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<\_^_gb_ 
 
������<� gZklhys__� \j_fy� h^gbf� ba� gZb[he__� agZqbfuo� f_lh^h\� bkke_^h\Zgby� debfZlZ� b�
^bgZfbdb�Zlfhkn_ju�y\ey_lky�ijh\_^_gb_�qbke_gguo�wdki_jbf_glh\�k�fh^_eyfb�h[s_c�
pbjdmeypbb� Zlfhkn_ju� �HP:��� Fh^_eb� HP:� \dexqZxl� \� k_[y� ^\_� hkgh\gu_� qZklb��
j_r_gb_�mjZ\g_gbc�]b^jhl_jfh^bgZfbdb�Zlfhkn_ju�b�\uqbke_gb_�ijZ\uo�qZkl_c�d�wlbf�
mjZ\g_gbyf�� <� fh^_eyo� HP:� klZjZxlky� mqblu\Zlv� \k_� hkgh\gu_� debfZlhh[jZamxsb_�
ijhp_kku� gZb[he__� iheguf� gZ� gZklhysbc� fhf_gl� kihkh[hf�� MjZ\g_gby�
]b^jhl_jfh^bgZfbdb� Zlfhkn_ju� y\eyxlky� w\hexpbhggufb� mjZ\g_gbyfb�� ihwlhfm�
ijh\_^_gb_� qbke_ggh]h� wdki_jbf_glZ� k� fh^_evx� HP:� ij_^klZ\ey_l� kh[hc� aZ^Zgb_�
gZqZevgh]h�khklhygby�fh^_evghc�Zlfhkn_ju�b�jZkq_l�khklhygby�fh^_evghc�Zlfhkn_ju�\�
ke_^mxsb_�fhf_glu�\j_f_gb�gZ�aZ^Zgghf�\j_f_gghf�bgl_j\Ze_� 
������Fh^_eb� HP:� bkihevamxlky� ^ey� lj_o� hkgh\guo� p_e_c�� ijh]ghaZ� ih]h^u��
fh^_ebjh\Zgby�debfZlZ�b�mk\h_gby�^Zgguo�gZ[ex^_gbc� 
������DjZldhkjhqguc� �^_l_jfbgbklbq_kdbc��ijh]gha�ih]h^u� khklhbl� \� lhf��qlh� \� dZq_kl\_�
gZqZevguo� ^Zgguo� [_jmlky� dZd� fh`gh� [he__� ih^jh[gu_� gZ[ex^_gby� gZ� hij_^_e_gguc�
fhf_gl� \j_f_gb�� ijh\h^blky� bgbpbZebaZpby�� b� aZl_f� kh[kl\_ggh� jZkq_l� khklhygby�
Zlfhkn_ju� \� ihke_^mxsb_� fhf_glu� \j_f_gb�� Ijh^he`bl_evghklv� lZdh]h� jZkq_lZ�
khklZ\ey_l�h[uqgh�hl�g_kdhevdbo�^h���-15�kmlhd��<ke_^kl\b_�g_mklhcqb\hklb��ijbkms_c�
Zlfhkn_j_�� � i_jbh^�� gZ� dhlhjuc� \� ijbgpbi_� fh`gh� ij_^kdZaZlv� f]gh\_ggh_� khklhygb_�
Zlfhkn_ju�� g_� fh`_l� ij_\hkoh^blv� ��-��� kmlhd�� Bf_ggh� aZ� lZdh_� \j_fy� j_r_gby��
bgl_]jbjm_fu_�k�^\mo�gZqZevguo�khklhygbc��hlebqZxsboky�gZ�fbgbfZevgmx�\_ebqbgm�\�
ij_^_eZo� h^bgZjghc�fZrbgghc� lhqghklb�� jZkoh^ylky� gZ� jZkklhygb_�� ^_eZxs__� ijh]gha�
[_kihe_aguf�� <� ^_ckl\bl_evghklb�� ihkdhevdm� hrb[db� \� gZqZevguo� ^Zgguo� ]hjZa^h�
[hevr_�� Z� kZfb�fh^_eb�g_kh\_jr_ggu��ij_^_e�ihe_aghc�ij_^kdZam_fhklb� _s_�f_gvr_�b�
khklZ\ey_l�\�gZklhys__�\j_fy��-���kmlhd� 
������Ijb� fh^_ebjh\Zgbb� debfZlZ� gZqZevgh_� khklhygb_� fh^_evghc� Zlfhkn_ju� g_� bf__l�
j_rZxs_]h� agZq_gby�� Qbke_gguc� wdki_jbf_gl� ih� fh^_ebjh\Zgbx� debfZlZ� ijh\h^blky�
h[uqgh� gZ� fgh]h� e_l�� ?keb� gZqZevgh_� khklhygb_� ^Ze_dh� hl� fh^_evgh]h� debfZlZ�� lh� \�
l_q_gb_� g_dhlhjh]h� \j_f_gb� �h[uqgh� hl� g_kdhevdbo� f_kyp_\� ^h� g_kdhevdbo� e_l�� _keb�
l_fi_jZlmjZ� ih\_joghklb� hd_ZgZ� �LIH�� aZ^ZgZ�� ijhbkoh^bl� \uoh^� gZ� d\ZabjZ\gh\_kgh_�
khklhygb_�� b� ihke_� wlh]h�fh^_evgZy� Zlfhkn_jZ� \uoh^bl� gZ� k\hc� debfZl�� dhlhjuc�� _keb�
fh^_ev� ohjhrZy�� g_� kebrdhf� ^Ze_d� hl� gZ[ex^Z_fh]h�� Ih^� debfZlhf� ih^jZamf_\Z_lky�
ZgkZf[ev� khklhygbc�� j_Zebam_fuc� debfZlbq_kdhc� kbkl_fhc� aZ� ^hklZlhqgh� ^he]bc�
ijhf_`mlhd�\j_f_gb� 
������Kh\j_f_ggu_� fh^_eb� HP:�� dZd� ijZ\beh�� ohjhrh� \hkijhba\h^yl� hkgh\gu_�
djmighfZkrlZ[gu_� mkj_^g_ggu_� ih� \j_f_gb� iZjZf_lju� debfZlZ�� GZijbf_j�� gZ� jbk�����
ijb\_^_gh�^Z\e_gb_�gZ�mjh\g_�fhjy�\�^_dZ[j_-n_\jZe_�ih�^Zgguf�gZ[ex^_gbc��j_ZgZebaZ�
NCEP, Kalnay et al����������aZ�����-����]�]��b��ih�^Zgguf�fh^_eb�B<F��kj_^g__�aZ����e_l�
jZkq_lZ��<bamZevgh�jbkmgdb�hq_gv�[ebadb�^jm]�d�^jm]m��Hlebqby�khklZ\eyxl�\�hkgh\ghf�
1-�� ]IZ�� \� hl^_evguo� f_klZo� ^h� �� ]IZ�� GZ� jbk����� ijb\_^_gZ� ahgZevgh� hkj_^g_ggZy�
l_fi_jZlmjZ�\�^_dZ[j_-n_\jZe_�ih�l_f�`_�^Zgguf�gZ[ex^_gbc�b�^Zgguf�fh^_eb��Kgh\Z�
\bamZevgh�jbkmgdb�hq_gv�ihoh`b��<�ljhihkn_j_�hlebqby�\�hkgh\ghf�g_�ij_\hkoh^yl��-2 
]jZ^mkh\��\�kljZlhkn_j_��\ur_�����]IZ��hgb�^hklb]Zxl�f_klZfb��-��]jZ^mkh\� 
������Fh^_eb� HP:� bkihevamxlky� ^ey� ^he]hkjhqguo� �k_ahgguo�� ijh]ghah\� ih� aZ^Zgghc�
ZghfZebb�LIH��GZ�jbk���bah[jZ`_gZ� ZghfZeby�LIH� \� ljhibdZo�Lboh]h�hd_ZgZ� \�bxg_-
Z\]mkl_�\h�\j_fy�Wev-Gbgvh��Iheh`bl_evgu_�ZghfZebb�LIH�\[ebab�Wd\ZlhjZ�^hklb]Zxl�
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��]jZ^mkh\��GZ�wlhf�`_�jbkmgd_�bah[jZ`_g�hldebd�fh^_eb�^ey�kdhjhklb�ahgZevgh]h�\_ljZ�
gZ� \ukhl_� ���� ]IZ�gZ� aZ^Zggmx� ZghfZebx�LIH� �<heh^bg�� ������� Z� lZd`_� gZ[ex^Z_fZy�
ZghfZeby� \h� \j_fy�Wev-Gbgvh��DZd� ehdZevguc� hldebd� \� ljhibdZo�Lboh]h� hd_ZgZ�� lZd� b�
fgh]b_�q_jlu�m^Ze_ggh]h�hldebdZ�[ebadb�d�gZ[ex^Z_fuf�ZghfZebyf� 
������Fh^_eb�HP:�b�hd_ZgZ�\�gZklhys__� \j_fy�rbjhdh�bkihevamxlky�^ey�fh^_ebjh\Zgby�
gZ[ex^Z\rboky� \� ihke_^g__� klhe_lb_� baf_g_gbc� debfZlZ�� Z� lZd`_� ij_^kdZaZgby�
\_jhylguo� [m^msbo� baf_g_gbc� debfZlZ�� k\yaZgguo� ij_`^_� \k_]h� k� m\_ebq_gb_f�
dhgp_gljZpbb� iZjgbdh\uo� ]Zah\��Ijh\h^ylky�f_`^mgZjh^gu_� kjZ\g_gby�fh^_ebjh\Zgby�
baf_g_gbc�debfZlZ�\� ��-���klhe_lbyo��Z�lZd`_�\hkijhba\_^_gby�debfZlZ�ijhreuo�wiho��
GZ� jbk��� ij_^klZ\e_g� \j_f_gghc� oh^� ]eh[Zevgh� hkj_^g_gghc� ZghfZebb� l_fi_jZlmju�
\ha^moZ�m�ih\_joghklb�ih�^Zgguf�gZ[ex^_gbc�b�fh^_eb�B<F�aZ�����-�����]�]���<heh^bg��
>bZgkdbc�� ������� >Zggu_� hkj_^g_gu� aZ� ^_kylbe_lby�� Ijb� ijh\_^_gbb� fh^_evgh]h�
wdki_jbf_glZ� mqblu\Zehkv� baf_g_gb_� dhgp_gljZpbb� iZjgbdh\uo� ]Zah\�� kmevnZlgh]h�
Zwjhahey�� \medZgbq_kdh]h� Zwjhahey�� kheg_qghc� ihklhygghc�� Fh^_ev� \hkijhba\h^bl� dZd�
h[s__�ihl_ie_gb_�\�l_q_gb_����klhe_lby�gZ����-����]jZ^mkZ��lZd�b�fZdkbfmf�l_fi_jZlmju�\�
k_j_^bg_� ��� klhe_lby�b�fbgbfmf�\� ����-����]�]��?keb�fh^_ev�ijZ\bevgh�\hkijhba\h^bl�
gZ[ex^Z_fu_� baf_g_gby� debfZlZ�� fh`gh� ihiulZlvky� ij_^kdZaZlv� [m^msb_� baf_g_gby�
debfZlZ��_keb�aZ^Zlvky�kp_gZjbyfb�jhklZ�dhgp_gljZpbb�iZjgbdh\uo�]Zah\��Ijbf_j�lZdh]h�
ijh]ghaZ� ijb\_^_g� gZ� jbk���� ]^_� bah[jZ`_g� \j_f_gghc� oh^� ]eh[Zevgh� hkj_^g_gghc�
ijba_fghc�l_fi_jZlmju�ih�^Zgguf�fh^_eb�\� ��-��� klhe_lbyo�ijb�jZaebqguo�kp_gZjbyo�
baf_g_gby�dhgp_gljZpbb�iZjgbdh\uo�]Zah\��Z�lZd`_�^Zggu_�dhgljhevgh]h�wdki_jbf_glZ�k�
\g_rgbfb�\ha^_ckl\byfb�khhl\_lkl\mxsbfb�����]� 
������H^gZdh�� jZkq_l� dhgp_gljZpbb� iZjgbdh\uo� ]Zah\�� b� ij_`^_� \k_]h� m]e_dbkeh]h� ]ZaZ��
^Z`_�ijb�aZ^Zgghc�wfbkkbb��-�g_ijhklZy�aZ^ZqZ��ihlhfm�qlh�\u[jhr_gguc�m]e_dbkeuc�]Za�
g_� ijhklh� gZdZieb\Z_lky� \� Zlfhkn_j_�� Z� _s_� i_j_jZkij_^_ey_lky� f_`^m� hd_Zghf��
jZkl_gbyfb�b�ihq\hc��<�dhgp_����-�gZqZe_����klhe_lby�ijbf_jgh�iheh\bgZ�\u[jhkh\�KH��
b^_l�gZ� m\_ebq_gb_� _]h�dhgp_gljZpbb�\� Zlfhkn_j_�� Z�hklZ\rZyky�iheh\bgZ�ih]ehsZ_lky�
hd_Zghf� b� wdhkbkl_fZfb� kmrb� �+RXJKWRQ� ������� Ijbq_f�� ih]ehs_gb_� kms_kl\_ggh�
aZ\bkbl� dZd� hl� pbjdmeypbb� hd_ZgZ�� lZd� b� hl� baf_g_gbc� debfZlZ� gZ� kmr_��Ihwlhfm� ^ey�
ij_^kdZaZgby�[m^msbo�baf_g_gbc�debfZlZ�g_h[oh^bfh�fh^_ev�HP:�b�hd_ZgZ�^hihegblv�
fh^_evx�m]e_jh^gh]h�pbdeZ�\�Zlfhkn_j_��hd_Zg_�b�gZ�kmr_��Ijbf_j�jZkq_lZ�dhgp_gljZpbb�
KH�� \� ��-��� klhe_lbyo� k� ihfhsvx� lZdhc� fh^_eb� ijb\_^_g� gZ� jbk����Fh^_ev� g_iehoh�
\hkijhba\h^bl�gZ[ex^Z_fuc�jhkl�KH��\�Zlfhkn_j_��<heh^bg�������� 
������?s_�h^gh�\Z`gh_�ijbeh`_gb_��\�]^_�\�dZq_kl\_�khklZ\ghc�qZklb�bkihevamxlky�fh^_eb�
HP:� –� fh^_eb� ^bgZfbdb� b� obfbb� hahgZ�� GZ� jbk��� ijb\_^_g� \j_f_gghc� oh^� h[s_]h�
kh^_j`Zgby�hahgZ� �HKH��\� ����-����� ]�]��ih�^Zgguf�gZ[ex^_gbc�b�fh^_eb� �K=<� �������
Fh^_ev� g_iehoh� \hkijhba\h^bl� gZ[ex^Z_fu_� hkh[_gghklb� baf_g_gby� HKH�� H[s__�
mf_gvr_gb_� HKH� k\yaZgh� k� \u[jhkZfb� hahghjZajmrZxsbo� \_s_kl\� q_eh\_dhf��
fZdkbfmfu� hdheh� ������ ����� b� ����� ]�]�� h[mkeh\e_gu� fZdkbfmfZfb� kheg_qghc�
Zdlb\ghklb�� Z� yjdh� \ujZ`_gguc� fbgbfmf� \� ����]�� -� � \u[jhkhf� hahghjZajmrZxsbo�
\_s_kl\�\�j_amevlZl_�ba\_j`_gby�\medZgZ� 
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Jbk������>Z\e_gb_�gZ�mjh\g_�fhjy�\�^_dZ[j_-n_\jZe_�ih�^Zgguf�gZ[ex^_gbc��\\_jom��b�
fh^_eb��\gbam�� 
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 Jbk������Kj_^g_]h^h\Zy�l_fi_jZlmjZ�\ha^moZ�ih�gZ[ex^_gbyf��\\_jom��b�\�fh^_eb��\gbam�� 
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Jbk������:ghfZeby�l_fi_jZlmju�ih\_joghklb�hd_ZgZ�ijb�Wev-Gbgvh�\\_jom���hldebd�
fh^_eb�gZ�Wev-Gbgvh��\�k_j_^bg_��b�gZ[ex^Z_fZy�ZghfZeby�kdhjhklb�\_ljZ�gZ�\ukhl_�����
]IZ��\gbam�� 
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Jbk������Baf_g_gb_�ijba_fghc�l_fi_jZlmju�\ha^moZ�\�����-�����]�]��ih�^Zgguf�
gZ[ex^_gbc��`bjgZy�ebgby��b�fh^_eb��lhgdZy�ebgby� 
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Jbk������Baf_g_gb_�ijbih\_joghklghc�l_fi_jZlmju�\ha^moZ�\���-���klhe_lbyo�ijb�
jZaebqguo�kp_gZjbyo�baf_g_gby�kh^_j`Zgby�iZjgbdh\uo�b�^jm]bo�]Zah\��Kbgby�ebgby�– 
^Zggu_�dhgljhevgh]h�wdki_jbf_glZ��a_e_gZy�ebgby�–�^Zggu_�wdki_jbf_glZ�k�
\ha^_ckl\byfb��gZ[ex^Z\rbfbky�\���-���klhe_lbyo��`_elZy��hjZg`_\Zy�b�djZkgZy�ebgbb�– 
ijh]ghau�kh]eZkgh�kp_gZjbyf�<���:�<�b�:� 
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Jbk������K\_jom�\gba��wfbkkby�KH���=l�\�]h^��\ke_^kl\b_�k`b]Zgby�lhieb\Z��`bjgZy�
ebgby��b�a_fe_ihevah\Zgby��lhgdZy�ebgby���dhgp_gljZpby�KH��\�Zlfhkn_j_��qZkl_c�gZ�
feg��ih�^Zgguf�gZ[ex^_gbc��`bjgZy�ebgby��b�fh^_eb��lhgdZy�ebgby���baf_g_gb_�
kh^_j`Zgby�m]e_jh^Z��=l��\�hd_Zg_��kiehrgZy�ebgby���jZkl_gbyo��imgdlbjgZy�ebgby��b�
ihq\_��rljboh\Zy�ebgby��\�fh^_eb��ihlhd�m]e_jh^Z��=l�\�]h^��\�hd_Zg��kiehrgZy�ebgby���\�
jZkl_gby��imgdlbjgZy�ebgby��b�ihq\m��rljboh\Zy�ebgby�� 
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 Jbk������:ghfZeby�h[s_]h�kh^_j`Zgby�hahgZ�ih�^Zgguf�gZ[ex^_gbc��agZqdb��b�fh^_eb�
�ebgby�� 
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���MjZ\g_gby�^bgZfbdb�Zlfhkn_ju� 
 
Bkoh^gufb� mjZ\g_gbyfb� ^ey� fh^_e_c� HP:� y\eyxlky� ke_^mxsb_� �Batchelor 1967, 
Houghton 2002).  
MjZ\g_gb_�^ey�\_dlhjZ�kdhjhklb��\lhjhc�aZdhg�GvxlhgZ�� 
 

                                                         
dV

dt
= g - 

1

ρ
∇P + FV ,                                         (1.1) 

 
mjZ\g_gb_�^ey�l_fi_jZlmju��i_j\h_�gZqZeh�l_jfh^bgZfbdb��� 
 

                                                         
dT

dt
- 

dP

dt

RT

PCp
= FT ,                                            (1.2) 

    
mjZ\g_gb_�g_jZaju\ghklb� 
 
 

                                                          
t

ρ∂
∂

 + ( ) 0div Vρ = ,                                             (1.3) 

 
mjZ\g_gb_�khklhygby�b^_Zevgh]h�]ZaZ�� 
 

                                                           ,
P

RT
ρ =                                                              (1.4) 

 
mjZ\g_gb_�i_j_ghkZ�\eZ`ghklb�� 
 

                                                         ,Q
dQ

F
dt

=                                                               (1.5) 

 
A^_kv��V –�lj_of_jguc�\_dlhj�kdhjhklb��T  –�l_fi_jZlmjZ�� P  –�^Z\e_gb_�� 
Q  –� m^_evgZy� \eZ`ghklv�� ρ -�iehlghklv� \ha^moZ�� R  –� � ]Zah\Zy�ihklhyggZy� \ha^moZ�� t  – 
\j_fy�� g  –�mkdhj_gb_�k\h[h^gh]h�iZ^_gby�� F  –�ijZ\u_�qZklb�mjZ\g_gbc�� 
MjZ\g_gb_� ������ aZibkZgh� \� bg_jpbZevghc� kbkl_f_� hlkq_lZ�� Qlh[u� aZibkZlv� _]h� \h�
\jZsZxs_cky�kbkl_f_�hlkq_lZ��gm`gh�\hkihevah\Zlvky�jZ\_gkl\hf�� 
 

                                                      xI R
dA dA

A
dt dt

   = + Ω      
,                                           (1.6) 

 
]^_� A  –�ijhba\hevguc�\_dlhj��Ω -�\_dlhj�\jZs_gby�A_feb��bg^_dku� I�b�R�khhl\_lkl\mxl�
bg_jpbZevghc�b�\jZsZxs_cky�kbkl_fZf�hlkq_lZ��Lh]^Z�fh`gh�ihemqblv��qlh� 
 

                                                     2 x x( x ),I R
dV dV

V r
dt dt

   = + Ω + Ω Ω      
                      (1.7) 
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]^_� r  –� jZ^bmk-\_dlhj�� <lhjh_� keZ]Z_fh_� \� ijZ\hc� qZklb� mjZ\g_gby� ���� y\ey_lky�
mkdhj_gb_f�DhjbhebkZ��Z�lj_lv_�–�p_gljh[_`guf�mkdhj_gb_f��Ijb�j_r_gbb�mjZ\g_gbc�\�
fh^_eyo� HP:� p_gljh[_`gh_� mkdhj_gb_�� dZd� ijZ\beh�� g_� mqblu\Z_lky�� ihkdhevdm�
\_jlbdZevgZy� dhfihg_glZ� mkdhj_gby� fgh]h� f_gvr_� g�� Z� ]hjbahglZevgZy� dhfihg_glZ� \�
lhqghklb�dhfi_gkbjm_lky�ijh_dpb_c�g�gZ�]hjbahglZevgmx�iehkdhklv�ba-aZ�g_kn_jbqghklb�
A_feb��� 
������<� dZq_kl\_� ]hjbahglZevguo� dhhj^bgZl� ijb� bkke_^h\Zgbb� k\hckl\� mjZ\g_gbc� h[uqgh�
bkihevamxlky� ^_dZjlh\u� dhhj^bgZlu� x� b� y�� ohly� \� fh^_eyo� bkihevamxlky� kn_jbq_kdb_�
dhhj^bgZlu�λ�b�ϕ� �^he]hlZ�b�rbjhlZ���H[uqgh�[m^_f�jZkkfZljb\Zlv� �j_r_gb_�\�h[eZklb�
x∈[0;1], y∈>���@�b�i_jbh^bq_kdb_�mkeh\by�gZ�]jZgbpZo��lh�_klv� ( 0) ( 1)A x A x= = = ,  

( 0) ( 1),A y A y= = = �]^_� A  –�ex[Zy�nmgdpby� 
������Ih�\_jlbdZeb�bkihevamxlky�ke_^mxsb_�dhhj^bgZlu�� 
Z -dhhj^bgZlZ�� M^h[gZ�� _keb� hlkmlkl\m_l� j_ev_n�� Ijb� g_gme_\hf� j_ev_n_� \hagbdZxl�
keh`ghklb�k�aZibkvx�gb`g_]h�]jZgbqgh]h�mkeh\by� 
P -dhhj^bgZlZ��?_�\\_^_gb_�\hafh`gh��_keb�ijbgylv�ijb[eb`_gb_�]b^jhklZlbdb��lh�_klv�
kqblZlv��qlh� 

 

                                                      ,
P

g
z

ρ∂ = −
∂

                                                        (1.8) 

 
Wlh� ijb[eb`_gb_� \_jgh� k� ohjhr_c� lhqghklvx� ^ey� djmighfZkrlZ[guo� ^\b`_gbc�� Ijb�
wlhf�fu�g_�jZkkfZljb\Z_f�a\mdh\u_�\hegu��bf_xsb_�hq_gv�[hevrmx�nZah\mx�kdhjhklv�b�
lj_[mxsb_�ihwlhfm�mf_gvr_gby�rZ]Z�ih�\j_f_gb��>ey� P -dhhj^bgZlu�mjZ\g_gby�bf_xl�
kZfuc�ijhklhc�\b^��b�ihwlhfm�hgZ�bkihevam_lky�^ey�^_fhgkljZpbb�k\hckl\�mjZ\g_gbc� 
������Ijbf_jgh� \� iheh\bg_� fh^_e_c� HP:� bkihevam_lky� \� dZq_kl\_� \_jlbdZevghc�
dhhj^bgZlu�σ-dhhj^bgZlZ��σ�hij_^_ey_lky�dZd� 
 

                                                              ,
S

P

P
σ =                                                            (1.9)                                  

 
]^_� bg^_dk� S � khhl\_lkl\m_l� ih\_joghklb� A_feb��HgZ� m^h[gZ� l_f�� qlh� iha\hey_l� ijhklh�
aZibkZlv� gb`g__� ]jZgbqgh_� mkeh\b_�� \_jlbdZevgZy� kdhjhklv� jZ\gZ� gmex�� H^gZdh�� \�
\_jog_c� qZklb� jZkq_lghc� h[eZklb�� \� kljZlhkn_j_� b� f_ahkn_j_� m^h[g__�� dh]^Z�
dhhj^bgZlgu_� ih\_joghklb� [ebadb� d� ]hjbahglZevguf�� Ihwlhfm� ijbf_jgh� \� iheh\bg_�
fh^_e_c� \� dZq_kl\_� \_jlbdZevghc� dhhj^bgZlu� bkihevam_lky� ]b[jb^gZy� dhhj^bgZlZ� η, 
dhlhjZy�\�gb`g_c�qZklb�Zlfhkn_ju�[ebadZ�d�σ-dhhj^bgZl_��Z�\�\_jog_c�qZklb�Zlfhkn_ju�– 
d� P -dhhj^bgZl_�� <hijhk� h� \u[hj_� hilbfZevghc� ^ey� fh^_e_c� HP:� \_jlbdZevghc�
dhhj^bgZlu�gZ�gZklhys__�\j_fy�hklZ_lky�hldjuluf� 
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���MjZ\g_gby�\�ijb[eb`_gbb�]b^jhklZlbdb��>Zevg_crb_�mijhs_gby�
mjZ\g_gbc� 
 
������AZibr_f�mjZ\g_gby�]b^jhl_jfh^bgZfbdb�\�ijb[eb`_gbb�]b^jhklZlbdb��]^_�\�dZq_kl\_�
\_jlbdZevghc� dhhj^bgZlu� bkihevam_lky� z � b� P  (Houghton� �������>ey� kemqZy� dhhj^bgZl�

, ,x y z �mjZ\g_gby�\u]ey^yl�ke_^mxsbf�h[jZahf�� 
 

            
1

,U
u u u u P

u v w fv F
t x y z xρ

∂ ∂ ∂ ∂ ∂+ + + − = − +
∂ ∂ ∂ ∂ ∂

                                                           (2.1) 

 

            
1

,V
v v v v P

u v w fu F
t x y z yρ

∂ ∂ ∂ ∂ ∂+ + + + = − +
∂ ∂ ∂ ∂ ∂

                                                            (2.2)                            

 

            ,T
T T T T g

u v w w F
t x y z Cp

∂ ∂ ∂ ∂+ + + + =
∂ ∂ ∂ ∂

                                                                    (2.3) 

 

            ,Q
Q Q Q Q

u v w F
t x y z

∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                                                               (2.4) 

 

            0,
u v w

t x y z

ρ ρ ρ ρ∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                                                                     (2.5) 

 

              ,
P

g
z

ρ∂ = −
∂

                                                                                                              (2.6) 

 

               ,
P

RT
ρ =                                                                                                                 (2.7) 

 
]^_� , ,u v w  –�dhfihg_glu�kdhjhklb�\^hev�dhhj^bgZl� , , ;x y z f  –�iZjZf_lj�DhjbhebkZ� 
������<�dhhj^bgZlZo� , ,x y P �mjZ\g_gby�aZibku\Zxlky�ke_^mxsbf�h[jZahf�� 
 

             ,U
u u u u

u v fv F
t x y P x

τ∂ ∂ ∂ ∂ ∂Φ+ + + − = − +
∂ ∂ ∂ ∂ ∂

                                                              (2.8) 

 

            ,V
v v v v

u v fu F
t x y P y

τ∂ ∂ ∂ ∂ ∂Φ+ + + + = − +
∂ ∂ ∂ ∂ ∂

                                                                (2.9)                            

 

            ,T
T T T T RT

u v F
t x y z PCp

τ τ∂ ∂ ∂ ∂+ + + − =
∂ ∂ ∂ ∂

                                                                   (2.10) 

 

            ,Q
Q Q Q Q

u v F
t x y P

τ∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                                                               (2.11) 
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            0,
u v

x y P

τ∂ ∂ ∂+ + =
∂ ∂ ∂

                                                                                                    (2.12) 

 

              ,
P

P RT

∂Φ = −
∂

                                                                                                           (2.13) 

