε0=0.15��zOPFnhC 9 �dl�*jM=Q�o�hCPLs���D2dl�*jM�%IZ{BAXP2dl/�$8��zaP�FnhC 10 �dl�*jM=Q�o�hCPLs���D2dl�*jM�%IZ{BAXP2dl/�$8�9YZ|�� q0 = 0.35, q0 = 0.40 N���z2{BhC�ue'47T4���z�=!�45t�,eo2hC�J=p{!iVp&�mdSTw�8gtZ{BAXdl/�je�
§7.3 .P REM Bl�3oCr9�xg REMAX2&�AXAp{!iVmd�TgQ�1Yj��Z REMAX2S�1![+/�hC9;�

§7.3.1 C�gt7<W�EG;{)Tr�X�
J(U0) =

1

2
(MTa

(U0) − Uobs
Ta

)T W−1(MTa
(U0) − Uobs

Ta
) (7.7)oP�Mt(U0) #J^g2{BAX REM�U #J\5s�44p2at�o��

REM AXP�AX2f9C�n_��XPo
T���izo
U�V���uo
Q�A89s7o
Ps)�Ta #JxR�1NU�4G obs #JgB-AX�<42,eo�W #J{BAX�1oy,eo=�lB2�ml�4�
§7.3.2 W��'[7MÆ εZtG�{B�1AX�1R}2Gf�EwZ1nO�8O2D�Gf�9Y^g327Lje{BAX�1f�!NTg2Gf
Cox 4�1998��	GfP1n���uo2dl�*Gf�9Y�O�u,eo2 10%�)J 2�
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9n# &�AXAp{!iVmd�S�1![+9;P2agJ 2 {BAX�1dl�*Gf�CJ 2 ��2{BAX�1dl�*GfAxR�1NU2Q�,eo�0ZW7-s�z��xR�1NU Ta�a0-}a2�1dl�*Gf △U�U #J
REM AX2_�f9C��OAtyEG;{ E /�<"�Tg{BAX�1oy,eo=�lB2�ml�4 W�|Æ�dl�*jM ε�

ε =
1

2
(△U)T W−1(△U) (7.8)

§7.3.3 .jb%)�'[7MÆ ε0�`Q{BAX�1dl�*Gf
Cox 4�1998�A,edl�*Gf
89s�,e/j�2003�2f	4�Q��V,eodl�*GfWa	 tAX�1dl�*Gf��J 2 PXPoA89s7o2�*Gf|�$
�)J 3�
J 3 �V,eodl�*Gf�CJ 3 ��2�V,eodl�*GfA�V�1NU2Q�,eo�0ZW7-s�z���V�1NU T0�a0-}a2�V,eodl�*Gf △U0�U0 #J REM AX2_�f9C��7G�OAt7xi�VoyQV,eolB E0 /�<"�Tg{BAX�1oy,eo=�lB2�ml�4 W�|Æ��V,eodl�*jM ε0�
ε0 =

1

2
(△U0)

T W−1(△U0) (7.9)

§7.3.4 nBaz9hC2\IE2axg REM AX2&�AXAp{!iVmd�TgQ�1Y,ej��Z{BAX2�1R}�{BAXP��2dlp�V,eoP2dl/�_W�9hC�^g2,e,j�aQ�1Yj��,eN�O2- 00 NA 12 N
KO℄)N���N��hC�^g2�zO 2000 V 8 
 6 & 00 N� 12 N�2000 V
8 
 8 & 00 N� 12 NA 2002 V 6 
 24 & 00 N� 12 N/�-s�z�hCP��C9�#P!X
4.5��xg 12 N2Q�,eoA 06 N2 REM AX�1o|Æ�{BAX�1oy,eo=�lB2�ml�4 W��C9�#P!X
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
4.7��7Gxg 12 N2Q�,eoA 06 N2 REM AX�1o|Æ����4 S�hCP^g2p{!iVz+O L-BFGS-B�kt�xg REM AX2&�AXpp{!iVmd�
�T0EG;{
7.7�nm
BN2AX�Vo U∗

0�O|Æ+N2EG;{B E�� E y�D2�1dl�*jM ε /�<"��N���45p{!iVd02{BAX�Vo U∗

0 y�V,eo Uobs
0 /�<"�|Æ� E0�� E0 y�D2�Vo�*dl ε0 /�<"�Z,eoe{BAXP��2dl/��%_W�

§7.3.5 tgnB\0G
2000 V 8 
 6 & 00 N� 12 N2-s�zktxg 12 N2,ej��xg REM AX2&�AXpp{!iVmdZDX2EG;{
7.7�/��iV�&-�T0EG;{nm
BN2AX�Vo U∗