 
]^_ τ -�ZgZeh]�\_jlbdZevghc�kdhjhklb�� gzΦ =  -�]_hihl_gpbZe� 
������<� P -kbkl_f_� dhhj^bgZl� fgh]b_� aZdhgu� ]b^jhl_jfh^bgZfbdb� \u]ey^yl� gZb[he__�
ijhklh�� <� mjZ\g_gbyo� ������ b� ������ ^ey� djmighfZkrlZ[guo� ^\b`_gbc� Zlfhkn_ju� k�
oZjZdl_jguf�ijhkljZgkl\_gguf�fZkrlZ[hf�g_�f_gvr_� ����df�b�\j_f_gguf�fZkrlZ[hf�
g_� f_gvr_� g_kdhevdbo� qZkh\� k� lhqghklvx� ijbf_jgh� ���� ]jZ^b_gl� ^Z\e_gby�
dhfi_gkbjm_lky� mkdhj_gb_f� DhjbhebkZ�� ?keb� ij_g_[j_qv� baf_g_gb_f� kdhjhklb� \h�
\j_f_gb� b� � Z^\_dlb\gufb� keZ]Z_fufb�� lh� ihemqZlky� mjZ\g_gby� ^ey� ]_hkljhnbq_kdbo�
kdhjhkl_c�� 
 

              
1 1

,v u
f x f x

∂Φ ∂Φ= = −
∂ ∂

                                                                                           (2.14) 

 
Wlb�mjZ\g_gby�hagZqZxl��qlh�\�]_hkljhnbq_kdhf�ijb[eb`_gbb�\_l_j�^m_l�\^hev�bahebgbc�
jZ\gh]h� ]_hihl_gpbZeZ�� hklZ\eyy� \� k_\_jghf� ihemrZjbb� \ukhdh_� agZq_gb_� kijZ\Z�� Ba�
]_hkljhnbq_kdbo� khhlghr_gbc� iml_f� ^bnn_j_gpbjh\Zgby� ih� j� ke_^mxl� khhlghr_gby�
l_jfbq_kdh]h�\_ljZ�� 
 

              
1

,
v R T

P f x P fP x

∂ ∂ ∂Φ ∂ = = − ∂ ∂ ∂ ∂ 
                                                                                (2.15)           

 

              
1

,
u R T

P f y P fP y

∂ ∂ ∂Φ ∂ = − = ∂ ∂ ∂ ∂ 
                                                                                (2.16) 

 
 
Ba� wlbo� khhlghr_gbc� ke_^m_l�� \� qZklghklb�� qlh�� ihkdhevdm� \� k_\_jghf� ihemrZjbb�� dZd�
ijZ\beh�� 0

T

y

∂ <
∂

��lh�_klv�\�ljhibdZo�l_ie__��q_f�\�\ukhdbo�rbjhlZo��lh� 0
u

P

∂ <
∂

��Ihkdhevdm�
m�ih\_joghklb�A_feb�ba-aZ�lj_gby�\_lju�dZd�ijZ\beh�g_kbevgu_��gZ�^hklklhqgh�[hevrbo�
\ukhlZo� ^he`gh� [ulv� 0u > �� lh� _klv� \� [hevr_c� qZklb� Zlfhkn_ju� \_l_j� ^he`_g� [ulv�
aZiZ^guf��K�ihfhsvx�khhlghr_gbc�l_jfbq_kdh]h�\_ljZ�fh`gh�ihdZaZlv�lZd`_��qlh�_keb�\�
g_dhlhjhf� keh_� \ha^moZ� gZijZ\e_gb_�� hldm^Z� ^m_l� ]_hkljhnbq_kdbc� \_l_j�� k^\b]Z_lky� k�
jhklhf� \ukhlu� \ijZ\h�� lh� lZf�� hldm^Z� ^m_l� \_l_j�� l_fi_jZlmjZ� \ur_�� q_f� \�
jZkkfZljb\Z_fhc�lhqd_��lh�_klv�ijhbkoh^bl�i_j_ghk�[he__�l_ieh]h�\ha^moZ� 
������?s_� h^gbf� ijb[eb`_gb_f� y\ey_lky� khhlghr_gb_� pbdehkljhnbq_kdh]h� \_ljZ�� ijb�
dhlhjhf�ihegZy�ijhba\h^gZy�kdhjhklb�mjZ\gh\_rb\Z_lky�]jZ^b_glhf�]_hihl_gpbZeZ�� 
 

               ,
du dv

dt x dt y

∂Φ ∂Φ= − = −
∂ ∂

                                                                                       (2.17)      
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LZdh_�ijb[eb`_gb_�kijZ\_^eb\h��_keb�\_ebqbgZ�aZ\boj_gghklb�\_ebdZ��gZijbf_j�\[ebab�
p_gljZ� ]em[hdh]h� pbdehgZ�� K� ihfhsvx� wlh]h� khhlghr_gby� fh`gh� \b^_lv�� qlh� hq_gv�
[hevrb_�]jZ^b_glu�^Z\e_gby�beb�]_hihl_gpbZeZ�\hafh`gu�ebrv�\[ebab�p_gljZ�gbadh]h�
^Z\e_gby��gh�g_\hafh`gu��ih�djZcg_c�f_j_�\�jZfdZo�pbdehkljhnbq_kdh]h�ijb[eb`_gby��
\[ebab�p_gljZ�\ukhdh]h�^Z\e_gby� 
������>ey� djmighfZkrlZ[guo� ^\b`_gbc� \� mjZ\g_gbb� g_jZaju\ghklb� ����� keZ]Z_fh_� k�
\_jlbdZevghc�kdhjhklvx�h[uqgh�gZ�g_kdhevdh�ihjy^dh\�f_gvr_�ih�\_ebqbg_�dZ`^h]h�ba�
hklZ\rboky� keZ]Z_fuo�� Ihwlhfm� fh`gh� \� wlhf� ijb[eb`_gbb� aZibkZlv� mjZ\g_gb_�
g_jZaju\ghklb�dZd�������� 
 

                     0
u v

x y

∂ ∂+ =
∂ ∂

                                                                                                    (2.18) 

 
b� \� wlhf� ijb[eb`_gbb� ba� ^\mo� mjZ\g_gbc� ������� ������ aZibkZlv� h^gh� mjZ\g_gb_� ^ey�
aZ\boj_gghklb��BlZd��_keb�\\_klb�aZ\boj_gghklv� v u

x y
ζ ∂ ∂= −

∂ ∂
��lh�^ey�g__�fh`gh�ihemqblv�

mjZ\g_gb_�� 
 

                     u v v
t dx y

ζ ζ ζ β∂ ∂ ∂+ + + = 0
∂ ∂

,                                                                            (2.19) 

 

]^_� f

y
β ∂=

∂
�� ?keb� \\_klb� ihegmx� aZ\boj_gghklv� ζ 0Ω = + Ω �� ]^_� 0Ω  –� aZ\boj_gghklv��

h[mkeh\e_ggZy�\jZs_gb_f�A_feb��lh�^ey�g__�kijZ\_^eb\h�mjZ\g_gb_ 
 

                     0
d

dt

Ω = ,                                                                                                          (2.20) 

 
lh�_klv�\�^\b`ms_fky�h[t_f_�\ha^moZ�bf__l�f_klh�khojZg_gb_�iheghc�aZ\boj_gghklb��Wlh�
hagZqZ_l�� gZijbf_j�� qlh� ijb� ^\b`_gbb� \ha^moZ� gZ� k_\_j� ijhbkoh^bl� m\_ebq_gb_�
aZ\boj_gghklb�� k\yaZgghc� k� \jZs_gb_f� A_feb�� b�� ke_^h\Zl_evgh�� mf_gvr_gb_�
hlghkbl_evghc�aZ\boj_gghklb��Wlhl�wnn_dl��dZd�[m^_l�ihdZaZgh�gb`_��y\ey_lky�ijbqbghc�
\hagbdgh\_gby�\heg�Jhkk[b��MjZ\g_gb_�g_jZaju\ghklb� �������iha\hey_l�\\_klb�nmgdpbx�
lhdZ�Ψ��lZdmx�qlh 
 
 

                     ,u v
dx y

∂Ψ ∂Ψ= − =
∂

,                                                                                          (2.21) 

 
lh�ζ = ∆Ψ��b�mjZ\g_gb_��������i_j_ibr_lky�ke_^mxsbf�h[jZahf�� 
 

                    
( ( (

0
t y x x y

β∂ ∆Ψ) ∂Ψ ∂ ∆Ψ) ∂Ψ ∂ ∆Ψ + )− + =
∂ ∂ ∂ ∂ ∂

 ,                                                    (2.22) 
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lh� _klv�fu� ihemqbeb� mjZ\g_gb_� lhevdh� ^ey�nmgdpbb� lhdZ� Ψ��Fh`gh� ihdZaZlv�� qlh� ijb�
khhl\_lkl\mxsbo�djZ_\uo�mkeh\byo�^ey�wlh]h�mjZ\g_gby�\uihegyxlky�aZdhgu�khojZg_gby�
aZ\boj_gghklb��d\Z^jZlZ�aZ\boj_gghklb��wgkljhnbb��b�wg_j]bb� 
������<_jg_fky� d� mjZ\g_gbyf� ������ –� ������� JZkkfhljbf� aZdhgu� khojZg_gby�� dhlhju_�
\uihegyxlky� ^ey� wlbo� mjZ\g_gbc��Imklv� fu� j_rZ_f� bo� \� h[eZklb� Ω: x∈[0;1], y∈[0;1], 
z∈>���@�� ih� o� b� m� gZ� ]jZgbpZo� bf_xl� f_klh� mkeh\by� i_jbh^bqghklb�� Z� ih� z –� mkeh\b_�
g_ijhl_dZgby�� w �� ijb� z �� b� z ��� AZdhghf� khojZg_gby� ^ey� \_ebqbgu� D� gZah\_f�
\uiheg_gb_�jZ\_gkl\Z 
 

                            
K

d
t

∂ Ω = 0
∂∫                                                                                        (2.23) 

 
]^_�bgl_]jbjh\Zgb_�jZkkfZljb\Z_lky�ih�h[eZklb�Ω��Z� d dxdydzΩ = . 
������Ba�mjZ\g_gby�g_jZaju\ghklb�������ke_^m_l��qlh�khojZgy_lky�fZkkZ�Zlfhkn_ju� 
 

                            M dρ= Ω∫ ,                                                                                       (2.24) 

 
ihkdhevdm� mjZ\g_gb_� aZibkZgh� \� ^b\_j]_glghf� \b^_�� <hh[s_�� _keb� ohlyl� ^hdZaZlv�
\uiheg_gb_�aZdhgZ�khojZg_gby�^y�g_dhlhjhc�\_ebqbgu��lh�^ey�ijhba\h^ghc�ih�\j_f_gb�hl�
wlhc� \_ebqbgu� iulZxlky� aZibkZlv� mjZ\g_gb_� \� ^b\_j]_glghf� \b^_�� GZijbf_j�� ba�
mjZ\g_gbc� ������ b� ������ fh`gh� ihemqblv� aZdhg� khojZg_gby� ^ey� \eZ]b�� ?keb� mfgh`blv�
mjZ\g_gb_� ������ gZ� ρ�� Z� mjZ\g_gb_� ������ gZ� Q� b� keh`blv�� lh� ihemqblky� ke_^mxs__�
mjZ\g_gb_�� 
 

                           0,
Q uQ vQ wQ

t x y z

ρ ρ ρ ρ∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                                    (2.25) 

 
aZibkZggh_�\�^b\_j]_glghf�\b^_��Ke_^h\Zl_evgh��bgl_]jZe�ih�h[eZklb�Ω�hl�\_ebqbgu�ρQ 
khojZgy_lky��Fh`gh� ihdZaZlv� lZd`_�� qlh� ^ey� mjZ\g_gbc� �����-������ \uihegy_lky� aZdhg�
khojZg_gby�kmffu�dbg_lbq_kdhc��l_ieh\hc�b�ihl_gpbZevghc�wg_j]bb�� 
 

                           
2 2

( ))
2

P
u v

C T gz d
t

ρ∂ +( + + Ω = 0
∂∫                                                     (2.26) 

 
 
Djhf_� lh]h�� hq_gv� \Z`_g� aZdhg� khojZg_gby� fhf_glZ� \jZs_gby� \hdjm]� hkb� \jZs_gby�
A_feb�� ?keb� mjZ\g_gby� aZibkZgu� \� dhhj^bgZlZo� λ, ϕ, z�� lh� hg� \u]ey^bl� \� kemqZ_�
hlkmlkl\by�j_ev_nZ�ke_^mxsbf�h[jZahf�� 
 

                          3 2( cos cos )) 0a a u d d dz
t

ϕρ ϕ λ ϕ0
∂ (Ω + =
∂∫ ,                                        (2.27) 

 
]^_�Z�–�jZ^bmk�A_feb��Ω0 –�m]eh\Zy�kdhjhklv�\jZs_gby�A_feb�� 
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����F_lh^u�j_r_gby�mjZ\g_gbc�]b^jhl_jfh^bgZfbdb� 
 
������Hkgh\gmx� keh`ghklv� ijb� qbke_gghf� j_r_gbb� mjZ\g_gbc� ]b^jhl_jfh^bgZfbdb�
\uau\Z_l� mjZ\g_gb_� i_j_ghkZ�� � <� fh^_eyo� HP:� bkihevamxlky� ke_^mxsb_� f_lh^u�
j_r_gby� mjZ\g_gby� i_j_ghkZ�� dhg_qgh-jZaghklguc�� ki_dljZevguc� b� ihemeZ]jZg`_\uc��
A^_kv�[he__�ih^jh[gh�jZkkfhljbf�dhg_qgh-jZaghklguc�f_lh^� �=h^mgh\��Jy[_gvdbc�������
gZ�ijbf_j_�h^ghf_jgh]h�mjZ\g_gby�i_j_ghkZ�l_fi_jZlmju�ihklhygghc�kdhjhklvx��BlZd��
fu�j_rZ_f�mjZ\g_gb_ 
 

                                              0
T T

u
t x

∂ ∂+ =
∂ ∂

                                                                       (3.1)    

 
\�h[eZklb� [ ]0;1x ∈ k�i_jbh^bq_kdbfb�]jZgbqgufb�mkeh\byfb�� ( 0) ( 1)T x T x= = = . 

 

Imklv�\ky�h[eZklv�jZa^_e_gZ�gZ�I�jZ\guo�rZ]h\�ih�ijhkljZgkl\m��lZd�qlh� 1
x

I
∆ = .  

GZibr_f�jZaeh`_gby�\�jy^�L_cehjZ�^ey� 1iT + �b� 1iT − �\�hdj_klghklb�lhqdb�i:  
 

                   
2 3 4

4
1 ' '' ''' ( )

2 6 24
IV

i i

x x x
T T xT T T T o x+

∆ ∆ ∆= + ∆ + + + + ∆                                       (3.2) 

 

                   
2 3 4

4
1 ' '' ''' ( )

2 6 24
IV

i i

x x x
T T xT T T T o x−

∆ ∆ ∆= − ∆ + − + + ∆                                       (3.3) 

 
 

b�aZibr_f�^\_�ijhkl_crb_�dhg_qgh-jZaghklgu_�ZiijhdkbfZpbb� T

x

∂
∂

\�lhqd_�i��f_lh^hf�
gZijZ\e_gguo�jZaghkl_c 
 

                      1i i

i

T TT

x x
−−∂  = ∂ ∆ 

                                                                                           (3.4) 

 
b�p_gljZevguo�jZaghkl_c�� 
 

                     1 1

2
i i

i

T TT

x x
+ −−∂  = ∂ ∆ 

                                                                                          (3.5)                             

 
K�ihfhsvx�jZaeh`_gbc�\�jy^�L_cehjZ��������������e_]dh�ihdZaZlv��qlh�ko_fZ�gZijZ\e_gguo�
jZaghkl_c� bf__l� i_j\uc� ihjy^hd� ZiijhdkbfZpbb�� Z� ko_fZ� p_gljZevguo� jZaghkl_c� – 
\lhjhc�� lh� _klv�jZ\_gkl\h� ������\uihegy_lky� k� lhqghklvx�^h� ( )O x∆ � �� Z�jZ\_gkl\h� ������ k�
lhqghklvx�^h� 2( )O x∆ : 
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                              1 ' '' ( )
2

i iT T x
T T o x

x
−− ∆= − + ∆

∆
                                                                 (3.6) 

                             
2

21 1 ' ''' ( )
2 6

i iT T x
T T o x

x
+ −− ∆= + + ∆

∆
                                                           (3.7) 

 
J_r_gb_f�bkoh^gh]h�^bnn_j_gpbZevgh]h�mjZ\g_gby�������y\ey_lky 
 
                                ( )

0
ik x utT T e −=                                                                                        (3.8)  

 
lh�_klv�_keb�fu�bf__f�\�gZqZevguc�fhf_gl�\j_f_gb�\hegm�k�\hegh\uf�qbkehf�d��lh�hgZ�
[m^_l�i_j_ghkblvky�kh�kdhjhklvx�u��?keb�fu�j_rZ_f�mjZ\g_gb_�������ih�\j_f_gb�lhqgh��Z�
ih� ijhkljZgkl\m� ijhba\h^gmx� aZf_gy_f� dhg_qghc� jZaghklvx� ������� lh� k� lhqghklvx� ^h�
\_ebqbg�[he__�\ukhdh]h�ihjy^dZ�fu�j_rZ_f�mjZ\g_gb_ 
 

                               
2

2
0

2

T T T x
u

t x x

 ∂ ∂ ∂ ∆+ − = ∂ ∂ ∂ 
,                                                                 (3.9)    

 
j_r_gb_�dhlhjh]h�aZibku\Z_lky�dZd� 
 

                                
2

( )2
0

uk t x
ik x utT T e e

∆− −=                                                                              (3.10) 

 
Wlh�hagZqZ_l��qlh�\hegZ�k�\hegh\uf�qbkehf� k �g_�ijhklh�i_j_ghkblky�kh�kdhjhklvx�u��gh�
__�Zfieblm^Z�mf_gvrZ_lky�kh�\j_f_g_f��ijbq_f�l_f�kbevg__��q_f�[hevr_� k .  
������?keb�fu� aZf_gy_f� ijhba\h^gmx� ih� ijhkljZgkl\m� p_gljZevghc� jZaghklvx� ������� lh� k�
lhqghklvx�^h�\_ebqbg�[he__�\ukhdh]h�ihjy^dZ�fu�j_rZ_f�mjZ\g_gb_ 
 

                               
3 2

3
0

6

T T T x
u

t x x

 ∂ ∂ ∂ ∆+ + = ∂ ∂ ∂ 
                                                                (3.11)    

 
j_r_gb_�dhlhjh]h�aZibku\Z_lky�dZd 
 

                                 
2 2

( (1 ) )
6

0

x k
ik x u t

T T e
∆− −

=                                                                            (3.12) 

 
Wlh� hagZqZ_l�� qlh� \hegZ� k� \hegh\uf� qbkehf� k � i_j_ghkblky� g_� kh� kdhjhklvx� u �� Z� k�
f_gvr_c� kdhjhklvx�� ijbq_f� k� l_f� f_gvr_c�� q_f� [hevr_� k �� <hegZ� k� i_jbh^hf� 2 x∆  
\hh[s_�[m^_l�i_j_ghkblvky�k�gme_\hc�kdhjhklvx� 
������Fh`gh� gZibkZlv� dhg_qgh-jZaghklgmx� ZiijhdkbfZpbx� bkoh^gh]h� mjZ\g_gby� kdhev�
m]h^gh� \ukhdh]h� ihjy^dZ�� GZijbf_j�� ba� ko_fu� \lhjh]h� ihjy^dZ� ������ fh`gh� ihemqblv�
ko_fm� lj_lv_]h�ihjy^dZ��_keb� aZf_gblv�\� ]eZ\ghf�keZ]Z_fhf�hrb[db� '''T �gZ�__�dhg_qgh-
jZaghklgmx�ZiijhdkbfZpbx�� 
 

                                 1 1 2
3

3 3i i i iT T T T

x
+ − −− + −

∆
.                                                                       (3.13) 
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������Fh`gh� ihdZaZlv�� qlh� ^ey� ko_f� g_q_lguo� ihjy^dh\� hrb[dZ� [m^_l� \� Zfieblm^_�
i_j_ghkbfhc�\hegu��Z�^ey�ko_f�q_lguo�ihjy^dh\�–�\�kdhjhklb�i_j_ghkZ� 
������AZf_gbf� l_i_jv� dhg_qgufb� jZaghklyfb� i_j\h]h� b� \lhjh]h� ihjy^dZ� ijhba\h^gmx� ih�
\j_f_gb�b�jZkkfhljbf�ihemqb\rb_ky�ko_fu��Imklv�\_jogbc�bg^_dk�hagZqZ_l�ghf_j�rZ]Z�
ih�\j_f_gb��Ko_fZ�i_j\h]h�ihjy^dZ�ih�ijhkljZgkl\m�b�\j_f_gb�\u]ey^bl�lZd�� 
 

                                   
1

1 0
n n n n

i i i iT T T T
u

t x

+
−− −+ =

∆ ∆
                                                            (3.14) 

 
 
>ey�lh]h��qlh[u�j_r_gb_�dhg_qgh-jZaghklghc�ko_fu�koh^behkv�ijb�∆x→��b�∆t→��d�
j_r_gbx�bkoh^gh]h�^bnn_j_gpbZevgh]h�mjZ\g_gby��h^ghc�ZiijhdkbfZpbb�g_^hklZlhqgh��
Gm`gh�_s_��qlh[u�ko_fZ�[ueZ�mklhcqb\hc��Mklhcqb\hklv�hagZqZ_l�h]jZgbq_gghklv�
j_r_gby��lh�_klv�_keb�gZ�rZ]_�ih�\j_f_gb�n |Ti

n| ≤ M0��lh�^ey�ex[h]h�k>0 |Ti
n+k| ≤ M��]^_�

M0��F�–�g_dhlhju_�iheh`bl_evgu_�dhgklZglu��GZc^_f��ijb�dZdhf�mkeh\bb�ko_fZ��������
[m^_l�mklhcqb\hc��Ko_fm�fh`gh�i_j_ibkZlv�dZd 
 

                    1
11n n n

i i i

u t u t
T T T

x x
+

−
∆ ∆ = − + ∆ ∆ 

                                                                     (3.15) 

 
?keb�_Ti

n| ≤ M0��lh�_Ti 
n+1| ≤ M0�ijb�mkeh\bb��qlh 

 

                       1
u t

x

∆ − ∆ 
≥ 0                                                                                              (3.16) 

 
b� u ≥� ��� Mkeh\b_� ������� gZau\Z_lky� mkeh\b_f� DmjZglZ�� LZdbf� h[jZahf�� ko_fZ� �������
y\ey_lky� mkeh\gh� mklhcqb\hc�� WlZ� ko_fZ� y\ey_lky� y\ghc�� lh� _klv� agZq_gb_�
ijh]ghklbq_kdhc� i_j_f_gghc� gZ� ke_^mxs_f� rZ]_� y\gh� \ujZ`Z_lky� q_j_a� agZq_gb_� gZ�
ij_^u^msbo�rZ]Zo��Fh`gh�aZibkZlv�g_y\gmx�ko_fm�� 
 

                       
1 1 1

1 0
n n n n

i i i iT T T T
u

t x

+ + +
−− −+ =

∆ ∆
                                                                   (3.17) 

 
>ey� \uqbke_gby� j_r_gby� gZ� ke_^mxs_f�rZ]_� ih� \j_f_gb� ih� ko_f_� ������� g_h[oh^bfh�
j_rZlv� kbkl_fm� ebg_cguo� mjZ\g_gbc� k� ^\mo^bZ]hgZevghc� fZljbp_c�� Ko_fZ� �������
mklhcqb\Z�ijb�ex[hf�khhlghr_gbb�rZ]h\�ih�\j_f_gb�b�ijhkljZgkl\m� 
������JZkkfhljbf�l_i_jv�ko_fu�k�p_gljZevgufb�jZaghklyfb�ih�ijhkljZgkl\m��Y\gZy�ko_fZ��
bf_xsZy�i_j\uc�ihjy^hd�ih�\j_f_gb�b�\lhjhc�ihjy^hd�ih�ijhkljZgkl\m�� 
 

                        
1

1 1 0
2

n n n n
i i i iT T T T

u
t x

+
+ −− −+ =

∆ ∆
                                                                  (3.18) 

 
g_mklhcqb\Z�ijb�ex[hf�rZ]_�ih�\j_f_gb��Ihwlhfm�\�lhf�kemqZ_��_keb�gm`gh�bkihevah\Zlv�
p_gljZevgu_�jZaghklb�\lhjh]h�ihjy^dZ�ih�ijhkljZgkl\m�b�y\gmx�ko_fm�ih�\j_f_gb��aZ^Zqm�
j_rZxl�eb[h�ijb�ihfhsb�ko_fu�p_gljZevguo�jZaghkl_c�ih�\j_f_gb�� 
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1 1

1 1 0
2 2

n n n n
i i i iT T T T

u
t x

+ −
+ −− −+ =

∆ ∆
                                                                 (3.19) 

eb[h�k�ihfhsvx�ko_fu�Wce_jZ�  
 

                   
1*

1 1 0
2

n n n n
i i i iT T T T

u
t x

+
+ −− −+ =
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                                                                     (3.20) 

 

                    
1 1* 1*

1 1 0
2

n n n n
i i i iT T T T

u
t x

+ + +
+ −− −+ =

∆ ∆
                                                                (3.21) 

 
H[_� wlb� ko_fu� mklhcqb\u� ijb� lhf�`_� kZfhf� mkeh\bb�DmjZglZ� ��������>ey� \uqbke_gby�
j_r_gby� ih� ko_f_� q_oZj^u� ������� lj_[m_lky� j_r_gb_� gZ� ^\mo� ij_^u^msbo� rZ]Zo��
Ke_^h\Zl_evgh�� ^ey� g__� gm`gh� aZ^Z\Zlv� ^\Z� gZqZevguo� mkeh\by��Djhf_� lh]h�� qlh[u� g_�
[ueh�jZkoh^bfhklb�f_`^m�j_r_gb_f�gZ�q_lguo�b�g_q_lguo�rZ]Zo�ih� \j_f_gb�� \� ko_fm�
������� \\h^yl� ki_pbZevgh_� keZ]Z_fh_�� bf_xs__� \b^� dhg_qgh-jZaghklghc� ZiijhdkbfZpbb�
\lhjhc�ijhba\h^ghc�ih�\j_f_gb� 
������Ijb�j_r_gbb�mjZ\g_gbc�]b^jhl_jfh^bgZfbdb�\�fh^_eyo�HP:�ko_fZ�i_j\h]h�ihjy^dZ�
ih�ijhkljZgkl\m�g_�ijbf_gy_lky�ba-aZ�[hevrhc�hrb[db�\�Zfieblm^_��KZfufb�ijhklufb�
ko_fZfb��dhlhju_�bkihevamxlky�\�fh^_eyo��y\eyxlky�ko_fu��������b������-�������<hafh`gh�
bkihevah\Zgb_�ko_fu�lj_lv_]h�ihjy^dZ�������� 
������<� h[s_f� kemqZ_�� dh]^Z� k� ihfhsvx� y\ghc� ko_fu� j_rZ_lky� kbkl_fZ� mjZ\g_gbc�
]b^jhl_jfh^bgZfbdb� Zlfhkn_ju�� mkeh\b_f� mklhcqb\hklb� [m^_l� mkeh\b_�DmjZglZ� ��������
]^_�\�dZq_kl\_�u�[_j_lky�kdhjhklv�kZfh]h�[ukljh]h�ijhp_kkZ��hibku\Z_fh]h�mjZ\g_gbyfb��
<�kemqZ_�mjZ\g_gbc�GZ\v_-KlhdkZ�wlh�kdhjhklv�a\mdZ��?keb�j_rZ_lky�kbkl_fZ�mjZ\g_gbc�\�
ijb[eb`_gbb� ]b^jhklZlbdb�� lh� kZfuf� [ukljuf� ijhp_kkhf� [m^_l� jZkijhkljZg_gb_�
]jZ\blZpbhgguo�\heg��Ihwlhfm�gZb[he__�mihlj_[bl_evgufb�\�gZklhys__�\j_fy�y\eyxlky�
ko_fu�� ]^_� keZ]Z_fu_�� hl\_lkl\_ggu_� aZ� jZkijhkljZg_gb_� ]jZ\blZpbhgguo� \heg��
hibku\Zxlky�g_y\gh��Z�hklZevgZy�kbkl_fZ�mjZ\g_gbc�j_rZ_lky�y\gh�ih�ko_f_���������RZ]�
ih�ijhkljZgkl\m�^ey�fh^_e_c�ijh]ghaZ�ih]h^u�gZ�k_]h^gyrgbc�^_gv� khklZ\ey_l�h[uqgh�
20-����df���^ey�fh^_e_c�debfZlZ� ���-����df��RZ]�ih�\j_f_gb�khklZ\ey_l�hl�g_kdhevdbo�
k_dmg^�^h�g_kdhevdbo�fbgml� 
������<� ij_^u^ms_c� e_dpbb� h[km`^Zebkv� aZdhgu� khojZg_gby�� dhlhju_� \uihegyxlky� \�
mjZ\g_gbyo�� Ohl_ehkv� [u�� qlh[u� ZgZeh]bqgu_� aZdhgu� khojZg_gby� \uihegyebkv� b� \�
dhg_qgh-jZaghklguo� ko_fZo�� KZfuc� ijhklhc� kihkh[� ^hklbqv� wlh]h� –� Zijhdkbfbjh\Zlv�
dhg_qgufb� jZaghklyfb� mjZ\g_gby�� aZibkZggu_� \� ^b\_j]_glghf� \b^_�� GZijbf_j�� _keb�
Zijhdkbfbjh\Zlv�dhg_qgufb�jZaghklyfb�\lhjh]h�ihjy^dZ�ih�ijhkljZgkl\m�b�ih�\j_f_gb�
mjZ\g_gb_���������lh�ihemqblky�y\gZy�ko_fZ�� 
 

1 1
1 1 1 1 1 1 0

2 2 2 2

n n n n n n n n
ijk ijk i jk i jk ij k ij k ijk i jkQ QT Qu Qu Qv Qv Qw Qu

t x y z

ρ ρ ρ ρ ρ ρ ρ ρ+ −
+ − + − + −− − − −

+ + + =
∆ ∆ ∆ ∆

(322) 

 
 
]^_� , ,i j k  –�bg^_dku�ih� , ,x y z ��Ko_fZ�mklhcqb\Z�ijb�mkeh\bb�DmjZglZ� ��������b�h[eZ^Z_l�
aZdhghf�khojZg_gby�fZkku�\eZ]b�ijb�khhl\_lkl\mxsbo�]jZgbqguo�mkeh\byo��lh�_klv� 
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                               1 1n n
ijk ijkQ Qρ ρ+ −

Ω Ω

=∑ ∑                                                                            (3.23) 

 
]^_�Ω -�dhg_qghjZaghklgZy�h[eZklv�hij_^_e_gby�aZ^Zqb� 
������>ey�mjZ\g_gby�l_iehijh\h^ghklb�k�ihklhygguf�dhwnnbpb_glhf�� 
 

                          
2

2

T T
k

t x

∂ ∂=
∂ ∂

                                                                                         (3.24) 

 
fh`gh�aZibkZlv�ko_fm�\lhjh]h�ihjy^dZ�ih�ijhkljZgkl\m�b�i_j\h]h�ihjy^dZ�ih�\j_f_gb�� 
 

                        
1

1 1
2

2n n n n n
i i i i iT T T T T

k
t x

+
+ −− − +=
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                                                             (3.25) 

 
dhlhjZy�[m^_l�mklhcqb\hc�ijb�mkeh\bb� 
 

                          
2

2

x
t

k

∆∆ ≤                                                                                              (3.26) 

 
�:gZeh]bqgZy�g_y\gZy�ih�\j_f_gb�ko_fZ�[m^_l�mklhcqb\hc�ijb�ex[hf�rZ]_�ih�\j_f_gb��
h^gZdh� lj_[m_l� gZ� dZ`^hf� rZ]_� j_r_gby� ebg_cghc� kbkl_fu� k� lj_o^bZ]hgZevghc�
fZljbp_c�� AZf_lbf�� qlh� ko_fZ� q_oZj^u� ^ey� mjZ\g_gby� l_iehijh\h^ghklb� g_ijbf_gbfZ��
lZd� dZd� g_mklhcqb\Z� ijb� ex[hf�rZ]_� ih� \j_f_gb��>ey� ko_fu� ������� \uihegy_lky� aZdhg�
khojZg_gby�l_fi_jZlmju��lh�_klv 
 
                          1n n

i i
+

Ω Ω

Τ = Τ∑ ∑                                                                                   (3.27) 

 
<hh[s_��aZdhg�khojZg_gby�^ey�g_dhlhjhc�\_ebqbgu�:�\uihegy_lky�ijb�khhl\_lkl\mxsbo�
]jZgbqguo� mkeh\byo� ^ey� dhg_qgh-jZaghklghc� ko_fu�� _keb� wlm� ko_fm� m^Z_lky� aZibkZlv� \�
ke_^mxs_f�\b^_�� 
 
                         1

1
n n

i i i iA A F F+
+− = −                                                                              (3.28) 

 
]^_�F –�g_dhlhjh_�dhg_qgh-jZaghklgh_�\ujZ`_gb_� 
������<� gZklhys__� \j_fy� ijbf_jgh� ��-���� fh^_e_c� HP:� j_rZxl� mjZ\g_gby�
]b^jhl_jfh^bgZfbdb�dhg_qgh-jZaghklguf�f_lh^hf��GZb[he__�jZkijhkljZg_gguf� k_cqZk�
y\ey_lky�ki_dljZevguc�f_lh^�j_r_gby�mjZ\g_gbc��dh]^Z�\k_�ijh]ghklbq_kdb_�i_j_f_gu_�
jZaeZ]Zxlky�\�jy^�ih�kn_jbq_kdbf�nmgdpbyf��DjmiqZlgbdh\��Dmj[Zldbg��������GZijbf_j��
i_j_f_ggZy�:�ij_^klZ\ey_lky�dZd� 
 

                         
( )

| |

( (
N mM

im
mn mn

m M n m

A A P e λλ ϕ ϕ
=− =

, ) = )∑ ∑                                                           (3.29) 

 
]^_� mnA  –� dhwnnbpb_glu�Nmjv_�� (mnP ϕ )  –� ihebghfu� E_`Zg^jZ�� im

mnP e λ  -� kn_jbq_kdb_�
nmgdpbb��F�–�ghf_j�mk_q_gby��N(m) –�nmgdpby��hij_^_eyxsZy�\b^�mk_q_gby��<�qZklghf�
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kemqZ_�N(m) =M��lj_m]hevgh_�mk_q_gb_���MjZ\g_gby�i_j_ibku\Zxlky�^ey�dhwnnbpb_glh\�
Nmjv_��LZdb_�ko_fu�h[eZ^Zxl�l_fb�`_�aZdhgZfb�khojZg_gby��qlh�b�bkoh^gu_�mjZ\g_gby��
G_^hklZldhf�y\ey_lky�[hevrh_�\j_fy��g_h[oh^bfh_�gZ�ijyfh_�b�h[jZlgh_�ij_h[jZah\Zgb_�
ba�k_lhqgh]h�\�ki_dljZevguc�\b^��Ijb�memqr_gbb�jZaj_r_gby�^hey�wlh]h�ij_h[jZah\Zgby�
\h� \k_f� Ze]hjblf_� m\_ebqb\Z_lky�� Ijb� ijbf_g_gbb� ki_dljZevgh]h� f_lh^Z� ko_fZ� ih�
\_jlbdZeb�hklZ_lky�dhg_qgh-jZaghklghc�� 
������IhemeZ]jZg`_\uc�f_lh^�j_r_gby�mjZ\g_gby�i_j_ghkZ�khklhbl�\�lhf��qlh�^ey�dZ`^h]h�
maeZ�k_ldb�bs_lky�f_klh��ba�dhlhjh]h�bkoh^bl�ljZ_dlhjby�qZklbpu�gZ�ij_^u^ms_f�rZ]_�
ih�\j_f_gb��b�agZq_gb_�ba�wlhc�lhqdb�i_j_ghkblky�\�jZkkfZljb\Z_fuc�ma_e��LZdhc�f_lh^�
iha\hey_l� ^_eZlv�rZ]b� ih� \j_f_gb�� [hevrb_�� q_f� ^ey� y\guo� dhg_qgh-jZaghklguo� ko_f��
Wlhl� f_lh^� ohjhr� lZf�� ]^_� gZ^h� ijZ\bevgh� i_j_ghkblv� \_ebqbgm� k� [hevrbfb�
]jZ^b_glZfb��G_^hklZldhf�f_lh^Z�y\ey_lky�hlkmlkl\b_�aZdhgh\�khojZg_gby� 
 

       



 25 

 
���IZjZf_ljbaZpbb�ih^k_lhqguo�ijhp_kkh\��Lmj[me_glghklv�\�
ih]jZgbqghf�keh_�Zlfhkn_ju��Ijhp_kku�\�ihq\_�b�gZ�ih\_joghklb� 
 
������JZkkfhlj_ggu_� \� ij_^u^msbo� e_dpbyo� mjZ\g_gby� aZibkZgu� \� ij_^iheh`_gbb�
g_ij_ju\ghklb�Zlfhkn_ju��Z�dhg_qghf_jgu_�ZiijhdkbfZpbb�–�\�ij_^iheh`_gbb�lh]h��qlh�
rZ]� ih� ijhkljZgkl\m� b� ih� \j_f_gb� fZe� ih� kjZ\g_gbx� k� oZjZdl_jguf� jZaf_jhf� \k_o�
kms_kl\_gguo� ^ey� ^bgZfbdb� Zlfhkn_ju� ijhp_kkh\�� H^gZdh�� rZ]� ih� ijhkljZgkl\m� \�
fh^_eyo� HP:� khklZ\ey_l� hl� g_kdhevdbo� ^_kyldh\� ^h� g_kdhevdbo� khl_g� df��� b� fgh]b_�
\Z`gu_� ih]h^hh[jZamxsb_� ijhp_kku� bf_xl� jZaf_j� f_gvr_� rZ]Z� ih� ijhkljZgkl\m��
bkihevam_fhfm� \� fh^_eyo�� Qlh[u� ihgylv�� dZd� baf_gylky� gZrb� mjZ\g_gby�� _keb� fu� g_�
jZaj_rZ_f�ijhp_kku�k�oZjZdl_jguf�fZkrlZ[hf�f_gvr_�g_dhlhjh]h�� aZibr_f� mjZ\g_gb_�
^ey�u-dhfihg_glu�kdhjhklb�������k�mq_lhf�mjZ\g_gby�g_jZaju\ghklb��������� 
 

                       
( ) ( ) (u uu uv u

fv
t x y P x

τ∂ ∂ ∂ ∂ ) ∂Φ+ + + − = −
∂ ∂ ∂ ∂ ∂

                                                     (4.1) 

 
b� ij_^klZ\bf� \k_� i_j_f_ggu_� dZd� kmffm� djmighfZkrlZ[guo�� jZaj_rZ_fuo�fh^_evx�� b�
f_edhfZkrlZ[guo��g_�jZaj_rZ_fuo�fh^_evx�� 
 
                       'Ψ = [Ψ]+ Ψ                                                                                                (4.2) 
 
]^_�Ψ = u, v, T, q, [Ψ] –�djmighfZkrlZ[gZy� khklZ\hyxsZy� Ψ�� Z�Ψ’ –�f_edhfZkrlZ[gZy��
lZdZy�qlh� 
 
                         [Ψ’] =0.                                                                                                       (4.3) 
 
Ih^klZ\b\�\�������\ujZ`_gby�������b�\hkihevah\Z\rbkv��������ihemqbf�mjZ\g_gb_�^ey�>u]:  
 

[ ] [ ][ ] [ ' '] [ ][ ] [ ][ ] [ ' '] [ ' '] [ ]
[ ]

u u u u u u v u u v u
f v

t x x y P y P x

τ τ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ Φ+ + + + + + − = −
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂

               (4.4) 

 
Wlh� mjZ\g_gb_� hlebqZ_lky� hl� ������ l_f�� qlh� kh^_j`bl� keZ]Z_fu_� ∂[u’τ’ ]/∂p�� Z� lZd`_�
ZgZeh]bqgu_� keZ]Z_fu_�ih�x�b� y��Qlh[u� j_rZlv� lZdh_� mjZ\g_gb_��g_h[oh^bfh� \ujZablv�
keZ]Z_fu_� lZdh]h� lbiZ� q_j_a� djmighfZkrlZ[gu_� i_j_f_ggu_�� LZdb_� \ujZ`_gby�
gZau\Zxlky� iZjZf_ljbaZpbyfb�� Hgb� ihemqZxlky�� _keb� ijb\e_qv� ^hihegbl_evgu_�
khh[jZ`_gby�h�lhf��dZdh\Z�ijbjh^Z�f_edhfZkrlZ[guo�g_h^ghjh^ghkl_c�jZkkfZljb\Z_fuo�
ihe_c��<�wlhf�dmjk_�fu�jZkkfhljbf�iZjZf_ljbaZpbb�lmj[me_glghklb�\�ih]jZgbqghf�keh_�
Zlfhkn_ju��iZjZf_ljbaZpbb�dhg\_dpbb�b�dhg^_gkZpbb�b�iZjZf_ljbaZpbx�]jZ\blZpbhggh-
\hegh\h]h�khijhlb\e_gby�� 
������Ijhkl_crZy�iZjZf_ljbaZpby� lmj[me_glghklb� \�ih]jZgbqghf� keh_� khklhbl� \� lhf�� qlh�
ihlhd� � \_ebqbgu�Ψ�� ]^_�Ψ = u, v, T, q�� \� kj_^g_f�gZijZ\e_g�hl�[hevrbo� agZq_gbc� wlhc�
\_ebqbgu�d�f_gvrbf��Fhgbg��H[moh\������ 
 

                                     
[ ]

[ ' '] k
P

τ ∂ ΨΨ = −
∂

                                                                             (4.5) 
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]^_� k –� g_dhlhjuc� dhwnnbpb_gl�� gZau\Z_fuc� dhwnnbpb_glhf� lmj[me_glghklb��
<ujZ`_gb_�������h[uqgh�gZau\Zxl�]bihl_ahc�;mkkbg_kdZ��:gZeh]bqgu_�keZ]Z_fu_�ih�o�b�
y�]hjZa^h�f_gvr_�ih�\_ebqbg_��lZd�dZd�]hjbahglZevgu_�]jZ^b_glu�>Ψ@�]hjZa^h�f_gvr_�ih�
\_ebqbg_�� q_f� \_jlbdZevgu_�� Dhwnnbpb_gl� lmj[me_glghklb� hq_gv� kbevgh� aZ\bkbl� hl�
\_jlbdZevghc� kljZlbnbdZpbb�� hg� \_ebd� ijb� g_mklhcqb\hc� kljZlbnbdZpbb� b� fZe� ijb�
mklhcqb\hc�� Djhf_� lh]h�� hg� aZ\bkbl� hl� \_jlbdZevgh]h� k^\b]Z� \_ljZ� b� hl� fZkrlZ[Z�
lmj[me_glghklb��dhlhjuc�^h�\ukhlu�g_kdhevdh�khl_g�f_ljh\�ih�ihjy^dm�\_ebqbgu�jZ\_g�
z��LZdbf�h[jZahf��Businger et al����������Fhgbg�b�H[moh\�������, 
 

                             , ,
V

k k l
z z

θ∂ ∂ =  ∂ ∂ 
                                                                                     (4.6) 

 
]^_�θ -�ihl_gpbZevgZy�l_fi_jZlmjZ��l –�fZkrlZ[�lmj[me_glghklb� 
������Mkeh\gh� jZaebqZxl� dhg\_dlb\gmx� lmj[me_glghklv�� dhlhjZy� h[mkeh\e_gZ� \� hkgh\ghf�
l_fi_jZlmjghc� g_mklhcqb\hklvx�� b� k^\b]h\mx�� dhlhjZy� h[mkeh\e_gZ� \_jlbdZevguf�
k^\b]hf� \_ljZ�� Dhwnnbpb_gl� lmj[me_glghklb�� dZd� ijZ\beh�� ih� \_ebqbg_� gZ� fgh]h�
ihjy^dh\�ij_\urZ_l�dhwnnbpb_gl�fhe_dmeyjghc�\yadhklb�b�l_iehijh\h^ghklb�� 
������LZdbf� h[jZahf�� mq_l� lmj[me_glghklb� \� ih]jZgbqghf� keh_� Zlfhkn_ju� ijb\h^bl� d�
^hihegbl_evguf�keZ]Z_fuf�\b^Z�\yadhklb�beb�l_iehijh\h^ghklb�� 
 

                              
F

k
t P P P

Ψ∂∂Ψ ∂ ∂Ψ= =
∂ ∂ ∂ ∂

                                                                              (4.7) 

 
]^_� FΨ -� ihlhd� ih� \_jlbdZeb� \_ebqbgu� Ψ�� LZdh_� mjZ\g_gb_� h[uqgh� j_rZ_lky� dhg_qgh-
jZaghklguf� f_lh^hf� k� ihfhsvx� g_y\ghc� ko_fu�� lZd� dZd� dhwnnbpb_glu� k� fh]ml� [ulv�
hq_gv� [hevrbfb�� qlh� ijb\h^bl� d� g_mklhcqb\hklb� y\ghc� ko_fu�� <� dZq_kl\_� \_jog_]h�
]jZgbqgh]h� mkeh\by� h[uqgh� [_j_lky� gme_\hc� ihlhd�� <� dZq_kl\_� gb`g_]h� ]jZgbqgh]h�
mkeh\by�gm`gh�klZ\blv�ihlhd�gZ�ih\_joghklb��Ijhkl_crbc�kihkh[�\uqbke_gby�ihlhdh\�gZ�
ih\_joghklb�� bkihevam_fuc� \� fh^_eyo�� khkhlhbl� \� ijbf_g_gbb� Zwjh^bgZfbq_kdbo�� beb�
[Zed-�nhjfme��B^_y�a^_kv�lZ�`_��qlh�b�\�]bihl_a_�;mkkbg_kdZ��ihlhd�g_dhlhjhc�\_ebqbgu�
gZijZ\e_g�hl�[hevr_]h�agZq_gby�\_ebqbgu�d�f_gvr_fm� 
 
                        | | ( ),U U a s aF C V u uρ= −                                                                           (4.8) 

                        | | ( ),V U a s aF C V v vρ= −                                                                            (4.9) 

                        | | ( ),T T a s aF C Vρ θ θ= −                                                                            (4.10) 

                        | | ( )Q T a s aF C V Q Qρ= − ,                                                                          (4.11) 

 
]^_�Cu�b�CT –�[_ajZaf_jgu_�dhwnnbpb_glu�h[f_gZ��aZ\bkysb_�hl�kljZlbnbdZpbb��Cp�b�L – 
m^_evgZy� l_ieh_fdhklv� \ha^moZ� b� l_iehlZ� iZjhh[jZah\Zgby�� Bg^_dk� s� h[hagZqZ_l�
\_ebqbgu� gZ� ih\_joghklb� A_feb�� bg^_dk� a –� \_ebqbgu� gZ� gb`g_f� mjh\g_� Zlfhkn_jghc�
fh^_eb��dhlhjuc�gZoh^blky��dZd�ijZ\beh��\�g_kdhevdbo�^_kyldZo�f_ljh\�gZ^�a_fe_c��Ijb�
\uqbke_gbb� ihlhdh\� bfimevkZ�fh`gh� iheh`blv� us =  vs�  � ���>ey� jZkq_lZ� l_fi_jZlmju�
ih\_joghklb� hd_ZgZ� bkihevamxlky� fh^_eb� h[s_c� pbjdmeypbb� hd_ZgZ�� beb�� _keb�
ijh\h^blky�jZkq_l�lhevdh�ih�fh^_eb�HP:��lh�l_fi_jZlmjZ�ih\_joghklb�hd_ZgZ�aZ^Z_lky��<�
kemqZ_�kmrb�^ey�hij_^_e_gby�l_fi_jZlmju�ih\_joghklb�j_rZ_lky�mjZ\g_gb_�� 
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                s
s s T Q RAD SOIL

T
C F F F F

t
ρ ∂ = − − + +

∂
                                                                      (4.12) 

 
]^_�ρs Cs  -�iehlghklv�b�l_ieh_fdhklv�ihq\u�� �FT�b�FQ –�ihlhdb�y\gh]h�b�kdjulh]h�l_ieZ�
������� b� �������� FRAD� b� FSOIL –� jZ^bZpbhgguc� [ZeZgk� gZ� ih\_joghklb� b� ihlhd� l_ieZ� ba�
ihq\u�� >ey� \uqbke_gby� ihlhdZ� l_ieZ� ba� ihq\u�� Z� lZd`_� ^ey� hij_^_e_gby� \eZ`ghklb�
ih\_joghklb�� \�ihq\_�j_rZxlky� mjZ\g_gby� l_ieh\eZ]hijh\h^ghklb� �Eudhkh\�b�IZeZ]bg��
1978):  
 

                 T

T T
F

t z z
λΤ

∂ ∂ ∂= +
∂ ∂ ∂

,                                                                                            (4.13) 

 

                 W WT W

W W T
F

t z z z
λ λ γ∂ ∂ ∂ ∂ = + + + ∂ ∂ ∂ ∂ 

                                                                (4.14) 

 
]^_� W –� m^_evgZy� \eZ`ghklv� ihq\u�� λT,λW, λWT, γ -� dhwnnbpb_glu� l_iehijh\h^ghklb��
\eZ]hijh\h^ghklb��\eZ]hl_iehijhZh^ghklb�b�]b^jZ\ebq_kdbc�ihlhd��FT –�bklhqgbd�l_ieZ�
\ke_^kl\b_�nZah\uo�i_j_oh^h\�\h^u��FW –�bklhqgbd�\eZ]b�\ke_^kl\b_�nZah\uo�i_j_oh^h\�
b�i_j_oh^Z�ihq\_gghc�\h^u�\�klhd��GZ�gb`g_c�]jZgbp_�klZ\ylky�mkeh\by�gme_\uo�ihlhdh\��
gZ�\_jog_c�]jZgbp_�–�ihlhdb�gZ�ih\_joghklb��Kbkl_fm����������������j_rZxl�eb[h�g_y\guf�
f_lh^hf�� kh\f_klgh� mjZ\g_gb_f� �������� �������� ������� b� mjZ\g_gb_f� l_iehijh\h^ghklb� \�
ih]jZgbqghf� keh_� Zlfhkn_ju�� eb[h� hl^_evgh� hl� Zlfhkn_ju�� lh]^Z� ^ey� hij_^_e_gby�
l_fi_jZlmju�ih\_joghklb�lj_[mxlky�bl_jZpbb�� 
������<� dZq_kl\_� \eZ`ghklb� ih\_joghklb� Qs� ijb� \uqbke_gbb� ihlhdZ� \eZ]b� bkihevam_lky�
agZq_gb_�gZkus_gghc�\eZ`ghklb�ijb�^Zgghc�l_fi_jZlmj_�b�^Z\e_gbb��_keb�ih\_joghklv�
ihdjulZ�\h^hc�beb�kg_]hf��?keb�ih\_joghklv�ij_^klZ\ey_l�kh[hc�hldjulmx�ihq\m��lh�Qs 
_klv� nmgdpby� gZkus_gghc� \eZ`ghklb� b� \eZ`ghklb� ijbih\_joghklguo� keh_\� ihq\u��
GZb[hevrbc�bgl_j_k�ij_^klZ\ey_l�\uqbke_gb_�ihlhdZ�\eZ]b�k�ih\_joghklb�jZkl_gbc��lZd�
dZd�hgb�ihdju\Zxl�[hevrmx�qZklv�kmrb��b�ijZ\bevguc�jZkq_l�l_fi_jZlmju�ih\_joghklb�
kmrb�g_\hafh_g�[_a�ijZ\bevgh]h�\uqbke_gby�bkiZj_gby�k�jZkl_gbc��<�wlhf�kemqZ_�ihlhd�
\eZ]b�aZibk\Z_lky�ke_^mxsbf�h[jZahf��Sellers et al., 1986):  
 

                            
)s a

Q

L Q Q
F

R

ρ( −=                                                                                     (4.15)      

 
]^_�R –�khijhlb\e_gb_�bkiZj_gbx�  
 

                             
1

| | veg
T a

R R
C V

= +                                                                                    (4.16) 

1

| |T aC V
 -�h[uqgh_�Zwjh^bgZfbq_kdh_�khijhlb\e_gb_��Z�Rveg –�mklvbqgh_�khijhlb\e_gb_��

aZ\bkys__�hl�bgl_gkb\ghklb�nhlhkbgl_aZ�� 
 
                             ( ) ( ) ( )vegR F T F W F RAD=                                                                       (4.17) 
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]^_� nmgdpbb� F� \ujZ`Zxl� aZ\bkbfhklv� mklvbqgh]h� khijhlb\e_gby� hl� l_fi_jZlmju��
\eZ`ghklb�ihq\u��ijboh^ys_c�jZ^bZpbb�b�^jm]bo�\_ebqbg��Wlb�nmgdpbb�bf_xl�fbgbfmf�
ijb�[eZ]hijbylguo�^ey�jZkl_gby�mkeh\byo��b�fZdkbfmf�–�ijb�g_[eZ]hijbylguo� 
 
���IZjZf_ljbaZpby�dhg^_gkZpbb�b�]em[hdhc�dhg\_dpbb� 
 
������I_j_qbkebf� hkgh\gu_� ijhp_kku�� dhlhju_� ijb\h^yl� d� dhg^_gkZpbb� �Houghton 2002). 
Dhg^_gkZpby�\h^ygh]h�iZjZ�\�Zlfhkn_j_�ijhbkoh^bl�h[uqgh�ijb�Z^bZ[Zlbq_kdhf�ih^t_f_�
b�hoeZ`^_gbb�\ha^moZ��H^bg�ba�kemqZ_\��dh]^Z�wlh�[u\Z_l�–�]em[hdZy�\eZ`gZy�dhg\_dpby��
LZdZy�dhg\_dpby�ijhbkoh^bl�\�hkgh\ghf�\�ljhibdZo�b�\�mf_j_gguo�rbjhlZo�e_lhf��ijb�
gZebqbb� \eZ`ghc� g_mklhcqb\hklb� b� ^hklZlhqgh]h� dhebq_kl\Z� \h^ygh]h� iZjZ� \� gb`g_c�
qZklb�Zlfhkn_ju��OZjZdl_jguc�fZkrlZ[�\_jlbdZevguo�^\b`_gbc�ijb�]em[hdhc�\eZ`ghc�
dhg\_dpbb� khklZ\ey_l� h[uqgh� hl� khl_g�f_ljh\� ^h� ^_kyldh\� dbehf_ljh\��Ke_^h\Zl_evgh��
lZdhc�ijhp_kk�y\ey_lky�ih^k_lhqguf�b�gm`^Z_lky�\�iZjZf_ljbaZpbb�� 
������?s_�h^gbf�ijhp_kkhf��ijb\h^ysbf�d�dhg^_gkZpbb�b�h[jZah\Zgbx�hkZ^dh\��y\ey_lky�
[ZjhdebggZy� g_mklhcqb\hklv�� >ey� j_ZebaZpbb� [Zjhdebgghc� g_mklhcqb\hklb� g_h[oh^bf�
[hevrhc� ]hjbahglZevguc� ]jZ^b_gl� l_fi_jZlmju� b� hlkmlkl\b_� h[uqghc� \_jlbdZevghc�
g_mklhcqb\hklb�� Lh]^Z�� _keb� bahebgbb� ihl_gpbZevghc� l_fi_jZlmju� gZdehg_gu� d�
]hjbahglm�gZ�m]he�α��lh�qZklbpZ�\ha^moZ��^\b]Zykv�\�klhjhgm�[he__�oheh^gh]h�\ha^moZ�b�
\\_jo�� [m^_l� l_ie__� b� e_]q_� hdjm`Zxs_]h� \ha^moZ�� _keb� hgZ� ih^gbfZ_lky� ih^� m]ehf�
f_gvrbf�α���<�wlhf�kemqZ_�qZklbpZ�[m^_l�^\b]Zlvky�\�klhjhgm�oheh^gh]h�\ha^moZ�b�\\_jo�
^Zevr_�k�mkdhj_gb_f��:gZeh]bqgh��^\b`_gb_�qZklbpu�\ha^moZ�\gba�ih^�m]ehf�f_gvr_�α�b�
\�klhjhgm�[he__�l_ieh]h�\ha^moZ�[m^_l�g_mklhcqb\uf��qZklbpZ�[m^_l�oheh^g__�b�ly`_e__�
hdjm`Zxs_]h� \ha^moZ� b� [m^_l� ^\b]Zlvky� k� mkdhj_gb_f�� <uiZ^_gb_� hkZ^dh\� \� kj_^gbo�
rbjhlZo� k\yaZgh� \� hkgh\ghf� k� ih^t_fhf� \ha^moZ� ijb� [Zjhdebgghc� g_mklhcqb\hklb��
OZjZdl_jguc� fZkrlZ[� lZdhc� g_mklhcqb\hklb� khklZ\ey_l� hl� g_kdhevdbo� khl_g� ^h�
g_kdhevdbo� lukyq�df��Hkgh\gZy�ijbqbgZ�baf_gqb\hklb�ih]h^u� \� kj_^gbo�rbjhlZo�^_gv�
hlh� ^gy� –� [ZjhdebggZy� g_mklhcqb\hklv�� Ijhp_kku� dhg^_gkZpbb� ijb� [Zjhdebgghc�
g_mklhcqb\hklb�\�i_j\hf�ijb[eb`_gbb�y\eyxlky�djmighfZkrlZ[gufb��bo�mq_l�\�fh^_eb�
lj_[m_l�ijhp_^mju�djmighfZkrlZ[ghc�dhg^_gkZpbb� 
������?s_� h^gbf� ijhp_kkhf�� ijb� dhlhjhf� ijhbkoh^bl� dhg^_gkZpby�� y\ey_lky� kf_r_gb_�
^hklZlhqgh� \eZ`gh]h� \ha^moZ� k� jZaebqghc� l_fi_jZlmjhc�� Ijb� wlhf�� ihkdhevdm�
aZ\bkbfhklv�gZkus_gghc�\eZ`ghklb�hl�l_fi_jZlmju�[ebadZ�d�wdkihg_gpbZevghc�b�bf__l�
\lhjmx� ijhba\h^gmx� [hevr_� gmey�� lh� \� kf_kb� hlghkbl_evgZy� \eZ`ghklv� [m^_l� [hevr_��
q_f� \� dZ`^hc� qZklbp_� ih� hl^_evghklb�� ?keb� \� bkoh^guo� qZklbpZo� \ha^moZ� k� jZaghc�
l_fi_jZlmjhc� \eZ`ghklv� [ebadZ� d�gZkus_gghc��ijb� kf_r_gbb� \eZ`ghklv� [m^_l� [hevr_�
gZkus_gghc��lh�_klv�[m^_l�ijhbkoh^blv�dhg^_gkZpby��LZdhc�\b^�dhg^_gkZpbb�ijb\h^bl�d�
h[jZah\Zgbx� kehbklhc� h[eZqghklb�� dhlhjZy� fh`_l� kms_kl\h\Zlv� ^he]h_� \j_fy� b�
ihdju\Zlv� [hevrb_� iehsZ^b��HkZ^db�� \uiZ^Zxsb_� ba� lZdbo� h[eZdh\�� g_[hevrb_��?keb�
h[eZdZ�gZoh^ylky�g_�m�ih\_joghklb�a_feb��lh�lZdb_�hkZ^db�h[uqgh�iheghklvx�bkiZjyxlky��
>ey� hibkZgby� lZdh]h� lbiZ� dhg^_gkZpbb� \� fh^_eb�� dZd� fbgbfmf�� g_h[oh^bfh� ohjhr__�
\_jlbdZevgh_� jZaj_r_gb_�� k� rZ]hf� g_� f_gvr_� g_kdhevdbo� ^_kyldh\� f_ljh\�� Z� lZd`_�
ohjhr__� \hkijhba\_^_gb_� lmj[me_glgh]h� i_j_f_rb\Zgby� \� ih]jZgbqghf� keh_�� <�
^_ckl\bl_evghklb� jZaj_r_gb_� ih� \_jlbdZeb� \� [hevrbgkl\_� fh^_e_c� khklZ\ey_l� \�
ljhihkn_j_�hl�g_kdhevdbo�khl_g�f_ljh\�^h�dbehf_ljZ��ihwlhfm�^ey�\hkijhba\_^_gb_�wlh]h�
lbiZ�h[eZqghklb�g_h[oh^bfZ�ki_pbZevgZy�iZjZf_ljbaZpby� 
������BlZd�� ijb� ex[hf� jZaj_r_gbb� fh^_eb� g_h[oh^bf� mq_l� djmighfZkrlZ[ghc�
dhg^_gkZpbb��Imklv�\�g_dhlhjhc�lhqd_�fh^_eb�l_fi_jZlmjZ�L�b�m^_evgZy�\eZ`ghklv�Q > 
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Qmax(T��� GZc^_f� l_fi_jZlmjm� b� \eZ`ghklv� T + ∆T� b� Q - ∆Q� ihke_� dhg^_gkZpbb� ijb��������
mkeh\bb�� qlh� \eZ]Z� ihke_� dhg^_gkZpbb� jZ\gZ� gZkus_gghc� b� gZkus_ggZy� \eZ]Z� ebg_cgh�
aZ\bkbl�hl�l_fi_jZlmju�� 
 