0�O|Æ�EG;{m
B E���CJ 2 A!X
7.8��|Æ�+��z� 12 N�1dl�*jM ε�a*2Z<)J 4�
J 4 2000 V 8 
 6 & 12 NEG;{m
B E y�1dl�*jM ε�J 4 STP-�/�p{!iVN�EG;{2m
B E 
t�D2dl�*jM ε�utt"ueP29aS�b�REM AXZ+�-s�zEn�1R}�

= 3 2000 V 8 
 6 & 12 N2,eo
= 4 2000 V 8 
 6 & 12 NiVN2�1o= 3 A= 4 uK��� 2000 V 8 
 6 & 12 NxgQ�1Yj�0-2,eoy REM AXxgp{!iVN0-2AX�Vo|�2�1o���$=Z<hP�� 500mb XPo4�/�p{!iVN REM AXZE33[2rP�AP2P[2\�|��8��1�� 500mb zo4��1oy,eo2�of9}7�� 700mbKPo4�ZKP�K���<"f�2�1�ST#O/�p{!iVN�REM A
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9n# &�AXAp{!iVmd�S�1![+9;P2agXZ+��zEn�1R}�r9��p{!iV0-2xi�Vo U∗

0 y 00 N2,eo U0 /�<"�kt�|Æ�xi�VoyQV,eolB E0���CJ 3 A!X
7.9��|Æ+��z�
00 N2�V,eodl�*jM ε0�E0 A ε0 2Z<)J 5�

J 5 2000 V 8 
 6 & 00 Nxi�Vo U∗

0 A�V,eo U0 2lB E0y�V,eodl�*jM ε0�J 5 STP-�00 Nxi�VoA�V,eo=�2lB E0 =v
t�D2dljM ε0�ut9aS�br2�b (a)�ST#O�Zt+�-s�z�xgwn2{BAXAwn2,eo�FIZ,eo/��%2gB�t�) REM AXEw^g2xigB�t�REM AX>R$0-<"t�2�1
4�
= 5 2000 V 8 
 6 & 00 N2,eo

= 6 2000 V 8 
 6 & 00 NiVN2�Vo= 5 A= 6 uK��� 2000 V 8 
 6 & 00 NxgQ�1Yj�0-2,eoAxgp{!iVN0-2AX�Vo���v=4STP-�� 500mb XPoiVN2�Voy,eo2\P�UKf9}7�iVN�Vo{P!{�500mb zo4a*2�o�`f9}7�� 700mb KPo4�1F(*TM2�P�pO?��1f8�2KPuKy,eoOJ�ST#O�xgp{!iV0-2AX�Voy�V,eopp#0�\0G
2000 V 8 
 8 & 00 N� 12 N2-s�zhCYY7�zO�xg REM AX2&�AXpp{!iVmd&-�T0EG;{ (7.7) nm
BN2AX�Vo U∗

0�|Æ�EG;{2m
B E y�*�1dljM ε�a*2Z<)J 6�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2agJ 6 2000 V 8 
 8 & 12 NEG;{m
B E y�1dl�*jM ε�J 6 STP-�/�p{!iVN�EG;{2m
B E 
t�D2dl�*jM ε�utt"ueP29aS�b�REM AXZ+�-s�zEn�1R}�
= 7 2000 V 8 
 8 & 12 N2,eo

= 8 2000 V 8 
 8 & 12 NiVN2�1o= 7 A= 8 uK��� 2000V 8 
 8 & 12 NxgQ�1Yj�0-2,eoA
REM AXxgp{!iVN2AX�Vo|�2�1o��+v=2Z<STP-�iVN2�1o� 500mb XPo4ZP2 [2\����8��1�� 500mb �o4�ZE%8�2s.�op\78�2hs.�oL���8��1�� 700mbKPo4�Zt\EPl2KP�p2f8�2�P�K���f�2�1��T4�v=2Z<hP�#O/�p{!iVN REM AXZ+��zEn�1R}�r9��p{!iV0-2xi�Vo U∗

0 y 00 N2,eo U0 /�<"�|Æ�xi�VoyQV,eolB E0 A 00 N2�V,eodl�*jM ε0�E0 A ε02Z<)J 7�
J 7 2000 V 8 
 8 & 00 Nxi�Vo U∗