                           
P

L
Q

C
∆Τ = ∆                                                                                  (5.1) 

 

max max
max max max
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( ( ) ( )

P
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∂ ∂− ∆ = + ∆Τ) = + ∆ = + ∆
∂ ∂

    (5.2) 

 
hldm^Z� 
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P
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Q
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C T

Q T QL
T

Q TLC
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−∆ = ∂+
∂

−∆ = ∂+
∂

                                                            (5.3) 

 
G_h[oh^bfh�mqblu\Zlv�lZd`_�bkiZj_gb_�hkZ^dh\��dhlhjh_�jZkkqblu\Z_lky�\�kehyo��]^_�Q < 
Qmax�ih�nhjfmeZf��ZgZeh]bqguf��������gh�k�g_dhlhjuf�wfibjbq_kdbf�dhwnnbpb_glhf�k<1:  
       
 

                            

max

max

max

max

( )
,

( )
1

( )
( )

1

P

P

P

Q T Q
Q k

Q TL

C T

Q T QL
T k

Q TLC
C T

−∆ = ∂+
∂

−∆ = ∂+
∂

                                                        (5.4) 

 
Ijhkl_crZy�iZjZf_ljbaZpby�\eZ`ghc�dhg\_dpbb��dhg\_dlb\gh_�ijbkihkh[e_gb_��khklhbl�
\� lhf�� qlh� _keb� \� g_dhlhjhf� keh_� \ha^moZ� ]jZ^b_gl� l_fi_jZlmju� ih� \_ebqbg_� [hevr_�
\eZ`ghZ^bZ[Zlbq_kdh]h�� GZc^_f�� q_fm� jZ\_g� \eZ`ghZ^bZ[Zlbq_kdbc� ]jZ^b_gl�
l_fi_jZlmju�γ\Z��Imklv�kmohZ^bZ[Zlbq_kdbc�]jZ^b_gl�γa = -g/Cp��b�qZklbpZ�gZ�g_dhlhjhf�
mjh\g_�z�bf__l�l_fi_jZlmjm�T�b�\eZ`ghklv�Q = Qmax(T���<�j_amevlZl_�ih^t_fZ�gZ�mjh\_gv�z 
+ ∆z�__�l_fi_jZlmjZ�[m^_l�T + ∆T��JZa^_ebf�ijhp_kk�\eZ`ghZ^bZ[Zlbq_kdh]h�ih^t_fZ�gZ�
^\Z�� kmohZ^bZ[Zlbq_kdbc� ih^t_f� b� dhg^_gkZpbx�� �Ihke_� kmohZ^bZ[Zlbq_kdh]h� ih^t_fZ�
l_fi_jZlmjZ�[m^_l�T + ∆z γa��\eZ`ghklv�Qmax(T���Z�gZkus_ggZy�\eZ`ghklv� 
 

                        max
max max

( )
( ) ( )a a

Q T
Q T z Q T z

T
γ γ ∂+ ∆ = + ∆

∂
                                    (5.5) 

 
Ihke_�dhg^_gkZpbb�l_fi_jZlmjZ�baf_gblky�kh]eZkgh�������b�khklZ\bl 
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max

max
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1

a a
P
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L TT z z

Q TLC
C T

γ γ

∂
∂+ ∆Τ = Τ + ∆ − ∆ ∂+

∂

                                  (5.6)                 

 
hldm^Z    
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                                         (5.7)                                
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                                                      (5.8) 

 
������Imklv� \eZ`gZy� g_mklhcqb\hklv� bf__l�f_klh�f_`^m� ^\mfy� mjh\gyfb�� k� b� k����Imklv�
ba\_klgu� l_fi_jZlmjZ� b� \eZ`ghklv� ^h� dhg\_dlb\gh]h� kh]eZkh\Zgby�Tk

n, Tk+1
n, Qk

n, Qk+1
n. 

GZc^_f�l_fi_jZlmjm�b�\eZ`ghklv�gZ�^\mo�mjh\gyo�ihke_�dhg\_dlb\gh]h�ijbkihkh[e_gby�
Tk

n+1, Tk+1
n+1, Qk

n+1, Qk+1
n+1�� >ey� gZoh`^_gby� q_luj_o� g_ba\_klguo� gm`gh� gZibkZlv� ��

mjZ\g_gby�� H^gh� ba� gbo� –� mkeh\b_� jZ\_gkl\Z� ]jZ^b_glZ� l_fi_jZlmju�
\eZ`ghZ^bZ[Zlbq_kdhfm��>jm]h_� –� aZdhg� khojZg_gby� l_ieh\hc� wg_j]bb��HklZ\rb_ky� ^\Z�
mkeh\by� ijhba\hevgu�� GZijbf_j�� fh`gh� aZ^Zlv�� qlh� hlghkbl_evgZy� \eZ`ghklv� r� ihke_�
dhg\_dlb\gh]h�ijbkihkh[e_gby�jZ\gZ�aZ^Zgghc�� 
 

                       
1 1
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1

n n
k k

\Z
k k

T T

z z
γ

+ +
+

+

− =
−

                                                                         (5.9) 
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                        (5.10) 

 

                   
1 1

max

1 1
1 1 max 1
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n n
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n n
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Q r Q T
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+ +
+ + +

=

=
                                                                   (5.11) 

 
������Kms_kl\mxl� h[h[s_gby�f_lh^Z� dhg\_dlb\gh]h� ijbkihkh[e_gby��Hgb� aZdexqZxlky� \�
lhf��qlh�\f_klh�\eZ`ghZ^bZ[Zlbq_kdh]h�]jZ^b_glZ�l_fi_jZlmju�\�mjZ\g_gbb�������[_j_lky�
^jm]Zy�\_ebqbgZ��gZijbf_j�\aylZy�ba�h[h[s_gby�^Zgguo�gZ[ex^_gbc��%HWWV���������>jm]h_�
baf_g_gb_�khklhbl�\�lhf��qlh[u�g_�aZf_gylv�ijhnbev�l_fi_jZlmju�b�\eZ`ghklv�aZ^Zgguf��
Z� ijb[eb`Zlv� fh^_evguc� ijhnbev� d� aZ^Zgghfm� k� oZjZdl_jguf� \j_f_g_f� ihjy^dZ�
g_kdhevdbo�qZkh\� 
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������?s_� h^gZ� iZjZf_ljbaZpby� ]em[hdhc� dhg\_dpbb� ba\_klgZ� ih^� gZa\Zgb_f� ³mass flux” 
�ihlhd�fZkku��Tiedtke���������?_�b^_y�khklhbl�\�lhf��qlh�\ky�yq_cdZ�fh^_eb�ih^jZa^_ey_lky�
gZ� h[eZqgmx� b� [_ah[eZqgmx� qZklv�� Imklv� ^hey�� aZgbfZ_fZy� dhg\_dlb\gufb� h[eZdZfb��
khklZ\ey_l� α�� Z� ^hey�� aZgZlZy� gbkoh^ysbfb� ^\b`_gbyfb�� ��-α��� <� h[eZdZo� kms_kl\m_l�
ihlhd�FΨ�\_ebqbgu�Ψ��A^_kv�Ψ = u, v, ΘE -�wd\b\Ze_glgh-ihl_gpbZevgZy�l_fi_jZlmjZ� 
 

                          P

R

C
E

P

LQ
T P

C
θ

− 
= + 

 
,                                                                    (5.12) 

dhlhjZy� khojZgy_lky� \� ih^gbfZxs_cky� qZklbp_� \eZ`gh]h� \ha^moZ�� \� dhlhjhc� fh`_l�
ijhbkoh^blv� dhg^_gkZpby�� gh� g_l� ^jm]bo� g_Z^bZ[Zlbq_kdbo� ijblhdh\� l_ieZ�� Ihlhd�
\_ebqbgu� Ψ� � \� h[eZd_� gZ� ^Zgghf� mjh\g_� ijhihjpbhgZe_g� jZaghklb� l_fi_jZlmj� f_`^m�
h[eZdhf�b�hdjm`_gb_f�� 
 
                           )h[e h[e hdjF W TκΨ = Ψ = (Τ − Ψ ,                                                    (5.13) 

 
]^_� w –� \_jlbdZevgZy� kdhjhklv� \� h[eZd_�� k –� dhwnnbpb_gl�ijhihjpbhgZevghklb��bg^_dk�
h[e� hlghkblky� d� h[eZdm�� Z� hdj� d� hdjm`_gbx�� Baf_g_g_gb_� Ψ� \� h[eZd_� khhl\_lkl\m_l�
dhg\_j]_gpbb�ihlhdZ�  
 

                            h[e F

t z
Ψ∂Ψ ∂= −

∂ ∂
                                                                           (5.14) 

 
:gZeh]bqgh�\uqbkey_lky�ihlhd�fZkku�b�w\hexpby�ijh]ghklbq_kdbo�\_ebqbg�\g_�h[eZdZ��
Ijb� \uqbke_gbb� \_jlbdZevghc� kdhjhklb� \g_� h[eZdZ� ij_^iheZ]Z_lky�� qlh� kmffZ� ihlhdZ�
fZkku� \� h[eZd_�b� hdjm`_gbb�jZ\gZ�gmex�� lh� _klv� ��-α) whdj + α wh[e�  ���HdhgqZl_evgh�
agZq_gb_� Ψ�� hkj_^g_ggh_� ih� yq_cd_�� \uqbkey_lky� k� mq_lhf� agZq_gbc� \� h[eZd_� b�
hdjm`_gbb��Ψ = α Ψh[e + (1-α) Ψhdj. 
������<� ijbjh^_� h[jZah\Zgb_� h[eZqghklb� b� \uiZ^_gb_� hkZ^dh\� ijb� dhg^_gkZpbb�
ij_^klZ\eyxl� kh[hc� h^bg� b� lhl� `_� ijhp_kk�� H^gZdh�� \� kh\j_f_gguo� fh^_eyo� HP:�� d�
kh`Ze_gbx�� iZjZf_ljbaZpby� h[eZqghklb� g_ihkj_^kl\_ggh� g_� k\yaZgZ� k� dhg^_gkZpb_c��
Ijhkl_crZy� ko_fZ� \uqbke_gby� [ZeeZ� h[eZqghklb� khklhbl� \� bkihevah\Zgbb� dmkhqgh-
ebg_cghc�aZ\bkbfhklb�[ZeeZ�h[eZqghklb�K�hl�hlghkbl_evghc�\eZ`ghklb�� 
  
                             C ar b= +                                                                                   (5.15) 
c� h]jZgbq_gbyfb� C≥0, C≤��� A^_kv� Z�� b –� g_dhlhju_� wfibjbq_kdb� ih^h[jZggu_� qbkeZ��
dhlhju_� aZ\bkyl�� \hh[s_� ]h\hjy�� hl� kblmZpbb�� \� dhlhjhc� h[jZam_lky� h[eZqghklv� b� hl�
k\hckl\�fh^_eb� 
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���AhgZevgh-hkj_^g_ggZy�pbjdmeypby�Zlfhkn_ju� 
 
������Fgh]b_� q_jlu� Zlfhkn_jghc� pbjdmeypbb� fh]ml� [ulv� h[tykg_gu� dZd� ijyfu_�
l_jfbq_kdb_� yq_cdb��Imklv� \� aZfdgmlhf� khkm^_� \� e_\hc� iheh\bg_� l_fi_jZlmjZ� \ha^moZ�
khklZ\ey_l� L��� Z� \� ijZ\hc� L��� L�!L��� Kh]eZkgh� mjZ\g_gbx� ]b^jhklZlbdb� b� mjZ\g_gbx�
khklhygby�b^_Zevgh]h�]ZaZ��ijb�g_baf_gghc�ih�\ukhl_�l_fi_jZlmj_�^Z\e_gb_�mf_gvrZ_lky�
k�\ukhlhc�dZd� 
 

                             0

gz

RTP P e
−

=                                                                                      (6.1)     

 
lh� _klv� ijb� [hevr_c� l_fi_jZlmj_� hgh� iZ^Z_l� k� \ukhlhc� f_^e_gg__�� Z� ijb� f_gvr_c� – 
[uklj__��Wlh� agZqbl�� qlh� ijb� l_fi_jZlmj_� T�� ^Z\e_gb_� gZ\_jom� [m^_l�f_gvr_�� Z� \gbam�
[hevr_�� q_f� ijb� l_fi_jZlmj_�L���<ha^mo� ijb� hlkmlkl\bb� \jZs_gby� [m^_l� ^\b]Zlvky� hl�
[hevr_]h�^Z\e_gby�d�f_gvr_fm��kf��jbk����� 
 
                                         →                                         
                          ↑                              ↓ 
                          T1                          T2 

↑ ↓↓ 
                                  ←← 
 
Jbk������Ko_fZlbq_kdh_�bah[jZ`_gb_� l_jfbq_kdb� \ugm`^_gghc�pbjdmeypbb� \ha^moZ�ijb�
L��T2. 
 
Ih^t_f�\ha^moZ�[m^_l�ijhbkoh^blv�ijb�[hevr_c�l_fi_jZlmj_��Z�himkdZgb_�ijb�f_gvr_c� 
������LZdbf�h[jZahf�mkljh_gZ�f_jb^bhgZevgZy�yq_cdZ�Zlfhkn_jghc�pbjdmeypbb��]^_�\ha^mo�
ih^gbfZ_lky� \� ljhibdZo�� \[ebab� fZdkbfmfZ� l_fi_jZlmju�� Z� himkdZ_lky� \� km[ljhibdZo��
HgZ� gZau\Z_lky� yq_cdhc�Ow^eb��Mqblu\Zy� ]h^h\hc� oh^� l_fi_jZlmju�� \hkoh^ysZy� \_l\v�
yq_cdb� jZkiheh`_gZ�� dZd� ijZ\beh�� \� e_lg_f� ihemrZjbb�� hldm^Z� [hevrZy� qZklv� \ha^moZ�
i_j_sZ_lky� \� \_jog_c� ljhihkn_j_� \� abfg__� ihemrZjb_� b� himkdZ_lky� \� abfgbo�
km[ljhibdZo�� Z� f_gvrZy� qZklv� –� \� km[ljhibdZo� e_lg_]h� ihemrZjby�� >ey� hibkZgby�
f_jb^bhgZevghc�pbjdmeypbb� m^h[gh� \\_klb�f_jb^bhgZevgmx�nmgdpbx� lhdZ��MjZ\g_gb_�
g_jZaju\ghklb�^ey�ahgZevgh�hkj_^g_gguo�kdhjhkl_c�v�b�τ�\u]ey^bl�ke_^mxsbf�h[jZahf�� 
 

                                0
v

y P

τ∂ ∂+ =
∂ ∂

                                                                                (6.2) 

 
Nmgdpby�lhdZ�Ψ�hij_^_ey_lky�lZdbf�h[jZahf��qlh� 
 

                                ,v
P y

τ∂Ψ ∂Ψ= − =
∂ ∂

                                                                        (6.3) 

 
Kdhjhklb�� hij_^_e_ggu_� lZdbf� h[jZahf�� Z\lhfZlbq_kdb� m^h\e_l\hjyxl� mjZ\g_gbx�
g_jZaju\ghklb� �������F_jb^bhgZevgZy�nmgdpby� lhdZ� ih� ^Zgguf�fh^_eb�HP:�B<F� ^ey�
kj_^g_]h^h\uo�mkeh\bc��yg\Zjy�b�bxey�bah[jZ`_gZ�gZ�jbk����� 
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Jbk������F_jb^bhgZevgZy�nmgdpby�lhdZ�\�fh^_eb�HP:�B<F����9�d]�k��^ey�kj_^g_]h^h\uo�
mkeh\bc��\\_jom���^ey�yg\Zjy��\�k_j_^bg_��b�bxey��\gbam�� 
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 Jbk������AhgZevgh�hkj_^g_ggZy�U-dhfihg_glZ�kdhjhklb��f�k��ih�^Zgguf�j_ZgZebaZ�NCEP 
^ey�kj_^g_]h^h\uo�mkeh\bc��\\_jom���^ey�yg\Zjy��\�k_j_^bg_��b�bxey��\gbam�� 
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Hlf_q_ggu_� hkh[_ghklb� pbjdmeypbb� Ow^eb� ohjhrh� \b^gu� gZ� jbkmgd_�� Ijb� gZebqbb�
\jZs_gby� qZklbpZ� \ha^moZ�� ih^gy\rZyky� m� Wd\ZlhjZ� k� ahgZevghc� kdhjhklvx� [ebadhc� d�
gmex�� [m^_l� ijbh[j_lZlv� aZiZ^gmx� khklZ\eyxsmx� kdhjhklb� ih� f_j_� m^Ze_gby� hl�
Wd\ZlhjZ� Wlh� ke_^m_l� ba� khojZg_gby� bfimevkZ� \� ^\b`ms_cky� qZklbp_� ijb� hlkmlkl\bb�
^jm]bo�kbe��Bfimevk� I�gZ�_^bgbpm�iehlghklb�khklhbl�ba�^\b`_gby�hlghkbl_evgh�A_feb�b�
\jZs_gby�\f_kl_�k�A_fe_c�� 
 
                       cosI u r ϕ= + Ω                                                                                          (6.4) 
 
cos ϕ�ih�f_j_�m^Ze_gby�hl�Wd\ZlhjZ�mf_gvrZ_lky��ke_^h\Zl_evgh�u�m\_ebqb\Z_lky��Wlbf�
h[tykgy_lky�fZdkbfmf�aZiZ^ghc�kdhjhklb�\_ljZ�\�\_jog_c�ljhihkn_j_�\[ebab�lhc�rbjhlu��
]^_�\ha^mo�i_j_klZ_l� m^Zeylvky�hl�Wd\ZlhjZ�b�gZqbgZ_l�himkdZlvky� �jbk�������Abfhc�wlhl�
fZdkbfmf�\ujZ`_g�[he__�yjdh��q_f�e_lhf��ba-aZ�[he__�bgl_gkb\ghc�pbjdmeypbb�Ow^eb��Ba�
wlh]h� jZkkfhlj_gby� ke_^m_l� lZd`_�� qlh� km[ljhibq_kdb_� aZiZ^gu_� \_lju� gZb[he__�
bgl_gkb\gu� \� lhf� kemqZ_�� dh]^Z� \hkoh^ysZy� qZklv� yq_cdb� Ow^eb� jZkiheh`_gZ�
g_ihkj_^kl\_ggh�gZ^�Wd\Zlhjhf��Wlh�ijhbkoh^bl��gZijbf_j��\h�\j_fy�y\e_gby�Wev-Gbgvh��
<[ebab� ih\_joghklb� ZgZeh]bqguc� wnn_dl� h[mkeZ\eb\Z_l� ijbih\_joghklgu_� \hklhqgu_�
\_lju�\�ljhibdZo��H^gZdh��lZf�hgb�g_�^hklb]Zxl�lZdhc�kbeu��dZd�\�\_jog_c�ljhihkn_j_��
lZd�dZd�dhfi_gkbjmxlky�lj_gb_f�h�ih\_joghklv� 
������Djhf_�pbjdmeypbb�Ow^eb��ijyfhc�l_jfbq_kdhc�yq_cdhc�y\ey_lky�pbjdmeypby�Mhd_jZ��
Ijbqbghc� pbjdmeypbb� Mhd_jZ� y\ey_lky� ^he]hlgZy� g_h^ghjh^ghklv� l_fi_jZlmju� \�
ljhibdZo��L_fi_jZlmjZ�ih\_joghklb�gZ�aZiZ^_�Lboh]h�hd_ZgZ�gZ��-��]jZ^mkZ�\ur_��q_f�gZ�
\hklhd_�Lboh]h�hd_ZgZ�b�\�ijbwd\ZlhjbZevghc�:leZglbdb��IjbqbgZ�lZdh]h�jZkij_^_e_gby�
l_fi_jZlmju� –� \hklhqgu_� ijba_fgu_� \_lju� \� ljhibdZo�� dhlhju_� \uau\Zxl� ih^t_f�
]em[bgguo�[he__�oheh^guo�\h^�m�\hklhqgh]h�ih[_j_`vy�Lboh]h�hd_ZgZ��GZ^�[he__�l_iehc�
\h^hc�gZ� aZiZ^_�Lboh]h�hd_ZgZ�\ha^mo�ih^gbfZ_lky��Z�gZ^�[he__�oheh^ghc�gZ^�\hklhdhf�
Lboh]h�hd_ZgZ�b�:leZglbdhc�himkdZ_lky��Ohjhrh�beexkljbjm_l�^Zggmx�pbjdmeypbx�ihe_�
ihl_gpbZeZ�kdhjhklb�gZ�\ukhl_�����]IZ��jbk�������Ihl_gpbZe�kdhjhklb�χ�hij_^_ey_lky�lZd��
qlh[u�eZieZkbZg�hl�g_]h�[ue�jZ\_g�^b\_j]_gpbb� kdhjhklb�� lh� _klv� \� kemqZ_�^_dZjlh\uo�
dhhj^bgZl� 
 

                    
2 2

2 2

u v

x y x y

χ χ∂ ∂ ∂ ∂+ = +
∂ ∂ ∂ ∂

                                                                                           (6.5) 

 
HljbpZl_evgu_� agZq_gby� ihl_gpbZeZ� kdhjhklb� khhl\_lkl\mxl� iheh`bl_evghc�
^b\_j]_gpbb��Z�iheh`bl_evgu_�–�hljbpZl_evghc�^b\_j]_gpbb� 
������?s_� h^gbf� ijbf_jhf� ijyfhc� l_jfbq_kdhc� pbjdmeypbb� y\ey_lky� fmkkhggZy�
pbjdmeypby�� Emqr_� \k_]h� fmkkhggZy� pbjdmeypby� \ujZ`_gZ� \� jZchg_� x`ghc� b� x]h-
\hklhqghc� :abb�� ]^_� dhgljZklu� l_fi_jZlmj� f_`^m� kmr_c� b� hd_Zghf� aZklZ\eyxl� e_lhf�
\ha^mo� ih^gbfZlvky� gZ^� gZ]j_lhc� kmr_c�� GZ� _]h� f_klh� \� gb`gbo� kehyo� Zlfhkn_ju�
ihklmiZ_l�\ha^mo�ba�[he__�[ebadbo�d�Wd\Zlhjm�jZchgh\��qlh�ijb\h^bl�d�aZiZ^guf�\_ljZf�
kh]eZkgh��������<�\_jog_c�ljhihkn_j_�ih^gy\rbcky�gZ^�dhglbg_glhf�\ha^mo�i_j_f_sZ_lky�
h[jZlgh� d� Wd\Zlhjm�� qlh� y\ey_lky� ijbqbghc� ijbwd\ZlhjbZevguo� \hklhqguo� \_ljh\� \�
fmkkhgghf�jZchg_��jbk�������Abfhc�kblmZpby�f_gy_lky�gZ�ijhlb\hiheh`gmx� 
������Dh]^Z� Ow^eb� \ukdZaZe� ij_^iheh`_gb_� h� gZebqbb� ijyfhc� yq_cdb� pbjdmeypbb�� hg�
ij_^iheZ]Ze�� qlh� \ha^mo� ^he`_g� ih^gbfZlvky� \� ljhibdZo� b� himkdZlvky� gZ� ihexkZo��
Qbke_ggu_�wdki_jbf_glu�k�fh^_eyfb�HP:��Z�lZd`_�eZ[hjZlhjgu_�hiulu�ihdZau\Zxl��qlh�
\�^_ckl\bl_evghklb�lZd�[ueh�[u�ijb�hlkmlkl\bb�\jZs_gby�A_feb� 



 36 

 

 
 
Jbk������Kj_^g_debfZlbq_kdbc�ihl_gpbZe�kdhjhklb����6�f2�k��gZ�\ukhl_�����]IZ�ih�
^Zgguf�j_ZgZebaZ�NCEP. 
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Jbk������Kdhjhklv�\_ljZ��f�k��\�fmkkhgghf�jZchg_�gZ�\ukhl_�����]IZ��ke_\Z��b�����]IZ�
�kijZ\Z��\�yg\Zj_��\\_jom��b�bxe_��\gbam��ih�^Zgguf�j_ZgZebaZ�NCEP. 
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������Ijb� gZebqbb� \jZs_gby� \ha^mo� himkdZ_lky� g_� gZ� ihexkZo�� Z� \� km[ljhibdZo�� Z� \�
mf_j_gguo�rbjhlZo�ihy\ey_lky�h[jZlgZy�yq_cdZ�pbjdmeypbb��yq_cdZ�N_jj_ey���\�dhlhjhc�
\ha^mo�ih^gbfZ_lky�\[ebab����]jZ^mkZ�b�himkdZ_lky�\�km[ljhibdZo��JZkkfhljbf�ijbqbgm�
\hagbdgh\_gby�lZdhc�yq_cdb�� 
������KgZqZeZ� jZkkfhljbf� jZkijhkljZg_gb_� \heg� Jhkk[b��<� mjZ\g_gbb� ^ey� aZ\boj_gghklb�
������� ij_^klZ\bf� nmgdpbx� lhdZ� \� \b^_� kmffu� djmighfZkrlZ[gh]h� ahgZevgh]h� ihlhdZ�
�d\Z^jZlgu_�kdh[db��b�\heg��rljbob��� 
 
                       Ψ = [Ψ] + Ψ’ .                                                                                              (6.6) 
 
Ijb�wlhf��djmighfZkrlZ[guc�ihlhd�imklv�[m^_l�aZiZ^guf�b�g_�aZ\bkysbf�hl�rbjhlu�b�
^he]hlu��Lh]^Z��ih^klZ\eyy�������\��������b�ij_g_[j_]Zy�keZ]Z_fufb��dhlhju_�kh^_j`Zl�Ψ’ 
kl_i_gb�\ur_�i_j\hc��ihemqbf�mjZ\g_gb_�^ey�w\hexpbb�\hegh\hc�dhfihg_glu�� 
 

                       
' ' '

[ ] 0U
t x x

β∂∆Ψ ∂∆Ψ ∂Ψ+ + =
∂ ∆ ∂

                                                                     (6.7) 

 
BsZ�j_r_gb_�wlh]h�mjZ\g_gby�\�\b^_�iehkdhc�\hegu 
 
                         ( )' i kx ly te ω+ −Ψ = ,                                                                                            (6.8) 
 
ihemqbf�^bki_jkbhggh_�khhlghr_gb_ 
 

                         
2 2

U k
k l

βκω = [ ] −
+

,                                                                                     (6.9) 

 
hldm^Z�fh`gh�gZclb�]jmiih\mx�b�nZah\mx�kdhjhklv�\heg�Jhkk[b� 
Dhfihg_glu�nZah\hc�kdhjhklb�jZ\gu�� 
 