0 A�V,eo U0 2lB E0y�V,eodl�*jM ε0�J 7 STP-�00 Nxi�VoA,eo=�2lB E0 y�D2�*dljM ε0 }(�!
t�D2dljM�ut9aS�br2�b (b)�kZt+�-s�z�-�xg REM AX0-
32�1'4�%IZ REM {BAX/�$8e*Z�V,eo/��t�)/��PCuj�7V�
= 9 2000 V 8 
 8 & 00 N2,eo
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9n# &�AXAp{!iVmd�S�1![+9;P2ag
= 10 2000 V 8 
 8 & 00 NiVN2�Vo= 9 A= 10 uK��� 2000 V 8 
 8 & 00 NxgQ�1Yj�0-2o,eoAxgp{!iVN0-2AX�Vo���v=2Z<hP��VNU2,eoyiV0-2AX�Vo� 500mb XPoA 500mb �o4nODlK�� 700mb KPo4a*f9}7�\0[

2002 V 6 
 24 & 00 N� 12 N2-s�zuemd7w���z�EG;{2m
B E y�*�1dljM ε a*2Z<)J 8�
J 8 2002 V 6 
 24 & 12 NEG;{m
B E y�1dl�*jM ε�J 8 STP-�/�p{!iVN�EG;{2m
B E 
t�D2dl�*jM ε�REM AXZ+�-s�zEn�1R}�

= 11 2002 V 6 
 24 & 12 N2,eo
= 12 2002 V 6 
 24 & 12 NiVN2�1o= 11 A= 12 ��� 2002 V 6 
 24 & 12 NxgQ�1Yj�0-2,eoA

REM AXxgp{!iVN0-2AX�Vo|��1o��+v=4STP-��
500mb XPo4iVN2�1'4ZE3-1f2XPrb2UKy,ef9}7�� 500mb zo4�1'4y,eo2�oKf9}7�� 700mb KPo4��1'4Z\EPrl2�4�P�K���f��1�S��REM AXZ+�-s�zEn�1R}�r9��xi�VoyQV,eolB E0 A 00 N2�V,eodl�*jM ε0/�<"�Z<'4)J 9�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag
J 9 2002 V 6 
 24 & 00 Nxi�Vo U∗

0 A�V,eo U0 2lB E0y�V,eodl�*jM ε0�J 9 STP-�00 Nxi�VoA,eo=�2lB E0 y�D2�V,eo�*dljM ε0 }(�! t�D2dljM�7Gut�b (b)�Zt+�-s�z�-� REM AX0-
32�1'4�%IZwn2�V,eo/��t�)45�PCuj�7Vmd�
= 13 2002 V 6 
 24 & 00 N2,eo

= 14 2002 V 6 
 24 & 00 NiVN2�Vo= 13 A= 14 ��� 2002 V 6 
 24 & 00 N0gQ�1Yj�0-2,eoAxgp{!iVN0-2AX�Vo��+v=4STP-�� 500mb XPo4,eoyxi�Vof9}7�500mb zo4,eo2�oyxi�Vo� J}7��
700mb KPo4,eoyxi�Vo!n�K�f3pE%8�2�P�,eo!nlK�

§7.4 �d+�9#xgp{!iVp&�2md��O��2�PZS�1![+/��9;��GG�(^4!2�|f	=4�+6�)Bxgp{!iVmdA&�AXmd�Z{BAXdlpAX�Vodl/�D!AD�2_W��N�Tg^���ub AX�Tg{BAXEw2t�,eoZ{BAX2dl/��jehC�hCJ=�xgp{!iVmdp&�AXSTw�8Z{BAXP��2dl/�_W�7NSTZhC�zP{BAXdl2 
/�D�2G��xN�xg REM AX2&�o8�45/�Q�-s�z2,ej��Tgp{!iVmd/��hCue�/OYC:�t"ue2S�!��49/��z2hCST0-Tr'"�REM AX��hC2�1NVA�D2�1dljMQZ+/�-s�zLn�1R}�Zt�zO�xg REM {BAXAwn2p/1Y�
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9n# &�AXAp{!iVmd�S�1![+9;P2agV,eo�/��%2gB�t
xigB4�>ST0-<"*W2�1'4�Zt�zaA�z/�xg REM AX7GST�hC2�1NVA�D2dl�*jMQZ+��-s�z0-*W2�1�&%IZwn21Y�V,eo/��t
)�PCuj�7V��,NSZ�1dl�*jMp�Vodl�*jM2/�|/OY9;�T0�/jM�EDt�7N�S'D{BAT2mdZ-s5z/�I}gLue��_Z{BAXdlp�V,eodl/��EQ�D+WX2D�ue�
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag:Ndm8U�I 1 zA�W
kuCzAgB<{
1 2 3 4 5 6 7 8 9 10 11 12