                     
2 2 2 2

[ ] , [ ]fx fy

k
C U C U

k l l k l

β β = − = − + + 
                                                    (6.10) 

 
Hlkx^Z��gZijbf_j��ke_^m_l��qlh�ih�hlghr_gbx�d�kj_^g_fm�ihlhdm�\hegu�\k_]^Z�^\b`mlky�
k�\hklhdZ�gZ�aZiZ^��KlZpbhgZjgu_�\hegu�Jhkk[b�\hafh`gu�lhevdh�\�aZiZ^ghf�ihlhd_��lh�
_klv�ijb�>U]>0. 
������Dhfihg_glu�]jmiih\hc�kdhjhklb�jZ\gu 
 

                     
2

2 2 2 2 2 2

) 2
[ ] ,

( ) ( )gx gy

l kl
C U C

k l k l

β κ β2( −= + =
+ +

                                                          (6.11)     

 
�������Imklv� 
 
                      ' cos( ) coskx ly tω ϕ0 0Ψ = Ψ + − = Ψ                                                              (6.12) 

 
������Lh]^Z� 
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'

' sin ,U l
y

ϕ0
∂Ψ= − = Ψ
∂

                                                                              (6.13)               

                        
'

' sinV k
x

ϕ0
∂Ψ= = − Ψ
∂

                                                                             (6.14) 

 
b��ke_^h\Zl_evgh�  
 
                         ' ' sinU V kl ϕ2 2

0= − Ψ                                                                                (6.15) 

 
������KjZ\gb\Zy� ������� b� �������� ihemqZ_f�� qlh� U’V¶� b� Cgy� jZ\gu� k� lhqghklvx� ^h�
hljbpZl_evgh]h�fgh`bl_ey�� 
������Hkgh\guf� bklhqgbdhf� \heg� Jhkk[b� y\ey_lky� hldehg_gb_� \_ljZ� hl� ahgZevgh]h�
]_hkljhnbq_kdh]h�� qlh� ijhbkoh^bl� ijb� jZa\blbb� [Zjhdebgghc� g_mklhcqb\hklb��
;ZjhdebggZy� g_mklhcqb\hklv� ihjh`^Z_lky� f_jb^bhgZevguf� ]jZ^b_glhf� l_fi_jZlmju��
dhlhjuc�bf__l� kZfmx� [hevrmx� \_ebqbgm� \� kj_^gbo�rbjhlZo��Ke_^h\Zl_evgh��hkgh\ghc�
bklhqgbd�\heg�Jhkk[b�gZoh^blky�\�kj_^gbo�rbjhlZo��hldm^Z�hgb�jZkijhkljZgyxlky�d�x]m�
b�d�k_\_jm��AgZqbl��d�x]m�hl�kj_^gbo�rbjhl�^he`gh�[ulv�Cgy�����b�U’V¶!���Z�d�k_\_jm�hl�
kj_^gbo�rbjhl��gZh[hjhl��Cgy�!���b�U’V’�����<�kj_^gbo�rbjhlZo�∂ [U’V’] /∂y�����GZibr_f�
mjZ\g_gb_� ^ey� w\hexpbb� ahgZevgh� hkj_^g_gghc� u-dhfihg_glu� kdhjhklb�� Bkihevamy�
mjZ\g_gby�������b��������ihemqbf�� 
 

                         
u uu uv u

fv
t x y P x

τ∂ ∂ ∂ ∂ ∂Φ+ + + − = −
∂ ∂ ∂ ∂ ∂

                                                       (6.16) 

 
Ij_^klZ\b\�i_j_f_ggu_�dZd�kmffm�kj_^g_]h�\^hev�djm]Z�rbjhlu��\�d\Z^jZlguo�kdh[dZo��
b� hldehg_gby� hl� kj_^g_]h� �rljbob��� ihemqbf� mjZ\g_gb_� ^ey� ahgZevgh� hkj_^g_gghc�
kdhjhklb�\_ljZ�� 
 

                         
[ ] [ ][ ] [ ][ ] [ ' '] [ ' ']

[ ] 0
u u v u u v u

f v
t y P y P

τ τ∂ ∂ ∂ ∂ ∂+ + + + − =
∂ ∂ ∂ ∂ ∂

                         (6.17) 

 
Q_l\_jlh_�keZ]Z_fh_�\�wlhf�mjZ\g_gbb�\ujZ`Z_l�mkdhj_gb_�ahgZevgh]h�\_ljZ�\ke_^kl\b_�
\aZbfh^_ckl\by� kj_^g_]h� ihlhdZ� k� \bojyfb��<� kj_^gbo�rbjhlZo� wlh� keZ]Z_fh_�� dZd� fu�
\b^_eb�� hljbpZl_evgh_�� qlh� hagZqZ_l� mkdhj_gb_� aZiZ^gh]h� ahgZevgh]h� ihlhdZ� \bojyfb��
Ihkdhevdm�\�kj_^g_f�aZ�[hevrhc�ijhf_`mlhd�\j_f_gb�mkdhj_gb_�^he`gh�[ulv�[ebadh�d�
gmex��wlh�keZ]Z_fh_�^he`gh�[ulv�kdhfi_gkbjh\Zgh�ijhlb\hiheh`guf�ih�agZdm��H[uqgh�
hgh� dhfi_gkbjm_lky� mkdhj_gb_f� DhjbhebkZ�� lh� _klv� \� kj_^gbo� rbjhlZo� k_\_jgh]h�
ihemrZjby��lZf�]^_�∂[u’v’] /∂y������^he`gh�[ulv�>v@����FZdkbfZevguo�agZq_gbc�mkdhj_gb_�
^hklb]Z_l�\�\_jog_c�ljhihkn_j_��bf_ggh�lZf�jZkiheh`_gZ�\_jogyy�qZklv�yq_cdb�N_jj_ey�k�
v���� M� ih\_joghklb�� gZh[hjhl�� kms_kl\_guc� \deZ^� \ghkbl� kbeZ� lj_gby� h� ih\_joghklv� 
dhlhjZy� aZf_^ey_l� aZiZ^guc� ihlhd� b� ijb\h^bl� d� iheh`bl_evguf� agZq_gbyf� v� m�
ih\_joghklb�� <� h[s_f� kemqZ_�� _keb� gZ� ihlhd�� gZoh^ysbcky� \� ]_hkljhnbq_kdhf�
jZ\gh\_kbb�� gZqbgZ_l� ^_ckl\h\Zlv� kbeZ�� aZf_^eyxsZy� ihlhd� �kbeZ� lj_gby��� lh� ihlhd�
hldehgy_lky� hl� ]_hkljhnbq_kdh]h� lZd�� qlh� ihy\ey_lky� khklZ\eyxsZy� ^\b`_gby� hl�
\ukhdh]h� ^Z\e_gby� d� gbadhfm�� ?keb� `_� kbeZ� \uau\Z_l� mkdhj_gb_� ihlhdZ�� jZ\gh_� a�� lh�
ihy\ey_lky� dhfihg_glZ� ^\b`_gby�� gZijZ\e_ggZy� hl� gbadh]h� ^Z\e_gby� d� \ukhdhfm�� b�
jZ\gZy��dZd�ke_^m_l�ba��������� 
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a

v
f

= −                                                                                (6.18) 

 
Ihlhd�ahgZevghc�kdhjhklb�gZ�k_\_j�>U’V¶@��ihemq_gguc�\�fh^_eb�HP:�B<F��ij_^klZ\e_g�
gZ� jbk������ Hg� gZijZ\e_g� hl� km[ljhibdh\� d� kj_^gbf� rbjhlZf� b� hl� \ukhdbo� rbjhl� d�
kj_^gbf� rbjhlZf�� qlh� khhl\_lkl\m_l� bklhqgbdm� \heg� Jhkk[b� \� kj_^gbo� rbjhlZo��
Bgl_gkb\ghklv� ihlhdZ� [hevr_� \� abfgbc� i_jbh^�� qlh� h[tykgy_lky� [hevr_c� ]_g_jZpb_c�
\heg�\ke_^kl\b_�[hevr_c�[Zjhdebgghc�g_mklhcqb\hklb� 
������<aZbfh^_ckl\b_� \heg� k� ahgZevguf� ihlhdhf� y\ey_lky� h^gbf� ba� gZb[he__� \Z`guo�
f_oZgbafh\� nhjfbjh\Zgby� ^he]h`b\msbo� ZghfZebc� Zlfhkn_jghc� pbjdmeypbb�� ij_`^_�
\k_]h�ZghfZebc�ahgZevgh]h�ihlhdZ� 
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Jbk������Ihlhd�ahgZevghc�kdhjhklb�gZ�k_\_j�>U’V¶@��f�k�2�\�fh^_eb�B<F�kj_^g_]h^h\hc�
�\\_jom���\�yg\Zj_��\�k_j_^bg_��b�bxe_��\gbam�� 
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���Pbjdmeypby�f_ahkn_ju��=jZ\blZpbhggh-\hegh\h_�khijhlb\e_gb_� 
 
������AhgZevgh�hkj_^g_ggZy�l_fi_jZlmjZ�\�Zlfhkn_j_�gZ�\ukhlZo�hl���^h����df�\�yg\Zj_�
ij_^klZ\e_gZ�gZ�jbk������ 
 

 
 
Jbk������GZ[ex^Z_fZy�l_fi_jZlmjZ�\ha^moZ��D��\�yg\Zj_�ih�^Zgguf�CIRA-86 (Fleming et 
al., 1990).  
 
<� ljhihkn_j_� l_fi_jZlmjZ� k� \ukhlhc� mf_gvrZ_lky��<� ljhibdZo� iZ^_gb_� l_fi_jZlmju� k�
\ukhlhc� [ebadh� d� \eZ`ghZ^bZ[Zlbq_kdhfm� ]jZ^b_glm�� <� kljZlhkn_j_� ijhbkoh^bl� jhkl�
l_fi_jZlmju� k� \ukhlhc�� qlh� h[mkeh\e_gh� gZebqb_f� lZf� hahgZ�� dhlhjuc� ih]ehsZ_l�
mevljZnbhe_lh\h_�baemq_gb_�b�hl�wlh]h�gZ]j_\Z_lky��GZ]j_\Zgb_�fZdkbfZevgh�gZ�e_lg_f�
ihexk_� \� mkeh\byo� iheyjgh]h� ^gy�� <ur_�� \� f_ahkn_j_�� k� mf_gvr_gb_f� dhgp_gljZpbb�
hahgZ�� l_fi_jZlmjZ� kgh\Z� mf_gvrZ_lky�� <� \_jog_c� f_ahkn_j_� l_fi_jZlmjZ� \� abfg_f�
ihemrZjbb� [hevr_�� q_f� \� e_lg_f�� FbgbfZevgu_� l_fi_jZlmju� \ha^moZ� ^hklb]Zxlky� \�
\_jog_c� f_ahkn_j_� \[ebab� ihexkZ� \� mkeh\byo� iheyjgh]h� ^gy�� AgZqbl�� l_fi_jZlmjZ� \�
f_ahkn_j_� ^Ze_dZ� hl� l_fi_jZlmju� jZ^bZpbhggh]h� jZ\gh\_kby�� dhlhjZy� ^he`gZ� [ulv� \�
abfg_f�ihemrZjbb�f_gvr_�� q_f� \� e_lg_f��=_hkljhnbq_kdb_� kdhjhklb� ahgZevgh]h� \_ljZ��
khhl\_lkl\mxsb_� l_fi_jZlmj_�� bah[jZ`_gu� gZ� jbk������ <� khhl\_lkl\bb� k� l_f�� qlh�
l_fi_jZlmjZ� \� kljZlhkn_j_� mf_gvrZ_lky� hl� e_lg_]h� ihexkZ� d� abfg_fm�� \� abfg_f�
ihemrZjbb�\_l_j�\�kljZlhkn_j_�b�f_ahkn_j_�aZiZ^guc��Z�\�e_lg_f�ihemrZjbb�\hklhqguc� 
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 Jbk������Kdhjhklv�ahgZevgh]h�\_ljZ��f�k��\�yg\Zj_�ih�^Zgguf�CIRA-86. 
 
FZdkbfmfu� kdhjhklb� gZoh^ylky� hdheh� ���� ]IZ� ���-��� df��� gZ� [he__� \ukhdbo� mjh\gyo�
kdhjhklb� mf_gvrZxlky� b� gZ� \ukhl_� ��-��� df� klZgh\ylky� [ebadbfb� d� gmex�� Ijbqbghc�
mf_gvr_gby� kdhjhkl_c� \� \_jog_c� f_ahkn_j_�� Z� lZd`_� [he__� \ukhdhc� l_fi_jZlmju� \�
abfg_f� ihemrZjbb�� q_f� \� e_lg_f�� y\ey_lky� \aZbfh^_ckl\b_� ]jZ\blZpbhgguo� \heg� k�
ahgZevguf�ihlhdhf��JZkkfhljbf�wlh�y\e_gb_� 
������=jZ\blZpbhggu_� \hegu� \hagbdZxl� \� kljZlbnbpbjh\Zgghc� kj_^_� ijb� gZjmr_gbb�
]b^jhklZlbq_kdh]h�jZ\gh\_kby��Hgb�y\eyxlky�ihi_j_qgufb��lh�_klv�dhe_[Zgby�qZklbpu�\�
\heg_�ijhbkoh^yl�i_ji_g^bdmeyjgh�jZkijhkljZg_gbx�\hegu��Bklhqgbdb�]jZ\blZpbhgguo�
\heg�gZoh^ylky� \� hkgh\ghf� \� ljhihkn_j_��Wlh� dhg\_dpby�� lmj[me_glghklv� \hagbdZxsZy�
ijb�\_jlbdZevghf� k^\b]_�\_ljZ�� Z� lZd`_�gZl_dZgb_� \ha^moZ�gZ�g_h^ghjh^ghklb�j_ev_nZ��
Ijb� jZkijhkljZg_gbb� \heg� \\_jo� [_a� aZlmoZgby� ijhbkoh^bl� khojZg_gb_� iehlghklb�
\hegh\hc�wg_j]bb  
 

                                           
2

2

V
E

ρ=                                                                                (7.1) 

 
Ihkdhevdm�iehlghklv�\ha^moZ� k� \ukhlhc� m[u\Z_l�� kdhjhklv� \hegh\h]h�^\b`_gby�^he`gZ�
\hajZklZlv��H^gZdh�� [_kdhg_qgh]h� jhklZ� Zfieblm^u� \hegu�ijhbkoh^blv� g_�fh`_l�� �Ijb�
g_dhlhjhc� Zfieblm^_� \hegu� \hagbdgml� [eZ]hijbylgu_� mkeh\by� ^ey� jZa\blby�
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lmj[me_glghklb�� ihkdhevdm� \� \heg_� [m^_l� ∂Θ/∂z� ���� beb� _∂V/∂z_� !K�� Lh]^Z� ijhbahc^_l�
h[jmr_gb_�\hegu��b�bfimevk��i_j_ghkbfuc�\heghc��[m^_l�i_j_^Zg�kj_^g_fm�ihlhdm�� 
������Imklv�j_Zebam_lky�\lhjh_�ba�gZibkZgguo�mkeh\bc�h[jmr_gby�\hegu��?keb�\hegZ�bf__l�
\hegh\h_�qbkeh�m�ih�\_jlbdZeb��lh�mkeh\b_�h[jmr_gby�\hegu�[m^_l�\u]ey^_lv�lZd�� 
      
                                        Vm C> ,                                                                                    (7.2) 
 
beb��_keb�h[hagZqblv�i_j_f_ggu_�gZ�mjh\g_�]_g_jZpbb�]jZ\blZpbhgguo�\heg�bg^_dkhf�i�b�
\hkihevah\Zlvky�������� 
 

                                   
0.5

i
iV m C

ρ
ρ

 
> 

 
,                                                                            (7.3)  

 
lh� _klv� ijb� h^bgZdh\hc� gZqZevghc� Zfieblm^_� b� mjh\g_� h[jZah\Zgby� kdhj__� h[jmrblky�
\hegZ��bf_xsZy�[hevr__�\_jlbdZevgh_�\hegh\h_�qbkeh��JZkkfhljbf�kblmZpbx��dh]^Z�gZ�
\k_o� \ukhlZo� gZijZ\e_gb_� \_ljZ� aZiZ^gh_�� Z� kdhjhklv� \_ljZ� jZkl_l� k� \ukhlhc�� qlh�
khhl\_lkl\m_l� mkeh\byf� abfu� \� mf_j_gguo� rbjhlZo�� Imklv� \hegu� hl� bklhqgbdZ�
jZkijhkljZgyxlky� \h� \k_o� gZijZ\e_gbyo�� h^gZdh� jZkkfZljb\Zlvky� [m^ml� \hegu, 
jZkijhkljZgyxsb_ky� \\_jo� b� gZ� aZiZ^�� b� \\_jo� b� gZ� \hklhd� �jbk������� >ey� \heg��
jZkijhkljZgyxsboky� gZ� aZiZ^�� >u’w¶@� !��� lh� _klv� hgb� i_j_ghkyl� aZiZ^gmx� dhfihg_glm�
kdhjhklb�� Z� ^ey� \heg�� jZkijhkljZgyxsboky� gZ� \hklhd�� >u’w¶@���� b� hgb� i_j_ghkyl�
\hklhqgmx� dhfihg_glm� kdhjhklb�� Baf_g_gb_� kdhjhklb� ahgZevgh]h� ihlhdZ� k� \ukhlhc�
ijb\h^bl� d� lhfm�� qlh� \_jlbdZevgh_� \hegh\h_� qbkeh� \heg�� i_j_ghkysbo� aZiZ^gmx�
dhfihg_glm� kdhjhklb�� m\_ebqb\Z_lky�� Z� \heg�� i_j_ghkysbo� \hklhqgmx� dhfihg_glm�
kdhjhklb��mf_gvrZ_lky��Ihwlhfm�ijb�\_jlbdZevghf�jZkijhkljZg_gbb�\hegu��i_j_ghkysb_�
aZiZ^gmx�dhfihg_glm�kdhjhklb��h[jmrb\Zxlky�i_j\ufb��Wlh�ijhbkoh^bl�\�hkgh\ghf�gZ�
\ukhlZo� kljZlhkn_ju�� <hegu� i_j_^Zxl� ahgZevghfm� ihlhdm� k\hc� bfimevk�� l_f� kZfuf�
mkdhjyy� _]h��H^gZdh��ihkdhevdm�gZ� wlbo� \ukhlZo�iehlghklv� \ha^moZ� _s_�g_� hq_gv�fZeZ��
Z[khexlgu_� baf_g_gby� kdhjhklb� \ke_^kl\b_� h[jmr_gby� ]jZ\blZpbhgguo� \heg� [m^ml� g_�
hq_gv� \_ebdb�� JZkijhkljZgyxsb_ky� ^Zevr_� \\_jo� \hegu� i_j_ghkyl� l_i_jv�
ij_bfms_kl\_ggh� \hklhqgmx� dhfihg_glm� kdhjhklb�� Bo� Zfieblm^Z� jZkl_l�� ihwlhfm��
g_kfhljy� gZ� mf_gvr_gb_� \hegh\h]h� qbkeZ�� gZ� g_dhlhjhc� \ukhl_� wlb� \hegu� lZd`_�
h[jmrb\Zxlky� b� i_j_^Zxl� bfimevk� kj_^g_fm� ihlhdm�� Wlh� ijhbkoh^bl� \� hkgh\ghf� \�
f_ahkn_j_�� GZ� wlhc� \ukhl_� iehlghklv� gZklhevdh� fZeZ�� qlh� Z[khexlgu_� baf_g_gby�
kdhjhklb� \ke_^kl\b_� i_j_^Zqb� bfimevkZ� kj_^g_fm� ihlhdm� fh]ml� [ulv� hq_gv�
agZqbl_evgufb�� GZijbf_j�� gZ� \ukhl_� ��-��� df� Zfieblm^Z� kdhjhklb� h[jmrb\Zxsboky�
\heg� fh`_l� khklZ\eylv� ��� f�k�� Z� aZf_^e_gb_� aZiZ^gh]h� ihlhdZ� ^hklb]Zlv� ������ f�c2. 
:gZeh]bqgh��fh`gh� ihdZaZlv�� qlh� \� e_lg_f� ihemrZjbb� \�f_ahkn_j_� [m^_l� ijhbkoh^blv�
lhjfh`_gb_� \hklhqgh]h�ihlhdZ�� Z� \� kljZlhkn_j_� _]h�g_[hevrh_� mkdhj_gb_��Lhjfh`_gb_�
ahgZevgh]h� ihlhdZ� kh]eZkgh� e_dpbb� �� \uau\Z_l� f_jb^bhgZevgh_� ^\b`_gb_� \ha^moZ��
gZijZ\e_ggh_�hl�\ukhdh]h�^Z\e_gby�d�gbadhfm��lh�_klv�ba�e_lg_]h�ihemrZjby�d�abfg_fm��
F_jb^bhgZevgZy�kdhjhklv�\ke_^kl\b_�wlh]h�fh`_l�[ulv�\uqbke_gZ�dZd� 
 

                             
a

v
f

= − ,                                                                                                 (7.4) 
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]^_�a –� mkdhj_gb_� ahgZevgh]h�ihlhdZ��G_ljm^gh�ih^kqblZlv��qlh� kdhjhklv�\�f_ahkn_j_�\�
kemqZ_� abfu�\�h[hbo�ihemrZjbyo�[m^_l�iheh`bl_evghc�� lh� _klv�gZijZ\e_gghc� k�x]Z�gZ�
k_\_j�� b� __� \_ebqbgZ� fh`_l� ij_\urZlv� ��� f�k�� Qlh[u� m^h\e_l\hjblv� mjZ\g_gbx�
g_jZaju\ghklb�� \ha^mo� ^he`_g� ih^gbfZlvky� \� \ukhdbo�rbjhlZo� \� e_lg_f� ihemrZjbb� b�
himkdZlvky�\�abfg_f��Bgl_gkb\ghklv�wlbo�\_jlbdZevguo�^\b`_gbc�fh`_l�^hklb]Zlv���f�k��
:^bZ[Zlbq_kdh_� hoeZ`^_gb_� ijb� ih^t_f_� b� y\ey_lky� ijbqbghc� lh]h�� qlh� \� f_ahkn_j_�
kZfu_�gbadb_�l_fi_jZlmju�gZ[ex^Zxlky�\�\ukhdbo�rbjhlZo�\h�\j_fy�iheyjgh]h�^gy��<�
abfg_f� ihemrZjbb� \ke_^kl\b_� Z^bZ[Zlbq_kdh]h� gZ]j_\Zgby� l_fi_jZlmjZ� aZf_lgh� \ur_��
q_f�\�e_lg_f��<�h[eZklb�fbgbfZevguo�l_fi_jZlmj�\�f_ahkn_j_�h[jZamxlky�k_j_[jbklu_�
h[eZdZ�� ;he__� ih^jh[gh� iZjZf_ljbaZpbb� ]jZ\blZpbhggh-\hegh\h]h� khijhlb\e_gby�
jZkkfhlj_gZ�\�Lindzen��������b�Hines (1997). 
 

 
 
 
Jbk������Ko_fZ�\aZbfh^_ckl\by�]jZ\blZpbhgguo�\heg�k�nhgh\uf�\_ljhf��JZkkfZljb\Z_lky�
kemqZc� abfu� \� mf_j_gguo�rbjhlZo� k_\_jgh]h� ihemrZjby�� dh]^Z� \_l_j� gZ� \k_o� \ukhlZo�
aZiZ^guc��b�_]h�kdhjhklv�\hajZklZ_l�hl�ih\_joghklb�a_feb�^h�\ukhlu���-���df� 
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���KlZpbhgZjgu_�b�g_klZpbhgZjgu_�\hegu� 

 
 
������<� ljhihkn_j_� ijbf_jgh� iheh\bgZ� � dbg_lbq_kdhc� wg_j]bb� ijboh^blky� gZ� ahgZevgh�
hkj_^g_ggmx�pbjdmeypbx��Z�hklZ\rZyky�iheh\bgZ�–�gZ�klZpbhgZjgu_�b�g_klZpbhgZjgu_�
\hegu�� <� kj_^gbo� rbjhlZo� g_klZpbhgZjgu_� \hegu� \� agZqbl_evghc� kl_i_gb� y\eyxlky�
[Zjhdebggufb� \hegZfb�� JZkkfhljbf� kljmdlmjm� [Zjhdebgguo� \heg�� kgZqZeZ� ijb�
hlkmlkl\bb� \jZs_gby� A_feb�� LZdb_� \hegu� ij_^klZ\eyxl� kh[hc� q_j_^h\Zgb_� ihlhdh\�
l_ieh]h�\ha^moZ��^\b`ms_]hky�d�k_\_jm�b�\\_jo��b�oheh^gh]h�\ha^moZ��^\b`ms_]hky�d�x]m�
b� \gba�� Kh]eZkgh� e_dpbb� ��� l_iehfm� \ha^mom� khhl\_lkl\m_l� fbgbfmf� ijba_fgh]h�
^Z\e_gby�� Z� oheh^ghfm� –� fZdkbfmf�� ?keb� l_ieuc� \ha^mo� h[hagZqblv� L�� Z� oheh^guc�O��
gbadh_� ijba_fgh_� ^Z\e_gb_� G�� Z� \ukhdh_� <�� lh� ko_fZlbq_kdb� [ZjhdebggZy� \hegZ� ijb�
hlkmlkl\bb�\jZs_gby�[m^_l�\u]ey^_lv�lZd�� 
 
���������G�L��������������������<�O���������������������G�L�����������������������<�O������� 
 
������?keb�fu� mql_f�\jZs_gb_�� lh�\ke_^kl\b_� lh]h��qlh�\_l_j�[ebahd�d� ]_hkljhnbq_kdhfm��
x`guc� \_l_j� [m^_l� \ughkblv� l_ieuc� \ha^mo� kijZ\Z� hl�gbadh]h� ^Z\e_gby�� Z� k_\_jguc�– 
oheh^guc�\ha^mo�kijZ\Z�hl�\ukhdh]h�^Z\e_gby��?keb�klj_edZfb�h[hagZqblv�gZijZ\e_gb_�
\_ljZ��lh�ko_fZlbq_kdb�[ZjhdebggZy�\hegZ�ijb�gZebqbb�\jZs_gby�A_feb�[m^_l�\u]^y^_lv�
lZd�� 
 