Fn 1
k�O ε1

0.1 0.1 0.1 0.1 0.1 0.08 0.05 0.03 0.0 0.03 0.05 0.08

qc 1
k�O ε2

0.0 -0.03 -0.05 -0.08 -0.1 -0.1 -0.1 -0.1 -0.1 -0.03 -0.05 -0.08

< 1 q0=0.3 MV6�W
k�Y`1hU�Unx-P�Un1fk < 2 q0=0.45MV6�W
k�Y`1hU�Unx-P�Un1fkI 2 zA�W�0
k�)Fe (Cox)�WB� 
k�)FeWOn T 2.0◦C�On U,V'y�	s 10m/s 1m/s'y��s 10m/s 2.5m/s78r6n ps 1.7mb~tn Q 0.1Qobs

I 3 �U+dn
k�)Fe�WB� 
k�)FeWOn T 1.0◦C�On U,V'y�	s 10m/s 1m/s'y��s 10m/s 2.5m/s78r6n ps 1.5mb~tn Q 0.1Qobs
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9n# &�AXAp{!iVmd�S�1![+9;P2ag[/F I 4�2000 U 8 � 6 % 12 MDF:zl	A Ex�0
k�)iL εDF:l	A E 5321.218917361186�0
k�)iL ε 13346.06810086604I 5�2000 U 8 � 6 % 00 Mwh�Un U∗

0 ��U+dn U0 1kA E0x�U+dn
k�)iL ε0wh�Un�+dn1kA E0 1505.738672351934�U+dn
k�)iL ε0 5126.974628234686[/F I 6�2000 U 8 � 8 % 12 MDF:zl	A Ex�0
k�)iL εDF:l	A E 3762.698499101452�0
k�)iL ε 7523.913339624445I 7�2000 U 8 � 8 % 00 Mwh�Un U∗

0
��U+dn U0 1kA E0x�U+dn
k�)iL ε0wh�Un�+dn1kA E0 2378.578463834010�U+dn
k�)iL ε0 2969.320741242575[/Z I 8�2002 U 6 � 24 % 12 MDF:zl	A Ex�0
k�)iL εDF:l	A E 2031.928214990503�0
k�)iL ε 4522.652186408853I 9�2002 U 6 � 24 % 00 Mwh�Un U∗

0
��U+dn U0 1kA E0x�U+dn
k�)iL ε0wh�Un�+dn1kA E0 2579.281718071818�U+dn
k�)iL ε0 2272.360491166645
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< 3a