����������G��������L�↑��������<������O��↓�������������G������L��↑��������������<�������O��↓  
 
������Ihkdhevdm�d�\hklhdm�hl�fbgbfmfZ�ijba_fgh]h�^Z\e_gby�\ha^mo�l_ie__��q_f�d�aZiZ^m��Z�
^Z\e_gb_� k� \ukhlhc� \� oheh^ghf� \ha^mo_� iZ^Z_l� [uklj__�� q_f� \� l_iehf�� fZdkbfmfu� b�
fbgbfmfu�^Z\e_gby�k�\ukhlhc�[m^ml�k^\b]Zlvky�gZ�aZiZ^� 
������JZkkfhljbf� l_i_jv� klZpbhgZjgu_� \hegu��GZ� jbk�����bah[jZ`_gh�ihe_� ]_hihl_gpbZeZ�
������ ���� b� ��� ]IZ� ^ey� yg\Zjy�� M� ih\_joghklb� A_feb� gZ^� oheh^gufb� dhglbg_glZfb�
agZq_gby�]_hihl_gpbZeZ�\ur_��q_f�gZ^�[he__�l_ieufb�hd_ZgZfb��Ihkdhevdm�bf__lky�^\Z�
hd_ZgZ� b� ^\Z� dhglbg_glZ�� lh� ij_h[eZ^Z_l� \hegZ� k� \hegh\uf� qbkehf� ��� Ijb�
jZkijhkljZg_gbb� \\_jo� nZaZ� \hegu� k^\b]Z_lky� gZ� aZiZ^� ih� lhc�`_� ijbqbg_�� qlh� b� ^ey�
[Zjhdebgghc� \hegu��GZ� \ukhl_� ���� ]IZ� dZgZ^kdbc� fZdkbfmf�� Ze_mlkdbc� b� bkeZg^kdbc�
fbgbfmf�k^\bgmlu�gZ�aZiZ^�ih�hlghr_gbx�d�k\h_fm�iheh`_gbx�m�ih\_joghklb�A_feb��GZ�
wlhf�mjh\g_�lZd`_�ij_h[eZ^Z_l�\hegh\h_�qbkeh�d ���IjbqbgZ�wlh]h�g_�lhevdh�\�lhf��qlh�
\hegZ�k�lZdbf�\hegh\uf�qbkehf�[hevr_�\k_]h�]_g_jbjm_lky�m�ih\_joghklb��gh�b�\�lhf��qlh�
hgZ�[ebadZ�d�klZpbhgZjghc��lh�_klv�^ey�g__�nZah\Zy�kdhjhklv�Kx��\uqbke_ggZy�ih� ��������
[ebadZ� d� gmex�� :fieblm^Z� \hegu� gZ� \ukhl_� ���� ]IZ� [hevr_�� q_f� m� ih\_joghklb��
ihkdhevdm� \k_� \hegu� ijb� \_jlbdZevghf� jZkijhkljZg_gbb�� dZd� ihdZaZgh� \� e_dpbb� ���
m\_ebqb\Zxl�Zfieblm^m�\ke_^kl\b_�mf_gvr_gby�iehlghklb��?s_�\ur_��gZ�\ukhl_����]IZ��
Zfieblm^Z� klZpbhgZjguo� \heg� _s_� [hevr_�� gh� ij_h[eZ^Z_l� \hegh\h_� qbkeh� k ��� Wlh�
ijhbkoh^bl� ihlhfm�� qlh� \� abfg_c� kljZlhkn_j_� kdhjhklv� ahgZevgh]h� \_ljZ� \ur_�� q_f� \�
kj_^gbo�rbjhlZo�\�ljhihkn_j_��b�nZah\Zy�kdhjhklv�\hegu�[ebadZ�d�gmex�^ey�\hegh\h]h�
qbkeZ����Bklhqgbd�\hegu�d ���dZd�b�^jm]bo�klZpbhgZjguo��\heg��gZoh^blky�\�hkgh\ghf�\�
gb`g_c� ljhihkn_j_�� lZf�� ]^_� dhgljZklu� l_fi_jZlmju� l_`^m� fZl_jbdZfb� b� hd_ZgZfb�
fZdkbfZevgu� 
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Jbk�����<ukhlZ��f��ih\_joghklb������]IZ��\\_jom�������]IZ��\�k_j_^bg_��b����]IZ��\gbam��\�
yg\Zj_�ih�^Zgguf�j_ZgZebaZ�NCEP. 
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 Jbk������<ukhlZ��f��ih\_joghklb������]IZ��\\_jom��������]IZ��\�k_j_^bg_��b����]IZ��\gbam��
\�bxe_�ih�^Zgguf�j_ZgZebaZ�NCEP. 
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<� bxe_� �jbk������ � hd_Zgu� oheh^g__� kmrb�� ihwlhfm� gZ^� hd_ZgZfb� m� ih\_joghklb� A_feb�
nhjfbjmxlky� Zglbpbdehgu�� Z� gZ^� kmr_c� –� h[eZklb� ihgb`_ggh]h� ^Z\e_gby�� M�
ih\_joghklb�� dZd� b� abfhc�� ij_h[eZ^Z_l� \hegh\h_� qbkeh� ��� <� \_jog_c� ljhihkn_j_�� \�
hlebqbb�hl�abfu��g_�ijhbkoh^bl�ijhklh]h�jZkijhkljZg_gby�klZpbhgZjguo�\heg�\\_jo�kh�
k^\b]hf�gZ�aZiZ^��ihlhfm�qlh�e_lhf�aZiZ^guc�ihlhd�\�kj_^gbo�rbjhlZo�keZ[__��q_f�abfhc��
b�[ebadmx�d�gmex�nZah\mx�kdhjhklv�bf_xl�\hegu�k�\hegh\uf�qbkehf�g_��-2.5��dZd�abfhc��
Z��-���Ihwlhfm�gZ�ih\_joghklb�����]IZ�\�mf_j_gguo�rbjhlZo�fu�\b^bf�bf_ggh�\hegu�k�
d �-��� bf_xsb_� g_[hevrmx� Zfieblm^m�� ihkdhevdm� bklhqgbd� lZdbo� \heg� g_\_ebd�� ?s_�
\ur_��gZ����]IZ��klZpbhgZjgu_�\hegu�ijZdlbq_kdb�hlkmlkl\mxl��Wlh�ijhbkoh^bl�ihlhfm, 
qlh� \� kljZlhkn_j_� e_lhf� \_l_j� \hklhqguc�� Z� \� \hklhqghf� ihlhd_� klZpbhgZjgu_� \hegu�
Jhkk[b� g_\hafh`gu�� :fieblm^Z� klZpbhgZjguo� \heg� ^ey� ]hjbahglZevguo� dhfihg_gl�
kdhjhklb�\_ljZ�^ey�yg\Zjy�b�bxey�ij_^klZ\e_gZ�gZ�jbk������<�yg\Zj_�\�kj_^gbo�rbjhlZo�
k_\_jgh]h� ihemrZjby� Zfieblm^Z� klZpbhgZjguo� \heg� gZjZklZ_l� k� \ukhlhc� b� ^hklb]Z_l�
fZdkbfmfZ� \� \_jog_c� ljhihkn_j_��LZf�fZdkbfZevgmx� Zfieblm^m� bf_xl� \hegu� k� d �� b�
d ��� >Zevr_� \� kljZlhkn_jm� hgb� jZkijhkljZgyxlky� g_� hq_gv� kbevgh�� Jhkl� Zfieblm^u� \�
k_\_jghc�kljZlhkn_j_�ijhbkoh^bl�\�hkgh\ghf�aZ�kq_l�\hegh\h]h�qbkeZ�d ���AZlmoZgb_�wlhc�
\hegu�gZqbgZ_lky�ebrv�gZ�\ukhlZo�[he__����df����]IZ���FZdkbfmf�\�ljhibq_kdhc�\_jog_c�
ljhihkn_j_� h[mkeh\e_g� fmkkhgghc� pbjdmeypb_c�� <� x`ghf� ihemrZjbb� \� ljhihkn_j_�
Zfieblm^Z�\heg�g_\_ebdZ��b�\�kljZlhkn_jm�hgb�ijZdlbq_kdb�g_�jZkijhkljZgyxlky� 
������<� bxe_� \� mf_j_gguo� rbjhlZo� k_\_jgh]h� ihemrZjby� fZdkbfZevgZy� Zfieblm^Z�
klZpbhgZjguo� \heg� \� kj_^g_c� b� \_jog_c� ljhihkn_j_�� <� kljZlhkn_j_� Zfieblm^Z� \heg�
g_[hevrZy�� lZd� dZd� lZf� \hklhqguc� \_l_j�� <� ljhibdZo� fZdkbfmfu� klZpbhgZjguo� \heg�
\[ebab� ���� ]IZ� b� ���� ]IZ� h[mkeh\e_gu� pbjdmeypb_c� e_lg_]h� ZabZlkdh]h� fmkkhgZ�� <�
x`ghf� ihemrZjbb� klZpbhgZjgu_� \hegu� \� aZiZ^ghf� ihlhd_� ba� ljhihkn_ju� mki_rgh�
jZkijhkljZgyxlky�\�kljZlhkn_jm� 
������OZjZdl_jghc� q_jlhc� gZ[ex^Z_fuo� klZpbhgZjguo� \heg� y\eyxlky� fZdkbfmfu�
km[ljhibq_kdbo�kljmcguo�l_q_gbc�\�\_jog_c�ljhihkn_j_��JZkkfhljbf�bo�jZkiheh`_gb_�b�
ijbqbgu� nhjfbjh\Zgby�� Kdhjhklv� ahgZevgh]h� \_ljZ� gZ� \ukhl_� ���� ]IZ� \� yg\Zj_�
ij_^klZ\e_gZ� gZ� jbk������ Ohjhrh� \b^_g� fZdkbfmf� aZiZ^gh]h� \_ljZ� d� x]h-\hklhdm� hl�
Yihgbb�� ^hklb]Zxsbc� ��� f�c�� b� fZdkbfmf� m� \hklhqgh]h� ih[_j_`vy� :f_jbdb��
ij_\urZxsbc� ���f�k��Ihkdhevdm� \_l_j�\� kj_^gbo�rbjhlZo�[ebahd� d� ]_hkljhnbq_kdhfm��
fZdkbfmfm� kdhjhklb� aZiZ^gh]h� \_ljZ� ^he`_g� khhl\_lkl\h\Zlv� fbgbfmf� ]_hihl_gpbZeZ�
k_\_jg__� b�fZdkbfmf�x`g__��DZd� \b^gh� ba� jbk������ ^_ckl\bl_evgh�� k^\bgmluc� gZ� aZiZ^�
Ze_mlkdbc� fbgbfmf� ]_hihl_gpbZeZ� \� kj_^gbo� rbjhlZo� khhl\_lkl\m_l� fZdkbfmfm� m�
Yihgbb�� Z� bkeZg^kdbc� fbgbfmf� –� fZdkbfmfm� kdhjhklb� \_ljZ� m� \hklhqgh]h� ih[_j_`^y�
:f_jbdb�� Djhf_� lh]h�� fZdkbfmfZf� km[ljhibq_kdh]h� aZiZ^gh]h� \_ljZ� khhl\_lkl\mxl�
fZdkfmfu� hkZ^dh\� \� ljhibdZo�� dhlhju_� ijb\_^_gu� gZ� wlhf� `_� jbkmgd_�� Ljhibq_kdbf�
hkZ^dZf� khhl\_lkl\m_l� \hkoh^ysbc� ihlhd�� dhlhjuc� \� \_jog_c� ljhihkn_j_� ^\b`_lky��
m^Zeyykv� hl�Wd\ZlhjZ�� \� km[ljhibdb� abfg_]h� ihemrZjby� b� \ke_^kl\b_� \jZs_gby� A_feb�
ijbh[j_lZ_l�aZiZ^gmx�khklZ\eyxsmx�^\b`_gby� 
������<� bxe_� �jbk������ hkgh\gu_� ljhibq_kdb_� hkZ^db� khkj_^hlhq_gu� \� jZchg_� e_lg_]h�
ZabZlkdh]h� fmkkhgZ�� Hllm^Z� \� \_jog_c� ljhihkn_j_� \ha^mo� kgZqZeZ� ijb[eb`Z_lky� d�
Wd\Zlhjm� b� ijbh[j_lZ_l� \hklhqgmx� khklZ\eyxsmx� ^\b`_gby�� Z� aZl_f� m^Zey_lky� hl�
Wd\ZlhjZ�b�ijbh[j_lZ_l� aZiZ^gmx� khklZ\eyxsmx� ^\b`_gby��q_f�h[tykgy_lky�fZdkbfmf�
aZiZ^gh]h�\_ljZ�\�jZchg_�:\kljZebb� 
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 Jbk������:fieblm^Z�klZpbhgZjguo�\heg�kdhjhklb�\_ljZ� �f�k��\�yg\Zj_�b�bxe_�ih�^Zgguf�
j_ZgZebaZ�NCEP. 
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Jbk������HkZ^db��ff�kml��b�kdhjhklv�ahgZevgh]h�\_ljZ�gZ�\ukhl_�����]IZ��f�k��\�yg\Zj_�ih�
^Zgguf�j_ZgZebaZ�NCEP. 
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 Jbk������ HkZ^db� �ff�kml�� b� kdhjhklv� ahgZevgh]h� \_ljZ� gZ� \ukhl_� ���� ]IZ� ih� ^Zgguf�
j_ZgZebaZ�NCEP�\�bxe_� 
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Jbk������Hldehg_gb_�nmgdpbb�lhdZ����6�f2�k��gZ�����]IZ�\�yg\Zj_�hl�ahgZevgh]h�kj_^g_]h� 
 
������GZdhg_p�� jZkkfhljbf�f_jb^bhgZevgh_� jZkijhkljZg_gb_� klZpbhgZjguo� \heg��Ijbf_j�
lZdh]h� jZkijhkljZg_gby� ijb\_^_g� gZ� jbk������ ]^_� bah[jZ`_gZ� f_jb^bhgZevgZy� nmgdpby�
lhdZ�^ey�hldehg_gby�hl�ahgZevgh]h�kj_^g_]h�\�yg\Zj_�gZ�\ukhl_�����]IZ��GZ^�:leZglbdhc�
fh`gh� \b^_lv� jZkijhkljZgyxsmxky� \hegm� Jhkk[b� k� k_\_jZ� gZ�x]��GZihfgbf�� qlh� ^ey�
lZdhc� \hegu� ^he`gh� [ulv� >u’v¶@!��� qlh� ohjhrh� \b^gh� gZ� jbkmgd_�� _keb� ijbgylv� \h�
\gbfZgb_��qlh�\_l_j�^m_l�\^hev�bahebgbc�nmgdpbb�lhdZ� 
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9. IZjgbdh\uc�wnn_dl��Baf_g_gby�debfZlZ�b�bo�ij_^kdZam_fhklv� 
 

������Imklv� ieZg_lZ� g_� bf__l� Zlfhkn_ju� b� ij_^klZ\ey_l� kh[hc� q_jgh_� l_eh�� Lh]^Z� __�
l_fi_jZlmjZ�ih\_joghklb�T�fh`_l�[ulv�\uqbke_gZ�ba�khhlghr_gby 
 
                                    solF σ 4= Τ ,                                                                                      (9.1) 

 
]^_���Fsol –�ih]ehs_ggZy�ih\_joghklvx�kheg_qgZy�jZ^bZpby� 
������Imklv�l_i_jv�ieZg_lZ�bf__l�Zlfhkn_jm�k�hilbq_kdhc�lhesbghc� �χ0�\�^ebggh\hegh\hc�
qZklb� ki_dljZ�� gh� g_� \aZbfh^_ckl\mxsZy� k� kheg_qguf� baemq_gb_f�� GZc^_f� ihlhdb�
\hkoh^ys_c� b� gbkoh^ys_c� ^ebggh\hegh\hc� jZ^bZpbb�� Z� lZd`_� jZkij_^_e_gb_�
l_fi_jZlmju� \� Zlfhkn_j_� ieZg_lu� b� gZ� __� ih\_joghklb�� MjZ\g_gb_� i_j_ghkZ�
^ebggh\hegh\h]h�baemq_gby�\u]ey^bl�ke_^mxsbf�h[jZahf��Houghton, 2002):  
 

                                   
F

kF kB
z

ρ ρ∂ = − +
∂

,                                                                        (9.2) 

 
]^_� F  –� ihlhd� ^ebggh\hegh\hc� jZ^bZpbb�� ρ  -� iehlghklv� \ha^moZ�� k  –� dhwnnbpb_gl�
ih]ehs_gby�� B σ 4= Τ ��Fh`gh�\\_klb�hilbq_kdmx�lhesbgm�χ��lZdmx�qlh� 
 
                                   d kdzχ ρ= ,                                                                                   (9.3) 
 
b�i_j_ibkZlv�mjZ\g_gb_�������ke_^mxsbf�h[jZahf�� 
 

                               
F

F B
χ

∂ = − +
∂

.                                                                                (9.4) 

 
GZ]j_\Zgb_�\ke_^kl\b_�i_j_ghkZ�baemq_gby�aZibr_lky�dZd� 
 

                                  P

T F
C

t z
ρ ∂ ∂= −

∂ ∂
                                                                             (9.5) 

 
>ey� gZr_c� aZ^Zqb� gZibr_f� mjZ\g_gby� ^ey� gbkoh^ys_c� � F↓� b� \hkoh^ys_c� F↑ 
^ebggh\hegh\hc�jZ^bZpbb� 
 
                                  ∂F↓/∂χ = -F↓ + B,                                                                          (9.6) 
                                  ∂F↑/∂χ = F↑- B,                                                                             (9.7) 
 
]jZgbqgu_�mkeh\by:  
 
                                  F↓(χ=0) = 0                                                                                   (9.8) 
                                  F↑(χ0) = Fsol + F↓(χ0)                                                                    (9.9) 
 
>ey�j_r_gby�kbkl_fu��������������aZf_lbf��qlh�mjZ\g_gb_�^ey�gZ]j_\Zgby�������\�kemqZ_�
^\mo�ihlhdh\�i_j_ibr_lky�ke_^mxsbf�h[jZahf�� 
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                                    ρKP∂T/∂t = - ∂(F↓-F↑)/∂z                                                          (9.10) 
 
Ihkdhevdm�fu�kqblZ_f��qlh�^hklb]gmlZ�jZ\gh\_kgZy�l_fi_jZlmjZ��dhlhjZy�k�l_q_gb_f�
\j_f_gb�g_�f_gy_lky��h[_�qZklb�jZ\_gkl\Z��������^he`gu�[ulv�jZ\gu�gmex��lh�_klv�F↓-F↑ 
g_�^he`gh�aZ\bk_lv�hl�z��b��ke_^h\Zl_evgh��hl�χ��Lh]^Z� 
 
                                    F↑ = F↓ + Fsol                                                                            (9.11) 
  
Keh`bf�������b�������� 
 
                                   ∂(F↑ + F↓)/∂χ = F↑- F↓ = Fsol,                                                   (9.12) 
 
Ih^klZ\b\�\����������������ihemqbf� 
 
                                   2∂F↓/∂χ = Fsol,                                                                          (9.13) 
 
hldm^Z� 
 
                                    F↓ = ½ χ,                                                                                  (9.14) 
                                    F↑= ½ χ + Fsol,                                                                         (9.15) 
               B = ½ (χ + Fsol��\�Zlfhkn_j_��b�B = ½χ0 + Fsol�gZ�ih\_joghklb��������������������� 
 
LZdbf�h[jZahf��ihlhdb�gbkoh^ys_c�b�\hkoh^ys_c�jZ^bZpbb��Z�lZd`_�<�ebg_cgh�jZklml�k 
jhklhf�hilbq_kdhc�lhesbgu��Z�<�bkiulu\Z_l�jZaju\�m�ih\_joghklb�A_feb��L_fi_jZlmjZ�m�
ih\_joghklb�A_feb��dZd�ke_^m_l�ba���������[m^_l�hij_^_eylvky�ba�khhlghr_gby�� 
 
                                    Fsol + ½ χ0 = σ T4,                                                                   (9.17) 
 
KjZ\gb\� _]h� k� ������� ihemqbf�� qlh� baemq_gb_� ih\_joghklb� \� kemqZ_� gZebqby� Zlfhkn_ju�
klZeh� [hevr_� gZ� � ½ χ0. Wlh� keZ]Z_fh_� b� \ujZ`Z_l� iZjgbdh\uc� wnn_dl�� AZf_lbf�� qlh�
mjZ\g_gb_� ������� fh`_l� g_� bf_lv� j_r_gby�� _keb� χ0� ^hklZlhqgh� kbevgh� aZ\bkbl� hl�
l_fi_jZlmju�� <� kemqZ_� Zlfhkn_ju� ihegZy� kheg_qgZy� jZ^bZpby�� ijboh^ysZy� d� \_jog_c�
]jZgbp_�Zlfhkn_ju��khklZ\ey_l�����<l�f2��ih]ehs_ggZy�jZ^bZpby�hdheh�����<l�f2,  
������L_fi_jZlmjZ��\uqbke_ggZy�ih�������[_a�mq_lZ�iZjgbdh\h]h�wnn_dlZ�khklZ\ey_l�����D��Z�
^_ckl\bl_evgZy� l_fi_jZlmjZ�ih\_joghklb� khklZ\ey_l� ����D�� lh� _klv�iZjgbdh\uc� wnn_dl�
khklZ\ey_l� ��� D�� IZjgbdh\uc� wnn_dl� \� Zlfhkn_j_� A_feb� \uau\Zxl� lZdb_� ]Zau�� dZd�
\h^yghc� iZj�� m]e_dbkeuc� ]Za�� f_lZg�� aZdbkv� ZahlZ�� hahg�� h[eZdZ��Ijhnbev� l_fi_jZlmju�
jZ^bZpbhggh]h�jZ\gh\_kby�fh`gh�gZclb��_keb�^himklblv��qlh�jZkij_^_e_gb_�iZjgbdh\uo�
]Zah\� \� Zlfhkn_j_� jZ\ghf_jgh_��Lh]^Z� hilbq_kdZy� lhesbgZ� ijhihjpbhgZevgZ� ^Z\e_gbx�
\ha^moZ�� b� ijb[eb`_ggh� \uihegy_lky� wdkihg_gpbZevgh_� mf_gvr_gb_� hlibq_kdhc�
lhesbgu�k�\ukhlhc�� 
 

                                       0
0

gz

RTeχ χ
−

=                                                                          (9.18) 
 
]^_�L0 –�kj_^gyy�l_fi_jZlmjZ��Ba��������k�mq_lhf��������aZ\bkbfhklv�l_fi_jZlmju�\ha^moZ�
hl�\ukhlu�\ujZ`Z_lky�ke_^mxsbf�h[jZahf�� 
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                                         0
1 2

gz

RTT T e T
−

= +                                                                (9.19) 

 
]^_� L1� b� L2 –� g_dhlhju_� ihklhyggu_�� LZdbf� h[jZahf�� l_fi_jZlmjZ� jZ^bZpbhggh]h�
jZ\gh\_kby�wdkihg_gpbZevgh�mf_gvrZ_lky�k�\ukhlhc��Z�m�ih\_joghklb�A_feb�kms_kl\m_l�
jZaju\� l_fi_jZlmju�� <� ^_ckl\bl_evghklb� lZdh]h� [ukljh]h� m[u\Zgby� l_fi_jZlmju� k�
\ukhlhc�g_�ijhbkoh^bl��ihkdhevdm� ]jZ^b_gl� l_fi_jZlmju�g_�fh`_l�gZfgh]h�ij_\urZlv�
kmohZ^bZ[Zlbq_kdbc�� Gb`gyy� h[eZklv� Zlfhkn_ju�� ]^_� dhg\_dpby� hij_^_ey_l�
\_jlbdZevguc� ]jZ^b_gl� l_fi_jZlmju�� gZau\Z_lky� ljhihkn_jhc�� <ur_�� \� kljZlhkn_j_��
Zlfhkn_jZ� gZoh^blky� ijZdlbq_kdb� \� jZ^bZpbhgghf� jZ\gh\_kbb�� >ey� lh]h�� qlh[u�
j_Zebklbqgh� \hkijhba\_klb� \_jlbdZevguc� ijhnbev� l_fi_jZlmju�� g_^hklZlhqgh� fh^_eb�
jZ^bZpbhggh]h� jZ\gh\_kby�� kZfZy� ijhklZy� fh^_ev�� dhlhjZy� fh`_l� j_Zebklbqgh�
\hkijhba\_klb�l_fi_jZlmjm�–�jZ^bZpbhggh-dhg\_dlb\gZy� 
������BlZd�� l_fi_jZlmjZ�ih\_joghklb�ijb� aZ^Zgghf�ihlhd_�ih]ehs_gghc�dhjhldh\hegh\hc�
jZ^bZpbb� \uqbkey_lky� kh]eZkgh� �������� H^gZdh�� hilbq_kdZy� lhesbgZ� χ0� kZfZ� fh`_l�
aZ\bk_lv� hl� l_fi_jZlmju�� <� kemqZ_� A_feb� hgZ� jZkl_l� k� l_fi_jZlmjhc� ihlhfm�� qlh�
dhebq_kl\h� \h^ygh]h� iZjZ� jZkl_l� k� l_fi_jZlmjhc�� ?keb� wlZ� aZ\bkbfhklv� ^hklZlhqgh�
kbevgZy��lh�j_r_gby� �������fh`_l�g_�[ulv��Wlh�hagZqZ_l��qlh�debfZlbq_kdZy�kbkl_fZ�ijb�
g_[hevrhf�baf_g_gbb�ih]ehs_gghc� kheg_qghc�jZ^bZpbb�fh`_l�gZ]j_\Zlvky� dZd� m]h^gh�
kbevgh�� ^h� l_o� ihj�� ihdZ� wlZ� aZ\bkbfhklv� g_� gZjmrblky�� GZijbf_j�� ijb� m\_ebq_gbb�
kheg_qghc�jZabZpbb�gZ�����gZ�A_fe_�fh`_l�gZklmiblv�lZdh_�y\e_gb_��dhlhjh_�ijb\_^_l�d�
ij_\jZs_gbx�\�iZj�\k_c�\h^u�hd_Zgh\��ihke_�q_]h�iZjgbdh\uc�wnn_dl�i_j_klZg_l�jZklb�k�
l_fi_jZlmjhc��b�mklZgh\blky�jZ\gh\_kguc�debfZl� 
������Qlh[u�ij_^kdZaZlv�[m^msb_�baf_g_gby�debfZlZ��gm`gh�hl\_lblv�gZ�\hijhk��gZkdhevdh�
kms_kl\_ggufb� fh]ml� [ulv� baf_g_gby�� h[mkeh\e_ggu_� kh[kl\_gghc� baf_gqb\hklvx�
debfZlbq_kdhc�kbkl_fu�Zlfhkn_jZ�–�hd_Zg��>ey�wlh]h�fh`gh�ihklmiblv�^\mfy�kihkh[Zfb��
I_j\uc� –� ijh\_^_gb_� ^ebl_evgh]h� qbke_ggh]h� wdki_jbf_glZ� k� kh\f_klghc� fh^_evx�
h[s_c� pbjdmeypb� Zlfhkn_ju� b� hd_ZgZ� k� nbdkbjh\Zggufb� \g_rgbfb� \ha^_ckl\byfb��
dhgp_gljZpb_c� jZ^bZpbhggh-Zdlb\guo� ]Zah\�� kheg_qgh]h� baemq_gby� b� l�^�� <� gZklhys__�
\j_fy�ijh\h^bebkv�lZdb_�qbke_ggu_�wdki_jbf_glu�ijh^he`bl_evghklvx�ihjy^dZ�lukyqb�
e_l��Hgb� ihdZaZeb�� qlh� kh[kl\_ggZy� baf_gqb\hklv� ]eh[Zevgh� hkj_^g_gghc� l_fi_jZlmju�
\ha^moZ�m�ih\_joghklb�gZ�\j_f_gguo�fZkrlZ[Zo�hl�^_kyldh\�^h�khl_g�e_l�g_�ij_\urZ_l�
0.1-���� ]jZ^mkZ� �Houghton�� ������� Qlh[u� ihemqblv� [he__� kms_kl\_ggu_� baf_g_gby�
debfZlZ��gm`gh�baf_gblv�\g_rgb_�ih�hlghr_gbx�d�debfZlbq_kdhc�kbkl_f_�\ha^_ckl\by�� 
������<lhjhc� kihkh[� –� ZgZeba� ijbqbg� baf_g_gby� debfZlZ� \� ijhrehf�� LZdhc� ZgZeba�
ihdZau\Z_l��qlh�baf_g_gby�debfZlZ�k�\j_f_ggufb�fZkrlZ[Zfb�^_kyldb�lukyq�e_l�b�[he__�
ijhbkoh^beb� \ke_^kl\b_� baf_g_gby� \g_rgbo� \ha^_ckl\bc�� Z� bf_ggh� baf_g_gbc�
iZjZf_ljh\� hj[blu� A_feb�� Ijb� lZdbo� baf_g_gbyo� kmffZjgZy� aZ� ]h^� b� ih� \k_c� A_fe_�
kheg_qgZy�jZ^bZpby��ijboh^ysZy�d�\_jog_c�]jZgbp_�Zlfhkn_ju��g_�f_gyeZkv��Z�f_gyehkv�
__�jZkij_^_e_gb_�f_`^m�abfhc�b�e_lhf�b�f_`^m�ljhibdZfb�b�\ukhdbfb�rbjhlZfb��Ba-aZ�
g_ebg_cghklb� debfZlbq_kdhc� kbkl_fu� wlh� ijb\h^beh� d� baf_g_gbx� ]eh[Zevghc�
l_fi_jZlmju�A_feb��LZdh\h�ihke_^g__�he_^_g_gb_��dhlhjh_� aZdhgqbehkv�hdheh� ��� lukyq�
e_l�gZaZ^��dh]^Z�l_fi_jZlmjZ�[ueZ�\�kj_^g_f�gZ��-���]jZ^mkh\�gb`_�kh\j_f_gghc��Z�lZd`_�
lZd�gZau\Z_fuc�hilbfmf� ]hehp_gZ�hdheh� �� lukyq�e_l�gZaZ^��dh]^Z�[ueh�\� kj_^g_f�gZ� ��
]jZ^mk� l_ie__�� q_f� k_cqZk�� AZ� ihke_^gb_� �-�� lukyqb� e_l�� kh]eZkgh� j_dhgkljmdpbyf��
ijhbkoh^beb�baf_g_gby�]eh[Zevghc�l_fi_jZlmju��g_�ij_\urZxsb_�ih�\_ebqbg_���]jZ^mk��
h[mkeh\e_ggu_�baf_g_gbyfb�kheg_qghc�ihklhygghc�b�ba\_j`_gbyfb�\medZgh\��Ijbf_jgh�
^_kylv� lukyq� e_l� gZaZ^� ijb� lZygbb� e_^gbdh\� ijhbkoh^beb� dhe_[Zgby� l_fi_jZlmju� k�
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oZjZdl_jguf�\j_f_g_f�g_kdhevdh�khl�e_l�k�Zfieblm^hc�g_kdhevdh�]jZ^mkh\��Hgb��ih�\k_c�
\b^bfhklb��g_�[ueb�\ua\Zgu�\g_rgbfb�\ha^_ckl\byfb��Ijbqbghc�wlbo�dhe_[Zgbc�fh]eb�
[ulv� \u[jhku� ij_kghc� \h^u� \� h[eZklv� hd_Zgbq_kdhc� dhg\_dpbb� \� k_\_jghc�:leZglbd_��
LZdb_� \u[jhku�fh]eb� ijb\h^blv� d� lhfm�� qlh� \h^Z� gZ� ih\_joghklb� klZgh\beZkv� e_]dhc��
dhg\_dpby� aZf_^eyeZkv�� b� ih\_joghklgh_� l_ieh_� l_q_gb_� i_j_klZ\Zeh� l_qv� \� k_\_jgmx�
ZleZglbdm��qlh�ijb\h^beh�d�ihoheh^Zgbx�gZ^�K_\_jghc�:leZglbdhc��?\jhihc�b�K_\_jghc�
:f_jbdhc�� Wlh�� ih-\b^bfhfm�� _^bgkl\_gguc� ba\_klguc� f_oZgbaf�� kihkh[guc� \ua\Zlv�
agZqbl_evgh_�g_\ugm`^_ggh_�baf_g_gb_�debfZlZ� 
������LZdbf� h[jZahf�� [hevrbgkl\h� baf_g_gbc� debfZlZ� y\eyxlky� \ugm`^_ggufb��
Ihkfhljbf�� dZdb_� \g_rgb_� \ha^_ckl\by� baf_gbebkv� \� ��� klhe_lbb�� b� dZdhc� \deZ^� hgb�
\ghkyl� \� baf_g_gby� debfZlZ�� <\_^_f� ihgylb_� jZ^bZpbhggh]h� nhjkbg]Z� hl� baf_g_gby�
dhgp_gljZpbb� lh]h� beb� bgh]h� ]ZaZ�� JZ^bZpbhgguc�nhjkbg]� –� baf_g_gb_� jZ^bZpbhggh]h�
[ZeZgkZ� gZ� \_jog_c� ]jZgbp_� Zlfhkn_ju� beb� gZ� ^jm]hf� aZ^Zgghf� mjh\g_�� \ke_^kl\b_�
aZ^Zggh]h� baf_g_gby� dhgp_gljZpbb� ]ZaZ� ijb� khojZg_gbb� \k_o� hklZevguo� mkeh\bc� \�
debfZlbq_kdhc� kbkl_f_� g_baf_ggufb�� GZ� jbk����� ijb\_^_gu� hp_gdb� baf_g_gby�
jZ^bZpbhgguo� nhjkbg]h\� jZaebqguo� ]Zah\� \� dhgp_� ��� klhe_lby� ih� kjZ\g_gbx� k�
ij_^ug^mkljbZevguf�\j_f_g_f��dhlhju_�him[ebdh\Zgu�\�>Houghton, 2007].  