< 3b

< 3c< 3�2000U 8 � 6 % 12 M1+dn
a.500mb WOn b.500mb yn

c.700mb JOn

< 4a

< 4b

< 4c< 4�2000 U 8 � 6 % 12 MhUM1�0n
a.500mb WOn b.500mb yn

c.700mb JOn
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< 5a

< 5b

< 5c< 5�2000U 8 � 6 % 00M1+dn
a.500mb WOn b.500mb yn

c.700mb JOn

< 6a

< 6b

< 6c< 6�2000 U 8 � 6 % 00 MhUM1�Un
a.500mb WOn b.500mb yn

c.700mb JOn
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< 7a

< 7b

< 7c< 7�2000U 8 � 8 % 12 M1+dn
a.500mb WOn b.500mb yn

c.700mb JOn

< 8a

< 8b

< 8c< 8�2000 U 8 � 8 % 12 MhUM1�0n
a.500mb WOn b.500mb yn

c.700mb JOn
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< 9a

< 9b

< 9c< 9�2000U 8 � 8 % 00M1+dn
a.500mb WOn b.500mb yn

c.700mb JOn

< 10a

< 10b

< 10c< 10�2000 U 8 � 8 % 00 MhUM1�Un
a.500mb WOn b.500mb yn

c.700mb JOn
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< 11a

< 11b

< 11c< 11�2002 U 6 � 24 % 12 M1+dn
a.500mb WOn b.500mb yn

c.700mb JOn

< 12a

< 12b

< 12c< 12�2002 U 6 � 24 % 12 MhUM1�0n
a.500mb WOn b.500mb yn

c.700mb JOn
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< 13a

< 13b

< 13c< 13�2002 U 6 � 24 % 00 M1+dn
a.500mb WOn b.500mb yn

c.700mb JOn

< 14a

< 14b

< 14c< 14�2002 U 6 � 24 % 00 MhUM1�Un
a.500mb WOn b.500mb yn

c.700mb JOn
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REM AX2&�o8po��PCuj�7VyS�1!9;P2ag:�d x�U�?9#Z"YP�|2�|/�q'OZTN�|*�#��
§8.1 qE`zU�?9"Y"/���[u29;�|�kt���� REM AX2�{!AXA&�AX��{� REM AX2&�o8��N�xg REM AX2&�o8�Z��-s�z/���PCuj�7VhC�9/�xg^��2�ub mzZ{BAXdl����PCuj�7VP2
�/��9;�9��xg REM AX2&�o8�̂ gp{!iVmdZS�1![+/��9;�9G"R_y8���� REMAX2�{!AXA&�AX��{� REMAX2&�o8���� REM AX2�{!AXN�kt���I}a
[u2�{!AX�/��8�!�C��Nr���+9�nat5z[u2�{!AX�O/��8�!�C��I}a
[u�{!AX2�CP�ktI}a
[u1n+9�on-off�[+�o�C'48��(�C/���i�Io{ α 2CV�R BÆ� 1.0 2CVa�-2��C'4P 0 e 9 2U{x`a{�X��4�nat5zN�ktat5z[ulz+P+9�on-off�[+�T0p{!AX9A2C�W�-��Z�{!AX2�C'4P��i�Io{2CV�R BnO�;�� 1.0 2CV��N��C'4P 0 e 9 2U{℄�`a{/�CV�+,w�AXP�on-off�5z|g2
��T0�{!AX2f9 �(W72u;����49�[u�{!AX2�C'4hP��C'4�D��2�C/��REM AX2�{!AX2��aw�2���� REM AX2&�AXN�7Gat���I}a
[u2&�AX�/��8�!�C��N���+9�nat5z[u2&�AX�O/��8�!�C��I}a
[u&�AX2�C'4A�4�nat5zN&�AX2�C'4hP��C!XzS�yqS�LR�- 13 Un
{n}7��D��2�C!X�6� REM AX2&�AX2��aw�2��&�AX�C8�2f	4�DX�EG;{�xg REM AX2&�AXZEG;{2(P/���C��C'4�D��2�C!X�/OYC:�Z REMAX2�{!AXA&�AX2��a8�2�xg��Q�-s�z/��t�,eop{!iVhC�hC'4J=�Z�PCuj�7Vpp{!iV2=|�zaS�2�9G"R_yxg REM AX2&�o8Z��Q�-s�z/���PCuj�7VQCO/��;��1�
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9�# q'y$"45Z��Q�-s�z2�PCuj�7VhCp;��1
42<"�ST0-Tr'"�/��PCuj�7VN���-s�z�7VN��\'yNU2�1'4LI=v<7Vw2�1'4=�ZXPo�U`�Po�zoAKPo2�1}Zt7Vw��#0tQ�,eo�_�;��1NV'yN����z/��PCuj�7VN�o�1'4�zoAKPo2�14Ln=v
3�ZXPoA�Po2�1Kn�
3�Ztpi��2�1����zxg�PCuj�7VN2�Vo/�2�1�nF W7��zOPCu7VNZ��P�2UKA��{P2�1Ln=v
3��1'4�#0t,eo��zaPCu7VNZ��P�UKA{P2�1�1n
3�S��/��PCuj�7VN�nÆ�z�7VN��\'yN�o�1'4y,eoST0-<"=2TD��;��1NVQK<7Vw2�1n�*��_�nÆ�zP����7VN��\'yN�o�1'4y,eoST0-<"=2TD�_�;��1NVQ��WODR0-t�2�1
4�&KaZt��2�1�/��PCuj�7VNo�;��1NVOWODR0-
32�1'4�rOY%Ixg<"B32�PCuj�7Vm��Z�za/�B*29;Aue�9["R_yxg^��2�ub mz�ue�W��AXdlA��{BAXdlZ���PCuj�7V2
��45{BhCAt"ue�S0-Tr'"�
1�(<K�Vo��dl�̂ g2{B�1AXW��dlN�)47VN��\Q<Kypi���2,eoaf�2�45�PCu7VmdST&-f�2AX�Vo�g�PCuj�7VN2<K�Vo�|2pi���1^"�7VN��\QZa�;��1NV�LR$f�8�1�,e+	�
2�(<K�Vo��dl�̂ g2{B�1AXK��dlN�+S�br/��PC7V����N��\'yN<Kypi���2�1y,eo<"#0�&�;��1NV�WODR$0-*�2�1
4�({BAX9A��dlN�/��PCuj�7V�t�o}(t�{BAX9A��2dlaQ-{BAX2�VoP�+N��PCuj�7V�0-2<Kxi�VoOWa.Q s2<K�Vd �_abat	{BAX�12�Vd �+N�0-2
32�1'4�QNaxgndl2<K�VoAndl2{B�1AX�/�2�1�
3��nÆAXdl�br�&KaAXdl�iiuN�;q_CV2�br�/��PCuj�7VN���pi���2�1�7V�\QZ,eonF=2:0�&�;��1NVP��1'4��iAXdl2CVa[�Cl�nÆAXdl�br�ktAXdl2
��pi���-xR�1NU2�1'4h_a<7Vwl��/����PCuj�7Vw�a	�uQ�{BAXP��2dl�℄
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4�
4�/��PCuj�7VN�GGQ��#�;{P�*57o2|g�h<8{BAX9A��dlN"h2Zxi�Vo2
��9Yxgp{!xiV2md�?+��Tg�PCuj�7VmdN�T0�PCuj�7VN2AX�VoR$xi8�1�xR�1NU2,eo�o�%I2xi57oJ��X�O/��{BhC/�C:�45{BQCuebw�W72-s�zo�Za2xi57op57o2�To{�4aWOG2��Q�/��PCuj�7V�tN�a	0ZW7-s�zh/�xi57op�To{�4�9x"R_yxgp{!iVA&�2md�Z REM AX2S�1![+/��9;�kt��w!�|f	4��p+6�)Bxgp{!iVA&�AXmd�Z{BAXdlpAX�Vodl/�D!AD�2_W��N�xg^���ub AX�45{BAXEw2t�,eoZ{BAXPW72dl/��{BhC�hCJ=�45p{!iVA&�mdSTZ{BAXP��2dl��8�_W�aOSS�2ue�E�xN�xg REM AX2&�o8�45/�Q�-s�z2,ej��Tgp{!iVmd/��hCue�/OYC:�t"ue2S�!�45Z/�Q��z2{BhCJ=�REM AXZ+/�-s�z��hC2�1NVAdl�*2jMQLn�1R}�Zt�zO�xg REM {BAXAwn2p/1Y�V,eo�/��%2gB�t
xigB4�>ST0-<"*W2�1'4�Zt�zaA�z/�xg REM AX7GST��hC2�1NVA�D2dl�*jMQZ+��-s�z0-2*W2�1�&a%IZwn21Y�V,eo/��t
)�PCuj�7V��

§8.2 `zb
rOYI/�2�|\In�m9�
1�};�^iIa REM Ak7
{�
��2 REM Ak7x��Rt7�o�
���� REM AX2�{!AXA&�AXN�Zp{!AX/��[u$
�rOY�|jH�℄-�p{!AX9AAX=|2&<�/OYB3 REM AX2�{!AXy&�AX�EwF��� REM AX\z+[u2�{!AXA&�AX�ZtAX^g2,eÆlZ1n}a2�{!AXA&�AX�rOY�||T��� REM AX^g2,eÆl2�{!AXA&�AX��{ REM AX2�PCuj�7Vo8�O/�{BhC�
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9�# q'y$"kt&�AX2z+#(}Z�p{!AX��2 4-6 6�&�AX��N�%I2|Æj�a3!2�joa(�1�|� �{BAX2F��0<"pN���&�AX�%2|ÆN�a�q�O�*��|
���uxg|Ægj��rOY�||T� REM AX2&�AX#(/�iV�*���
��7N��}a2O�z+�Z REM AX2&�o8/�O��t�
2�KO^E7h|\0�2nB�WW
/ REM AX2&�AX27N�Q�/��℄Q�-s�zhC�xg�℄2Q�-s�zy,ej��/� �2�PCuj�7VhCyp{!iVhC�T�0'4�EnlEWX�xgQ���-s�z�Tg REM AX2&�AXZ{BAXdlZ���PCuj�7V2
�/�hC�Tgp{!iVy&�AXmdy{BAT}'D29;mX�'DP
�P-sI}gLm929;�Zwn2{BAXdlp�V,edl/�D�ue�
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