 Jbk������JZ^bZpbhggu_�nhjkbg]b� �<l�f2��\ke_^kl\b_�baf_g_gby�dhgp_gljZpbb�jZaebqguo�
]Zah\�\�����]�]��ih�kjZ\g_gbx�k�^hbg^mkljbZevguf�i_jbh^hf� 
 
GZb[hevrbc� iheh`bl_evguc� jZ^bZpbhgguc� nhjkbg]� \uau\Z_l� m\_ebq_gb_� kh^_j`Zgby�
m]e_dbkeh]h�]ZaZ�� �F_g__�kms_kl\_gguc��gh�aZf_lguc�\deZ^�\ghkyl�f_lZg��aZdbkv�ZahlZ�b�
ljhihkn_jguc� hahg�� HljbpZl_evguc� \deZ^� \� jZ^bZpbhgguc� nhjkbg]� \ghkyl� ijyfhc� b�
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g_ijyfhc� wnn_dl� hl� kmevnZlgh]h� Zwjhahey�� b�� \�f_gvr_c� kl_i_gb�� m\_ebq_gb_� Zev[_^h��
M\_ebq_gb_� kheg_qghc� ihklhygghc� \ghkbl� \deZ^� \� �-��� jZa� f_gvrbc�� q_f� iZjgbdh\uc�
wnn_dl�� LZdbf� h[jZahf�� qlh[u� ij_^kdZaZlv� [m^msb_� baf_g_gby� debfZlZ�� g_h[oh^bfh�
\dexqblv�\�debfZlbq_kdmx�fh^_ev�w\hexpbx�iZjgbdh\uo�]Zah\�b�kmevnZlgh]h�Zwjhahey�� 
������L_f�g_�f_g__�� kZfuf� kms_kl\_gguf� y\ey_lky�\ebygb_� m\_ebq_gb_�KH2��JZkkfhljbf��
qlh�ijhbahc^_l� k�debfZlbq_kdhc� kbkl_fhc�� _keb�dhgp_gljZpby�KH2� m^\hblky��>ey� wlh]h�
gZ^h�agZlv�jZ^bZpbhgguc�nhjkbg]�∆F�hl�m^\h_gby�dhgp_gljZpbb�KH2�gZ�\_jog_c�]jZgbp_�
Zlfhkn_ju�� Hg� khklZ\ey_l� hdheh� �� <l�f2�� ?keb� l_fi_jZlmjZ� debfZlbq_kdhc� kbkl_fu�
hij_^_ey_lky� ba� ������� lh� baf_g_gb_� l_fi_jZlmju� ba-aZ� baf_g_gby� jZ^bZpbhggh]h�
nhjkbglZ�[m^_l�� 
 
                             4T T T Fσ σ 3∆( ) = 4 ∆ = ∆                                                                        (9.20) 
 
beb��^_ey�h[_�qZklb��������gZ�������� 
 

                               4
T F

T F

∆ ∆=                                                                                           (9.21) 

 
Ih^klZ\eyy�qbke_ggu_�agZq_gby�F� �����<l�f2, T = 260 K, ∆T� ���<l�f2��ihemqZ_f�∆T = 
1.1K�� ?keb� mqblu\Zlv� _s_� lh�� qlh� iZjgbdh\uc� wnn_dl� \h^ygh]h� iZjZ� ijb� ih\ur_gbb�
l_fi_jZlmju� m\_ebqb\Z_lky�� lh� ihemqbf� ∆L�  � ���� D�� ?keb� ijbgylv� \h� \gbfZgb_�
iheh`bl_evgmx�h[jZlgmx�k\yav�f_`^m�l_fi_jZlmjhc�b�mf_gvr_gb_f�Zev[_^h�\ke_^kl\b_�
lZygby�kg_]Z�b�ev^Z��lh�hp_gdb�ihl_ie_gby�[m^ml�baf_gylvky�hl�����^h�����D��Fh^_eb�HP:�
^Zxl�\_ebqbgu�]eh[Zevgh]h�ihl_ie_gby�hl�����^h�����]jZ^mkZ��Z�hl^_evgu_�dhgnb]mjZpbb�
fh^_e_c� ij_^kdZau\Zxl� _s_� [hevrmx� qm\kl\bl_evghklv�� ^h� �-��� ]jZ^mkh\�� Hkgh\ghc�
ijbqbghc�jZaebqby�qm\kl\bl_evghklb�fh^_e_c�y\ey_lky�jZaebqgh_�hibkZgb_�h[eZqghklb��
Ijb� ]eh[Zevghf� ihl_ie_gbb� dhebq_kl\h� dhg\_dlb\guo� h[eZdh\� ^he`gh� mf_gvrblvky�� Z�
dhebq_kl\h� kehbkluo� h[eZdh\� \[ebab� ih\_joghklb� m\_ebqblvky�� ?keb� \� fh^_eb�
ij_h[eZ^Z_l� mf_gvr_gb_� h[eZqghklb� ijb� ihl_ie_gbb�� hgZ� ^Z_l� [hevrmx�
qm\kl\bl_evghklv�� _keb� m\_ebq_gb_� lh� fZe_gvdmx�� Ihkdhevdm� h[jZah\Zgb_� h[eZdh\�
y\ey_lky�ih^k_lhqguf�ijhp_kkhf��dhlhjuc�g_�hibku\Z_lky�y\gh��Z�iZjZf_ljbam_lky��lh�hl�
kihkh[Z�iZjZf_ljbaZpbb�h[eZqghklb� aZ\bkbl� qm\kl\bl_evghklv�fh^_eb�d� m^\h_gbx�KH2. 
Ijh[e_fZ� mlhqg_gby� \_ebqbgu� h[jZlghc� k\yab� f_`^m� ihl_ie_gb_f� b� h[eZqghklvx�
y\ey_lky�h^ghc�ba�p_gljZevguo�\�kh\j_f_gghc�gZmd_�h�debfZl_� 
������JZkkfhljbf� kj_^g_]h^h\h_� jZ\gh\_kgh_� baf_g_gb_� l_fi_jZlmju� \� Zlfhkn_j_� k�
\ukhlhc�ijb� m^\h_gbb�KH2  \�fh^_eb� Zlfhkn_ju�b�hd_ZgZ��jbk����� �<heh^bg��>bZgkdbc�
�������<� ljhihkn_j_� \� khhl\_lkl\bb� k�iZjgbdh\uf� wnn_dlhf� l_fi_jZlmjZ�\hajZklZ_l��<�
ljhibdZo� kbevg__� \k_]h� l_ie__l� \� \_jog_c� ljhihkn_j_�� Wlh� ijhbkoh^bl� ihlhfm�� qlh� \�
ljhibdZo� \_jlbdZevguc� ]jZ^b_gl� l_fi_jZlmju� dhgljhebjm_lky� \eZ`ghc� dhg\_dpb_c� b�
[ebahd� d� \eZ`ghZ^bZ[Zlbq_kdhfm�� <eZ`ghZ^bZ[Zlbq_kdbc� ]jZ^b_gl� mf_gvrZ_lky� ih�
\_ebqbg_� k� jhklhf� l_fi_jZlmju� �������� ihwlhfm� ijb� [hevr_f� iZjgbdh\hf� wnn_dl_�
l_fi_jZlmjZ�\�ljhibdZo�g_�lZd�kbevgh�iZ^Z_l�k�\ukhlhc��lh�_klv�gZ\_jom�l_ie__l�[hevr_��
q_f� \gbam��<� \ukhdbo�rbjhlZo� ihl_ie_gb_� fZdkbfZevgh� m� ih\_joghklb�� Z� \� kj_^g_c� b�
\_jog_c�ljhihkn_j_�hgh�g_�klhev�kbevgh��Wlh�ijhbkoh^bl�ba-aZ�iheh`bl_evghc�h[jZlghc�
k\yab� f_`^m� l_fi_jZlmjhc� b� mf_gvr_gb_f� Zev[_^h�� qlh� ijb\h^bl� d� [he__� kbevghfm�
ijh]j_\m�ih\_joghklb��<\_jo�ba-aZ�hlkmlkl\by�dhg\_dpbb�ihl_ie_gb_�jZkijhkljZgy_lky�g_�
lZd� kbevgh�� dZd� \� ljhibdZo�� <� kljZlhkn_j_� m\_ebq_gb_� KH2� ijb\h^bl� d� ihoheh^Zgbx�
\ke_^kl\b_�m\_ebq_gby�^ebggh\hegh\h]h�\uoheZ`b\Zgby� 
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Jbk������Baf_g_gb_�kj_^g_]h^h\hc�l_fi_jZlmju�\ha^moZ��D��\�fh^_eb�ijb�m^\h_gbb�
kh^_j`Zgby�KH2�ih�^Zgguf�fh^_eb�B<F� 
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Jbk������Baf_g_gb_�l_fi_jZlmju�\ha^moZ��D��m�ih\_joghklb�\�fh^_eb�ijb�m^\h_gbb�KH2�\�
^_dZ[j_-n_\jZe_�b�bxg_-Z\]mkl_�ih�^Zgguf�fh^_eb�B<F� 
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������JZkkfhljbf�baf_g_gb_�l_fi_jZlmju�\ha^moZ�m�ih\_joghklb�ijb�m^\h_gbb�kh^_j`Zgby�
KH2� �jbk�������KZfh_� [hevrh_�ihl_ie_gb_�ijhbkoh^bl� \� abfg__� \j_fy� \� l_o�f_klZo�� ]^_�
\f_klh� fhjkdh]h� ev^Z� ihy\ey_lky� hldjulZy� \h^Z�� LZf� ihl_ie_gb_� \� g_kdhevdh� jZa�
ij_\urZ_l� kj_^g__� ih� A_fe_�� <_ebdh� lZd`_� ihl_ie_gb_� gZ� dhglbg_glZo� \� mf_j_gguo�
rbjhlZo� abfhc�� E_lhf� ihl_ie_gb_� gZ� dhglbg_glZo� f_gvr_�� lZd� dZd�� \h-i_j\uo��
ih\ur_gbx�l_fi_jZlmju�ij_iylkl\m_l� m\_ebq_gb_�bkiZj_gby��b��\h-\lhjuo��e_lhf�ba-aZ�
dhg\_dpbb�ihl_ie_gb_�jZkijhkljZgy_lky�gZ�\kx�ljhihkn_jm��GZ�dhglbg_glZo�ijb�ijhqbo�
jZ\guo� mkeh\byo� ihl_ie_gb_� [hevr_�� q_f� gZ^� hd_ZgZfb�� hiylv-lZdb�� ba-aZ� m\_ebq_gby�
bkiZj_gby�ijb�ihl_ie_gbb�gZ^�hd_ZgZfb�� 
������Bgl_j_kgh� kjZ\gblv� fh^_ebjm_fh_� baf_g_gb_� l_fi_jZlmju� k� gZ[ex^Z_fuf� \�
ihke_^gb_� ^_kylbe_lby�� Baf_g_gb_� kj_^g_]h^h\hc� l_fi_jZlmju� ih� ^Zgguf� j_ZgZebaZ�
NCEP�aZ�ihke_^g__�^\Z^pZlbe_lb_�ih�kjZ\g_gbx�k�ij_^u^msbf�bah[jZ`_gh�gZ�jbk������GZ�
jbkmgd_�fh`gh�\b^_lv� l_�`_�hkh[_gghklb��qlh�b�gZ�jbk������ihoheh^Zgb_�\� kljZlhkn_j_��
ihl_ie_gb_�\�ljhihkn_j_��fZdkbfZevgh_�\�ljhibq_kdhc�\_jog_c�ljhihkn_j_�b�\�\ukhdbo�
rbjhlZo� m� ih\_joghklb�� H^gZdh�� fZdkbfmfu� ihl_ie_gby� \[ebab� ljhihiZmau� \� x`ghf�
ihemrZjbb�� Z� lZd`_� gZ^�:jdlbdhc� g_� khhl\_lkl\mxl� ^Zgguf�fh^_ebjh\Zgby��<ijhq_f��
a^_kv�lhqghklv�^Zgguo�j_ZgZebaZ�fh`_l�[ulv�g_^hklZlhqghc� 
������KjZ\gbf� gZ[ex^Z_fh_� ihl_ie_gb_� m� ih\_joghklb� �jbk������ k� ijh]ghabjm_fuf� ijb�
]eh[Zevghf� ihl_ie_gbb�� GZ[ex^Z_fh_� ihl_ie_gb_� fZdkbfZevgh� gZ� dhglbg_glZo� \�
mf_j_gguo� rbjhlZo� k_\_jgh]h� ihemrZjby� abfhc�� LZf� hgh� ^hklb]Z_l� ���-���� ]jZ^mkh\��
E_lhf�ihl_ie_gb_� khklZ\ey_l� lhevdh�hdheh� ���� ]jZ^mkZ��Kgh\Z��dZd�b� \� kemqZ_� ahgZevgh�
hkj_^g_gghc� l_fi_jZlmju�� bf__lky� ebrv� qZklbqgh_� kh]eZkb_� ^Zgguo� fh^_ebjh\Zgby� b�
gZ[ex^_gbc�� L_f� g_� f_g__�� baf_g_gby� ]eh[Zevgh� hkj_^g_gghc� l_fi_jZlmju�
\hkijhba\h^blky�g_iehoh�fgh]bfb�fh^_eyfb��kf��e_dpbx����� 
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Jbk������Baf_g_gb_�ahgZevgh�hkj_^g_gghc�l_fi_jZlmju��D��\�����-����]�]��ih�kjZ\g_gbx�k�
1964-����]�]��ih�^Zgguf�j_ZgZebaZ�NCEP. 
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Jbk������ Baf_g_gb_� l_fi_jZlmju� \ha^moZ� m� ih\_joghklb� �D�� \� yg\Zj_-fZjl_� �\\_jom�� b�
bxe_-Z\]mkl_��\gbam��\�����-2003]�]��ih�kjZ\g_gbx�k�����-����]�]��ih�^Zgguf�NCEP. 
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������LZdbf� h[jZahf�� qlh[u� ij_^kdZaZlv� baf_g_gby� debfZlZ� \� [m^ms_f�� gm`gZ� g_� lhevdh�
kh\f_klgZy� fh^_ev� Zlfhkn_ju� b� hd_ZgZ�� gh� b� fh^_ev� w\hexpbb� fZeuo� ]Zah\uo�
khklZ\eyxsbo�� \ebyxsbo�gZ�baf_g_gb_� debfZlZ��Wlh�fh^_ev� ^bgZfbdb�b�obfbb� hahgZ��
f_lZgZ��kmevnZlgh]h�Zwjhahey��Djhf_�lh]h��g_h[oh^bf�bgl_jZdlb\guc�jZkq_l�m]e_jh^gh]h�
pbdeZ�� >ey� jZkq_lZ� gZ� i_jbh^� g_kdhevdh� klhe_lbc� b� [he__�`_eZl_evgh� lZd`_� \\_^_gb_�
^bgZfbq_kdhc�jZklbl_evghklb�b�jZkq_lZ�w\hexpbb�dhglbg_glZevguo�ev^h\�� 
������;ehd� obfbb� hahgZ� b� ^jm]bo� ]Zah\uo� khklZ\eyxsbo� h[uqgh� mqblu\Z_l� g_kdhevdh�
^_kyldh\�obfbq_kdbo�j_Zdpbc��Dhfivxl_jgh_�\j_fy�� aZljZqb\Z_fh_�gZ�g_]h�� kjZ\gbfh� k�
\j_f_g_f��aZljZqb\Z_fuf�gZ�kZfm�fh^_ev�h[s_c�pbjdmeypbb�Zlfhkn_ju�b�hd_ZgZ��A^_kv�
fu�g_�jZkkfZljb\Z_f� mkljhckl\h� wlh]h�[ehdZ��\\b^m� _]h� keh`ghklb��DjZldh�jZkkfhljbf�
hkgh\gu_� dhfihg_glu� m]e_jh^gh]h� pbdeZ�� dhlhju_� mqblu\Zxl� kh\j_f_ggu_� fh^_eb�
debfZlZ��jbk�������Houghton, 2001). 
 
����������������������������������������������������:lfhkn_jZ����=l������=l�]h^ 
                    
                           ↓ 60 + 5.5          ↑ 
�������������JZkl_gby������=l����������������������������↑ 
                                                   ↑60+2+2                              ↓ +2 
                          ↓ 60 + 4.5                           ↑���������������Hd_Zg�������=l 
                                                   ↑                    +6                  
�������������Ihq\Z�������=l��→   →                  ↑ 
 
�������������BkdhiZ_fh_���                                 ↑ 
���������������Lhieb\h��������=l��→   →  →  → 
 
 
Jbk������M]e_jh^guc�pbde�b�_]h�baf_g_gby�\ke_^kl\b_�^_yl_evghklb�q_eh\_dZ� 
Kh^_j`Zgb_�m]e_jh^Z�\�jZaebqguo�dhfihg_glZo�m]e_jh^gh]h�pbdeZ�\ujZ`_gh�\�
]b]ZlhggZo�m]e_jh^Z��ihlhdb�\�=l�m]e_jh^Z�\�]h^��QbkeZ��klhysb_�ihke_�agZdZ����\ujZ`Zxl�
baf_g_gb_�m]e_jh^gh]h�pbdeZ�ih�kjZ\g_gbx�k�^hbg^mkljbZevguf� 
 
������Kh]eZkgh�kh\j_f_gguf�ij_^klZ\e_gbyf��^hklmiguc�^ey�Zlfhkn_ju�m]e_jh^�gZoh^blky�
\�jZkl_gbyo������=l���ihq\_�������=l��b�hd_Zg_��������=l���Z�lZd`_�\�Zlfhkn_j_� �����=l�\�
����]��� ���� =l� \� ^hbg^mkljbZevgh_� \j_fy��� Ijb� wlhf�� jZkl_gby� ih]ehsZxl� m]e_jh^� ba�
Zlfhkn_ju� kh� kdhjhklvx� ���=l�]h^��Ihke_� hlfbjZgby� jZkl_gbc� bo� m]e_jh^� i_j_oh^bl� \�
ihq\m��Ba�ihq\u��dhlhjZy�ih^�^_ckl\b_f�[Zdl_jbc�jZaeZ]Z_lky��m]e_jh^�\�\b^_�m]e_dbkeh]h�
]ZaZ� kgh\Z� i_j_oh^bl� \� Zlfhkn_jm�� Hd_Zg� \� ^hbg^mkljbZevghf� khklhygbb� gZoh^blky� \�
jZ\gh\_kbb� k� Zlfhkn_jhc�� b� kmffZjguc� ihlhd� m]e_jh^Z� lm^Z� jZ\_g� gmex�� AZf_lbf�� qlh�
_^bgkl\_ggZy�ohjhrh�baf_jy_fZy�\_ebqbgZ�\�m]e_jh^ghf�pbde_�–�dhebq_kl\h�m]e_jh^Z�\�
Zlfhkn_j_��HklZevgu_�agZq_gby�y\eyxlky�\_kvfZ�ijb[eb`_ggufb�� 
������<� bg^mkljbZevgmx� wihom� q_eh\_d� k`b]Z_l� lhieb\h�� jZa\_^Zggu_� aZiZku� dhlhjh]h�
khklZ\eyxl� hdheh� ����� =l� m]e_jh^Z��Kdhjhklv� k`b]Zgby� \� dhgp_� ��-gZqZe_� ��� klhe_lby�
khklZ\ey_l�hdheh�����=l�\�]h^��Djhf_�lh]h��\�Zlfhkn_jm�ihklmiZ_l�hdheh���=l�m]e_jh^Z�\�
]h^� \� j_amevlZl_� a_fe_ihevah\Zgby� �\ujm[db� e_kh\� b� wjhabb� ihq\u��� Ba� wlbo�
^hihegbl_evguo� \u[jhkh\� lhevdh� ���� =l� \� ]h^� b^_l� gZ� m\_ebq_gb_� kh^_j`Zgby� KH2� \�
Zlfhkn_j_��Hdheh���=l�]h^�ih]ehsZxky�\�hd_Zg_��b�hdheh�����=l�\�wdhkbkl_fZo�kmrb��Ijb�
wlhf�� m\_ebq_gb_� i_j\bqghc� ijh^mdpbb� khklZ\ey_l� hdheh� ���� =l�]h^�� Z� m\_ebq_gb_�
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^uoZgby�ihq\u�\ke_^kl\b_�ih\ur_gby�l_fi_jZlmju�hdheh���=l�]h^��Kh]eZkgh�kp_gZjbyf�
jZa\blby�q_eh\_q_kl\Z��bf_xs__ky�lhieb\h�fh`_l�[ulv�kh``_gh�aZ�g_kdhevdh�klhe_lbc��
Kh]eZkgh� ^Zgguf� fh^_ebjh\Zgby�� ih-\b^bfhfm�� ijbf_jgh� iheh\bgZ� m]e_jh^Z�� dZd� b� \�
gZklhys__� \j_fy�� ijb� lZdbo� l_fiZo� k`b]Zgby� ihc^_l� gZ� m\_ebq_gb_� kh^_j`Zgby� \�
Zlfhkn_j_��Z�iheh\bgZ�ih]ehlblky�hd_Zghf�b�wdhkbkl_fZfb�kmrb��Lh�_klv�fZdkbfZevgZy�
dhgp_gljZpby� KH2� q_j_o� g_kdhevdh� klhe_lbc� fh`_l� ij_\ukblv� ^hbg^mkljbZevgmx�
ijbf_jgh� \� �� jZa��Ihke_� ij_djZs_gby� \u[jhkh\� hkgh\gmx� qZklv� ba[ulhqgh]h� m]e_jh^Z�
ih]ehlbl�hd_Zg��wlh�[m^_l�ijhbkoh^blv��dZd�b�mklZgh\e_gb_�l_fi_jZlmjgh]h�jZ\gh\_kby��k�
oZjZdl_jguf� \j_f_g_f� hl� lukyqb� ^h� g_kdhevdbo� lukyq� e_l�� JZ\gh\_kgZy� dhgp_gljZpby�
KH2�ebrv�g_fgh]h�ij_\ukbl�^hbg^mkljbZevgmx�b�khklZ\bl�hdheh�����feg-1.  
������GZ� jbk����� ij_^klZ\e_g� ijh]gha� baf_g_gby� dhgp_gljZpbb� KH2� d� ����]�� ijb� ��
jZaebqguo� kp_gZjbyo� k`b]Zgby� lhieb\Z�� Ijh]gha� him[ebdh\Zg� \� hlq_l_�
f_`ijZ\bl_evkl\_gghc� ]jmiiu� wdki_jlh\� ih� baf_g_gbx� debfZlZ� �IPCC�� \� ����]�� Ijb�
kZfhf� mf_j_gghf� kp_gZjbb� ij_^iheZ]Z_lky� k`_qv� �����=l� m]e_jh^Z� \� ��� klhe_lbb�� ijb�
kZfhf� l_iehf� ���� =l�� JZaf_j� klhe[ph\� hagZqZ_l� g_hij_^_e_gghklv�� h[mkeh\e_ggmx�
jZaebqgufb� nhjfmebjh\dZfb� fh^_eb� m]e_jh^gh]h� pbdeZ�� FbgbfZevgZy� dhgp_gljZpby�
KH2� \� ����]�� khklZ\ey_l� hdheh� ���� feg-1�� fZdkbfZevgZy� hdheh� ����� feg-1. 
G_hij_^_e_gghklb� ijb� \u[jZgghf� kp_gZjbb� khklZ\eyxl� hdheh� ���� hl� kZfhc�
dhgp_gljZpbb�\�����]� 
������G_hij_^_e_gghklv� ijh]ghaZ� l_fi_jZlmj� �jbk������ kdeZ^u\Z_lky� ba� g_hij_^_e_gghklb�
ijh]ghaZ�dhgp_gljZpbb�KH2�b�jZaebqghc�qm\kl\bl_evghklb�fh^_e_c�d�h^ghfm�b�lhfm�`_�
baf_g_gbx�KH2��Ihwlhfm� hgb� khklZ\eyxl� ^ey� \u[jZggh]h� kp_gZjby� m`_� [he__� ���� hl�
kj_^g_]h� ih� \k_f� fh^_eyf� ihl_ie_gby� ^ey� wlh]h� kp_g_jby�� <� p_ehf� ^ey� jZaebqguo�
kp_gZjb_\�d�����]��ij_^iheZ]Z_lky�ih\ur_gb_�]eh[Zevgh�hkj_^g_gghc�l_fi_jZlmju�hl�����
^h���]jZ^mkh\� 
������H^bg�ba�rbjhdh�h[km`^Z_fuo�Zki_dlh\�h`b^Z_fh]h�ihl_ie_gby�–�ih\ur_gb_�mjh\gy�
hd_ZgZ��GZ�jbk�����ihdZaZgZ�hp_gdZ�kdhjhklb�baf_g_gby�mjh\gy�hd_ZgZ�aZ�����-����]�]���Z�
lZd`_� hp_gdb� \deZ^Z� jZaebqguo� f_oZgbafh\� \� wlh� baf_g_gb_�� Kdhjhklv� ih\ur_gby�
mjh\gy� hd_ZgZ� aZ� jZkkfZljb\Z_fh_� ^_kylbe_lb_� khklZ\beZ� hl� �� ^h� �� ff� \� ]h^��
FZdkbfZevguc� \deZ^� \� ih\ur_gb_� mjh\gy� \ghkbl� l_jfbq_kdh_� jZkrbj_gb_� \h^u��
G_kdhevdh�f_gvrbc� \deZ^� \ghkbl� lZygb_� ]hjguo�e_^gbdh\��<deZ^� lZygby�=j_geZg^bb�b�
:glZjdlb^u�[ebahd�d�gmex��KmffZ�\k_o�\deZ^h\�g_kdhevdh�f_gvr_�gZ[ex^Z_fh]h�jhklZ, 
gh� \� ij_^_eZo� g_hij_^_e_gghklb� wlb� ^\_� \_ebqbgu� kh\iZ^Zxl�� Fh`gh� gZ^_ylvky�� qlh�
kh\j_f_ggu_� fh^_eb� debfZlZ� fh]ml� ijZ\bevgh� \hkijhba\h^blv� \deZ^�� h[mkeh\e_gguc�
l_jfbq_kdbf� jZkrbj_gb_f� \h^u�� =hjgu_� e_^gbdb� y\eyxlky� ih^k_lhqgufb�� ihwlhfm� bo�
lZygb_�g_�fh`_l�\hkijhba\h^blvky�Z^_d\Zlgh��GZ�jbk������ij_^klZ\e_gh�baf_g_gb_�mjh\gy�
hd_ZgZ� \� fh^_eyo� ^ey� ��� klhe_lby� b� ^ey� ��-��� klhe_lbc� ijb� jZaebqguo� kp_gZjbyo�
m\_ebq_gby�dhgp_gljZpbb�iZjgbdh\uo�]Zah\��<����klhe_lbb�fh^_eb�\�kj_^g_f�ihdZau\Zxl�
ih\ur_gb_� mjh\gy� hd_ZgZ� gZ� �-�� kf��� qlh� f_gvr_� gZ[ex^Z_fh]h� ���-��� kf���� JZagbpZ�
h[mkeh\e_gZ��ih�djZcg_c�f_j_��qZklbqgh��g_mq_lhf�\�fh^_eb�lZygby�]hjguo�e_^gbdh\��D�
����]��fh^_eb�ij_^kdZau\Zxl� m\_ebq_gb_� mjh\gy�hd_ZgZ�gZ� �-��� kf��>bZiZahg�hp_ghd� \�
^Zgghf�kemqZ_�[eb`_��q_f�ih�^Zgguf�ij_^u^ms_]h�hlq_lZ� �Houghton� �������]^_�jZa[jhk�
fh^_evguo� hp_ghd� [ue� hl� �� ^h� ��� kf�� <� j_amevlZl_� mlhqg_gby� bkq_aeb� fh^_eb��
ij_^kdZau\Zxsb_�hq_gv�[hevrh_�ih\ur_gb_�mjh\gy�hd_ZgZ��Kh]eZkgh�fh^_eyf��mjh\_gv�
hd_ZgZ�[m^_l�ijh^he`Zlv�ih\urZlvky�b�ihke_�����]���ohly�\�kp_gZjbb�dhgp_gljZpby�\k_o�
iZjgbdh\uo� ]Zah\� ihke_� ����]�� [ueZ� aZ^ZgZ� gZ� mjh\g_� ����]�� Wlh� ijhbkoh^bl� aZ� kq_l�
[hevrhc�l_jfbq_kdhc�bg_jpbb�hd_ZgZ� 
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Jbk������Ijh]gha�dhgp_gljZpbb�KH2�^ey�jZaebqguo�kp_gZjb_\�ih�^Zgguf�+RXJKWRQ�������� 
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Jbk������Ijh]gha�baf_g_gby�]eh[Zevgh�hkj_^g_gghc�ijbih\_joghklghc�l_fi_jZlmju�
\ha^moZ�^h�����]��ijb�jZaebqguo�kp_gZjbyo�ih�^Zgguf�+RXJKWRQ��������� 
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Jbk������Hp_gdZ�baf_g_gby�mjh\gy�hd_ZgZ� �ff�]h^��\� ����-����]�]��b�\deZ^�l_jfbq_kdh]h�
jZkrbj_gby��lZygby�]hjguo�e_^gbdh\��=j_g^Zg^bb��:glZjdlbdb�b�kmffZ�\k_o�\deZ^h\��Ih�
^Zgguf�Houghton (2007). 
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Jbk�������Baf_g_gb_� mjh\gy�hd_ZgZ� �f��\ke_^kl\b_� l_jfbq_kdh]h�jZkrbj_gby�ih�^Zgguf�
fh^_e_c� ^ey� ��� klhe_lby�� b� ^ey� ��-��� klhe_lbc� ijb� jZaebqguo� kp_gZjbyo��Ih� ^Zgguf�
Houghton (2007). 
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 Jbk�������Baf_g_gb_�iehsZ^b�fhjkdh]h�ev^Z�\�:jdlbd_��feg�df2��\�yg\Zj_-fZjl_��\\_jom��
b� bxe_-k_gly[j_� �\gbam�� ih� ^Zgguf�fh^_eb�B<F� �<heh^bg��>bZgkdbc� ������ ^ey� ����-
����]�]�� \� dhgljhevghf� wdki_jbf_gl_� �kiehrgZy� ebgby��� ijb� kp_gZjbb� <�� �imklu_�
djm`db���:�<��q_jgu_�djm`db��b�:���dj_klbdb�� 
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������GZdhg_p�� jZkkfhljbf� baf_g_gb_� iehsZ^b� fhjkdh]h� ev^Z� \� :jdlbd_� �jbk�������� >ey�
\k_o�jZkkfhlj_gguo�kp_gZjb_\�d�����]��iehsZ^v�fhjkdh]h�ev^Z�\�dhgp_�e_lZ�mf_gvrZ_lky�
b� klZgh\blky� [ebadhc� d� gmex�� Abfhc� baf_g_gby� iehsZ^b� fhjkdh]h� ev^Z� g_� lZd�
kms_kl\_ggu�� Baf_g_gby� iehsZ^b� fhjkdh]h� ev^Z� \� :glZjdlbd_� lZd`_� g_� klhev�
kms_kl\_ggu�� dZd� \� :jdlbd_� e_lhf�� Ih^h[gu_� baf_g_gby� iehsZ^b� fhjkdh]h� ev^Z�
ij_^kdZau\Zxl�[hevrbgkl\h�fh^_e_c�� 
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����Ij_^kdZam_fZy�^he]hi_jbh^gZy�\gmlj_ggyy�baf_gqb\hklv�\�
debfZlbq_kdhc�kbkl_f_ 
 
������<� wlhf� jZa^_e_� jZkkfhljbf� ^he]hi_jbh^gmx� \gmlj_ggxx� baf_gqb\hklv� \� kbkl_f_�
Zlfhkn_jZ-hd_Zg�� dhlhjZy�ih\urZ_l�ij_^kdZam_fhklv� Zlfhkn_jghc�pbjdmeypbb� aZ� ��-15 
^g_\guf� ij_^_ehf� ^_l_jfbgbklbq_kdhc� ij_^kdZam_fhklb�� A^_kv� jZkkfhljbf� ljb� lZdbo�
y\e_gby�� d\Zab^\moe_lg__� dhe_[Zgb_� \� ijbwd\ZlhjbZevghc� kljZlhkn_j_�� Wev-Gbgvh� b�
x`gh_�dhe_[Zgb_��Zjdlbq_kdh_�dhe_[Zgb_� 
������D\Zab^\moe_lg__�dhe_[Zgb_�ij_^klZ\ey_l�kh[hc�baf_g_gb_�kdhjhklb�ahgZevgh]h�\_ljZ�
\�ijbwd\ZlhjbZevghc�kljZlhkn_j_��jbk��������Wlh�dhe_[Zgb_�ijhy\ey_lky�gZ�\ukhlZo�hl����
^h����df��^hklb]Z_l�Zfieblm^u�\�g_kdhevdh�^_kyldh\�f�k�b�jZkijhkljZgy_lky�k\_jom�\gba��
I_jbh^�dhe_[Zgbc�khklZ\ey_l����f_kyp_\��Ijbqbghc�dhe_[Zgby�y\ey_lky�\aZbfh^_ckl\b_�
]jZ\blZpbhgguo� b� ^jm]bo� \heg� kh� kj_^gbf� ihlhdhf�� jZkkfhlj_ggh_� \� jZa^_e_� ���
GZb[hevr__� lhjfh`_gb_� ahgZevgh]h� ihlhdZ�� \� kbem� jZkkfhlj_gguo� k\hckl\�
]jZ\blZpbhgguo� \heg�� ijhbkoh^bl� g_kdhevdh� \ur_� fZdkbfmfZ� kdhjhklb� ahgZevgh]h�
ihlhdZ��GZ� [he__� gb`gbo� mjh\gyo�� gZh[hjhl�� ijhbkoh^bl� g_[hevrh_� mkdhj_gb_� ihlhdZ��
Wlh� ijb\h^bl� d� lhfm�� qlh� fZdkbfmf� kdhjhklb� ahgZevgh]h� ihlhdZ� k� l_q_gb_f� \j_f_gb�
i_j_f_sZ_lky� \gba�� LZdhc� f_oZgbaf� y\ey_lky� hkgh\ghc� ijbqbghc� d\Zab^\moe_lg_]h�
dhe_[Zgby�� H]jZgbq_gghklv� h[eZklb� dhe_[Zgby� wd\Zlhjhf� h[tykgy_lky� l_f�� qlh� gZ�
wd\Zlhj_�g_l�]_hkljhnbq_kdh]h�khhlghr_gby��ihwlhfm�[hevrb_�baf_g_gby�kdhjhklb�fh]ml�
ijhbkoh^blv�[_a� kms_kl\_gguo�baf_g_gbc� l_fi_jZlmju��<�hklZevguo�jZchgZo�[hevrbf�
baf_g_gbyf� kdhjhklb� ^he`gu� khimlkl\h\Zlv� [hevrb_� baf_g_gby� l_fi_jZlmju� \�
gb`_e_`Zsbo� kehyo�� qlh� ^he`gh� hldehgylv� kljZlhkn_jm� hl� jZ^bZpbhggh]h� jZ\gh\_kby��
D\Zab^\moe_lg__�dhe_[Zgb_�\eby_l�gZ�ij_^kdZam_fhklv�ijba_fgh]h�khklhygby�Zlfhkn_ju�
\� hkgh\ghf� q_j_a� baf_g_gb_� bg^_dkZ� Zjdlbq_kdh]h� dhe_[Zgby�� \hklhqghc� nZa_�
d\Zab^\moe_lg_]h� dhe_[Zgby� khhl\_lkl\m_l� hljbpZl_evguc� bg^_dk� Zjdlbq_kdh]h�
dhe_[Zgby� 
������GZb[he__� \Z`guf� y\e_gb_f�� iha\heyxsbf� ^_eZlv� ijh]ghau� gZ� kjhd� ^h� g_kdhevdbo�
f_kyp_\��y\ey_lky�y\e_gb_�Wev-Gbgvh�b�k\yaZggh_�k�gbf�x`gh_�dhe_[Zgb_��Wlh�y\e_gb_�
ij_^klZ\ey_l� kh[hc� ih\ur_gb_� l_fi_jZlmju� ih\_joghklb� \� ijbwd\ZlhjbZevghf� Lbohf�
hd_Zg_��GZb[he__� \ujZ`_gh� hgh� \� p_glj_� b� gZ� \hklhd_�Lboh]h� hd_ZgZ� �jbk��������LZdh_�
kh[ulb_�ijhbkoh^bl�h[uqgh�jZa�\�g_kdhevdh�e_l��b�ijh^he`Z_lky�hl�g_kdhevdbo�f_kyp_\�
^h� ]h^Z�� Kbevgu_� Wev-Gbgvh� ijhbkoh^beb� \� ����-����]��� ����-����]��� ����-����]��
�jbk�������� OZjZdl_jgh_� \j_fy� baf_gqb\hklb� LIH� \� ijbwd\ZlhjbZevghf� Lbohf� hd_Zg_�
khklZ\ey_l��-��e_l� 
������Qlh[u� ihgylv�� hlq_]h� ijhbkoh^bl� Wev-Gbgvh�� jZkkfhljbf�� dZd� mkljh_gZ� kj_^gyy�
pbjdmeypby�ljhibq_kdh]h�Lboh]h�hd_ZgZ��<_l_j�m�ih\_joghklb�gZ^�Lbobf�hd_Zghf�^m_l�k�
\hklhdZ�gZ�aZiZ^��qlh�kha^Z_l�ijbih\_joghklgh_�l_q_gb_��gZijZ\e_ggh_�k�\hklhdZ�gZ�aZiZ^��
Ihwlhfm� m� \hklhqgh]h� [_j_]Z� Lboh]h� hd_ZgZ� ijhbkoh^bl� ih^t_f� \h^u�� b� \h^Z� m�
ih\_joghklb�[he__�oheh^gZy��Z�m�aZiZ^gh]h�[_j_]Z�–�himkdZgb_�\h^u��b�lZf�\h^Z�l_ieZy��GZ�
]em[bg_� ���-���f�� kms_kl\m_l� ijhlb\hl_q_gb_�� gZijZ\e_ggh_� k� aZiZ^Z� gZ� \hklhd�
�jbk��������Djhf_�lh]h��gZ�^\b`ms__ky�ih\_joghklgh_�l_q_gb_�^_ckl\m_l�kbeZ�DhjbhebkZ��
dhlhjZy�hldehgy_l�_]h�\�k_\_jghf�ihemrZjbb�\ijZ\h��Z�\�x`ghf�–�\e_\h��Ihwlhfm��\�kbem�
mjZ\g_gby� g_jZaju\ghklb�� gZ� wd\Zlhj_� ^he`_g� [ulv� ih^t_f� ]em[bgguo� \h^� gZ�
ih\_joghklv��Z�gZ�g_dhlhjhf�jZkklhygbb�hl�g_]h�–�himkdZgb_��jbk��������Ihwlhfm�LIH�gZ�
wd\Zlhj_� ^he`gZ� [ulv� g_kdhevdh� gb`_�� q_f� gZ� g_dhlhjhf� jZkklhygbb� hl� g_]h�� Wlb�
hkh[_gghklb�jZkij_^_e_gby�LIH�\b^gu�gZ�jbk�������\\_jom��� 
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 Jbk������� Kdhjhklv� ahgZevgh]h� \_ljZ� �f�k�� hkj_^g_ggZy� \^hev� wd\ZlhjZ� \� kljZlhkn_j_� \�
1994-����]�]��ih�^Zgguf�j_ZgZebaZ�NCEP. 
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Jbk�������Kj_^g_debfZlbq_kdZy�l_fi_jZlmjZ�ih\_joghklb�ljhibq_kdh]h�Lboh]h�hd_ZgZ��K��
\\_jom�b�ZghfZeby�LIH�\h�\j_fy�Wev-Gbgvh��hdly[jv�����]��–�n_\jZev�����]� 
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Jbk������� <j_f_gghc� oh^� ZghfZebb� LIH� �K�� \� p_gljZevghf� b� \hklhqghf�
ijbwd\ZlhjbZevghf�Lbohf�hd_Zg_�\�����-����]��ih�^Zgguf�j_ZgZebaZ�NCEP. 
 
 
 
������������������������������������������������������������\_l_j 
AZiZ^���������������������������������������������������←�����������������������������������������<hklhd 
_____________________________________________________________ 
����������L_ieh������������������������������←      ←       ←�����������������������������Oheh^ 
      
      ↓                                                                                                                ↑ 
      ↓                                                                                                                ↑ 
                                                  →      →      → 
 
 
Jbk�������Ko_fZlbq_kdh_�bah[jZ`_gb_�f_jb^bhgZevghc�pbjdmeypbb�\�ijbwd\ZlhjbZevghf�
Lbohf�hd_Zg_� 
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�����������������������X]���������������������������������������Wd\Zlhj�����������������������������K_\_j 
                     ___________________________________________________ 
 
                                    ←   ←   ←                                    →   →   → 
                        ↓                                              ↑                                         ↓ 
 
                        ↓                                              ↑                                         ↓  
                                    →   →   →                                    ←   ←   ←                                                                   
 
 
Jbk������� Ko_fZlbq_kdh_� bah[jZ`_gb_� ahgZevghc� pbjdmeypbb� \� ljhibq_kdhf� Lbohf�
hd_Zg_� 
 
 
������Ijb� hkeZ[e_gbb� \hklhqgh]h� \_ljZ�� \hagbdZxs_]h� ba-aZ� _kl_kl\_gghc� Zlfhkn_jghc�
baf_gqb\hklb��ijhbkoh^bl�hkeZ[e_gb_�dZd�ahgZevghc��lZd�b�f_jb^bhgZevghc�pbjdmeypbb��
ihdZaZgguo� gZ� jbk������ b� ������ Wlh� agZqbl�� qlh� ijhbkoh^bl� ih\ur_gb_� l_fi_jZlmju�
\[ebab�wd\ZlhjZ�b�m�\hklhqgh]h�[_j_]Z��<Z`gh��qlh� kms_kl\m_l�iheh`bl_evgZy�h[jZlgZy�
k\yav� f_`^m� ih\ur_gb_f� LIH� b� hkeZ[e_gb_f� \hklhqgh]h� \_ljZ�� H[uqgh� dhg\_dpby� b�
\hkoh^ysb_�^\b`_gby�ijhbkoh^yl�gZ^�aZiZ^hf�Lboh]h�hd_ZgZ��gZ^�kZfhc�l_iehc�\h^hc���Z�
gZ^� \hklhdhf� ij_h[eZ^Z_l� himkdZgb_�� qlh� ih^^_j`b\Z_l� kbevguc� \hklhqguc� \_l_j� m�
ih\_joghklb�� LZdZy� pbjdmeypby� gZau\Z_lky� pbjdmeypb_c� Mhd_jZ�� Ijb� hkeZ[e_gbb�
\hklhqgh]h�\_ljZ�b�ih\ur_gbb�LIH�gZ�\hklhd_�Lboh]h�hd_ZgZ�dhg\_dpby�b�\hkoh^ysb_�
^\b`_gby� \hagbdZxl� b� lZf�� yq_cdZ� Mhd_jZ� hkeZ[ey_lky�� qlh� ijb\h^bl� d� ^Zevg_cr_fm�
hkeZ[e_gbx� \hklhqgh]h� ijbih\_joghklgh]h� \_ljZ�� LZdZy� iheh`bl_evgZy� h[jZlgZy� k\yav�
ijb\h^bl� d� lhfm�� qlh� ZghfZebb� LIH� � b� ijbih\_joghklgh]h� \_ljZ� ^hklb]Zxl� [hevrbo�
\_ebqbg��:ghfZebb�hkZ^dh\�b�ijbih\_joghklgh]h� ahgZevgh]h�\_ljZ�\h�\j_fy�Wev-Gbgvh�
ijb\_^_gu�gZ�jbk��������LZdbf�h[jZahf��Wev-Gbgvh�–�wlh�dhe_[Zgb_�\�kh\f_klghc�kbkl_f_�
Zlfhkn_jZ�–�hd_Zg��_]h�g_evay�ihemqblv�\�qbke_gghf�wdki_jbf_gl_�k�fh^_evx�hd_ZgZ�ijb�
nbdkbjh\Zgghf� gZijy`_gbb� lj_gby� \_ljZ� gZ� ih\_joghklb�� <� fh^_eb� Zlfhkn_ju� k�
nbdkbjh\Zgghc� LIH� lZd`_� g_evay� ihemqblv� klhev� [hevrmx� ih� \_ebqbg_� b�
ijh^he`bl_evghklb� ZghfZebx� ahgZevgh]h� \_ljZ�� dZd� wlh� ijhbkoh^bl� \� kh\f_klghc�
kbkl_f_�� 
������H^gZdh�� djhf_� iheh`bl_evghc� h[jZlghc� k\yab�� kms_kl\m_l� _s_� b� hljbpZl_evgZy�
h[jZlgZy�k\yav�k�aZiZa^u\Zgb_f��HgZ�ijb\h^bl�d�lhfm��qlh�ihke_�iheh`bl_evghc�ZghfZeb�
LIH�^hklZlhqgh�[hevrhc�\_ebqbgu�gZ�ke_^mxsbc�]h^�h[yaZl_evgh�[u\Z_l�hljbpZl_evgZy�
ZghfZeby�LIH��Kmsghklv�hljbpZl_evghc�h[jZlghc� k\yab� khklhbl� \� lhf��qlh�hkeZ[e_gb_�
pbjdmeypbc��bah[jZ`_gguo�gZ� jbk������b� ������ijb\h^bl� d� mf_gvr_gbx�i_j_ghkZ� [he__�
l_iehc� \h^u� ijhlb\hl_q_gbyfb� gZ� ]em[bg_� \� jZchg� Wev-Gbgvh�� Wlh� ijb\h^bl� d�
hoeZ`^_gbx�ih^ih\_joghklghc�\h^u��dhlhjh_�ijb�kemqZcghf�mkbe_gbb�\hklhqgh]h�\_ljZ�
^hklb]Z_l� ih\_joghklb�� b�� l_f� kZfuf�� Wev-Gbgvh� ij_djZsZ_lky�� >Zggu_� gZ[ex^_gbc�
^_ckl\bl_evgh� k\b^_l_evkl\mxl� h� lhf�� qlh� ijb� jZa\blbb� b� ³klZj_gbb´� Wev-Gbgvh�
ijhbkoh^bl� kgZqZeZ� ihoheh^Zgb_� gZ� ]em[bg_� hdheh� ���-���f��� Z� aZl_f� hgh�
jZkijhkljZgy_lky�gZ�ih\_joghklv� 
������JZkkfhljbf� hldebd� Zlfhkn_jghc� pbjdmeypbb� gZ� Wev-Gbgvh�� jbk������ �<heh^bg��
>bZgkdbc������� 
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Jbk�������:ghfZebb�hkZ^dh\��ff�kml��\\_jom��b�kdhjhklb�ahgZevgh]h�\_ljZ�gZ�\ukhl_�����
]IZ��f�k��\gbam��\h�\j_fy�Wev-Gbgvh�ih�^Zgguf�j_ZgZebaZ�NCEP��>ey�hkZ^dh\�\u^_e_gu�
h[eZklb�klZlbklbq_kdhc�agZqbfhklb�k�\_jhylghylvx���%. 
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 Jbk�������JZaghklv�^Z\e_gby�gZ�mjh\g_�fhjy��f[��\�^_dZ[j_-n_\jZe_�\�]h^u�Wev-Gbgvh�b�\h�
\k_� ]h^u� ih� ^Zgguf� j_ZgZebaZ� NCEP� �\\_jom�� b� fh^_eb� Zlfhkn_ju� b� hd_ZgZ� �\gbam���
<u^_e_gu�h[eZklb�klZlbklbq_kdhc�agZqbfhklb�k�\_jhylghklvx������ 
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<�ljhibdZo�ih�^Zgguf�gZ[ex^_gbc�\h�\j_fy�Wev-Gbgvh�ijhbkoh^bl�iZ^_gb_�^Z\e_gby�gZ�
1-��]IZ�gZ^�[he__�l_iehc�\h^hc�\�p_gljZevghc�b�\hklhqghc�qZklb�Lboh]h�hd_ZgZ��Z�jhkl�
^Z\e_gby�–�gZ^�[hevr_c�qZklvx�hklZevguo�ljhibdh\��hkh[_ggh�gZ^�aZiZ^hf�Lboh]h�hd_ZgZ�
b� Bg^hg_ab_c�� Ihkdhevdm� Wev-Gbgvh� ij_^klZ\ey_l� kh[hc� hkgh\ghc� f_oZgbaf�
^he]hi_jbh^ghc� baf_gqb\hklb� \� ljhibdZo�� lh� ZghfZebb� ^Z\e_gby� gZ^� \hklhdhf� Lboh]h�
hd_ZgZ�b�Bg^hg_ab_c�kbevgh�kdhjj_ebjh\Zgu��b�dhwnnbpb_gl�dhjj_eypbb�hljbpZl_evguc��
Wlh�[ueh�aZf_q_gh�Mhd_jhf�_s_�\�gZqZe_����klhe_lby��GZ�hkgh\_�wlhc�dhjj_eypbb�hg�\\_e�
bg^_dk�x`gh]h�dhe_[Zgby��dhlhjuc�ij_^klZ\ey_l�kh[hc�ghjfbjh\Zggmx�jZaghklv�f_`^m�
ZghfZeb_c�^Z\e_gby�gZ�h��IZkob��\hklhqguc�Lbobc�hd_Zg��b�\�>Zj\bg_��k_\_j�:\kljZebb���
<j_f_gghc� oh^� bg^_dkZ� x`gh]h� dhe_[Zgby�� k� lhqghklvx� ^h� fgh`bl_ey�� [ebahd� d�
ZghfZebb� LIH� \� jZchg_� Wev-Gbgvh�� bah[jZ`_gghc� gZ� jbk������� Baf_g_gb_� bg^_dkZ�
x`gh]h�dhe_[Zgby�k\b^_l_evkl\m_l�h[�baf_g_gbb�bgl_gkb\ghklb�pbjdmeypb�Mhd_jZ� 
������Djhf_�ljhibq_kdh]h�hldebdZ��kms_kl\m_l�aZf_lguc�hldebd�gZ�Wev-Gbgvh�\�Zlfhkn_j_�
\� kj_^gbo� rbjhlZo�� hkh[_ggh� \� abfg_f� ihemrZjbb� �jbk�������� LZd�� gZ� k_\_j_� Lboh]h�
hd_ZgZ� ijb� Wev-Gbgvh� ijhbkoh^bl� mf_gvr_gb_� ^Z\e_gby� gZ� �-�� ]IZ�� <� ijba_fghc�
l_fi_jZlmj_�hkgh\ghc�q_jlhc�hldebdZ�gZ�Wev-Gbgvh�y\ey_lky� abfg__�ihl_ie_gb_�gZ� �-3 
]jZ^mkZ�gZ�[hevr_c�qZklb�DZgZ^u��Kj_^g_rbjhlguc�hldebd�nhjfbjm_lky�\�hkgh\ghf� aZ�
kq_l�jZkijhkljZg_gby�\heg�Jhkk[b�\�\_jog_c�ljhihkn_j_�ba�jZchgZ�Wev-Gbgvh�\�kj_^gb_�
rbjhlu��GZb[he__�[eZ]hijbylgu_�mkeh\by�^ey�wlh]h�bf_xlky�\�abfg_f�ihemrZjbb��ba-aZ�
klZ[bevguo�aZiZ^guo�\_ljh\�� 
������Kh\j_f_ggu_� fh^_eb� Zlfhkn_ju� b� hd_ZgZ� \hkijhba\h^yl� hkgh\gu_� q_jlu� y\e_gby�
Wev-Gbgvh�� Z� lZd`_� ehdZevguc� b� m^Ze_gguc� hldebd� Zlfhkn_jghc� pbjdmeypbb� gZ� g_]h�
�jbk�������� IjZ\^Z�� hkgh\guf� g_^hklZldhf� fh^_e_c� y\ey_lky� lh�� qlh� hgb� aZ\urZxl�
bgl_gkb\ghklv� y\eygby� Wev-Gbgvh� \� p_glj_� Lboh]h� hd_ZgZ�� b� aZgb`Zxl� m� \hklhqgh]h�
ih[_j_`vy�� Wlh�� ih� djZcg_c� f_j_� qZklbqgh�� h[tykgy_lky� g_^hklZlhqguf�
ijhkljZgkl\_gguf�jZaj_r_gb_f�\�fh^_eyo�hd_ZgZ�� 
������Ba-aZ�ih\ur_gby�LIH�\h�\j_fy�Wev-Gbgvh�g_ihkj_^kl\_ggh�m�Wd\ZlhjZ��hkZ^db�ijb�
Wev-Gbgvh�m\_ebqb\Zxlky�lZd`_�g_ihkj_^kl\_ggh�m�Wd\ZlhjZ� �jbk��������Wlh�ijb\h^bl�d�
lhfm�� qlh� \hkoh^ysZy� qZklv� yq_cdb� Ow^eb� \h� \j_fy� Wev-Gbgvh� jZkiheZ]Z_lky� \�
g_ihkj_^kl\_gghc� [ebahklb� hl� Wd\ZlhjZ�� Ihwlhfm� \� \_jog_c� ljhihkn_j_� mkbe_gb_�
aZiZ^guo�\_ljh\�\�km[ljhibdZo�\h�kj_fy�Wev-Gbgvh�ijhbkoh^bl�kbevg__��q_f�\�kj_^g_f�
�jbk�������:ghfZebb�kdhjhklb�\_ljZ�\h�\_jog_c�ljhihkn_j_�\h�\j_fy�Wev-Gbgvh�^hklb]Zxl�
lZdhc� \_ebqbgu�� qlh� Zlfhkn_j_� \� p_ehf� \h� \j_fy� Wev-Gbgvh� ijbh[j_lZxl� [hevrmx�
aZiZ^gmx� khklZ\eyxsmx� \jZs_gby�� q_f� h[uqgh�� Ihkdhevdm� A_fey� b� Zlfhkn_jZ�
khklZ\eyxl�ijZdlbq_kdb�aZfdgmlmx�kbkl_fm��kdhjhklv�\jZs_gby�A_feb�\hdjm]�k\h_c�hkb�
\h� \j_fy� Wev-Gbgvh� g_fgh]h� aZf_^ey_lky� �kmldb� m\_ebqb\Zxlky� gZ� g_kdhevdh�
fbebk_dmg^���qlh�ih^l\_j`^Z_lky�Zkljhghfbq_kdbfb�f_lh^Zfb�gZ[ex^_gbc�� 
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����:jdlbq_kdh_�dhe_[Zgb_ 
 
������?s_�h^gbf�y\e_gb_f��[eZ]h^Zjy�dhlhjhfm�ih\urZ_lky�ij_^kdZam_fhklv�Zlfhkn_jguo�
ijhp_kkh\� \� kj_^gbo� rbjhlZo� k_\_jgh]h� ihemrZjby�� y\ey_lky� Zjdlbq_kdh_� dhe_[Zgb_�
�:D���>ey�_]h�hij_^_e_gby�\\_^_f�ihgylb_�wfibjbq_kdbo�hjlhjhgZevguo�nmgdpbc��WHN���
Imklv�m�gZk�_klv�gZ[hj�^Zgguo�Ti,n��]^_�i –�bg^_dk�ih�ijhkljZgkl\m��i = 1, …,I; n –�bg^_dk�
ih� \j_f_gb�� n=1,…,N��FZkkb\�L�fh`_l�ij_^kl\eylv� kh[hc� ^Zggu_�gZ� j_]meyjghc� k_ld_��
beb�gZ�klZgpbyo��Imklv�kj_^g__�ih�\j_f_gb�agZq_gb_�T�\�dZ`^hc�lhqd_�ih�ijhkljZgkl\m�
jZ\gh�gmex��lh�_klv� 
      N 

      ∑ Ti,n� ���^ey�ex[h]h�i                        (11.1) 
     n=1 

?keb�wlh�g_�lZd��lh�\uql_f�kj_^g__�agZq_gb_�ba�gZr_]h�fZkkb\Z�L� 
KmffZjgZy� ^bki_jkby� D� wlh]h� fZkkb\Z� _klv� kmffZ� ^bki_jkbc� \� dZ`^hc� lhqd_� ih�
ijhkljZgkl\m�� 
                  N   I           
      D = ∑ ∑ Ti,n

2                                  (11.2) 
                  n=1 i=1 

������<�jZkkfZljb\Z_fhf�ijhkljZgkl\_�fh`gh�\\_klb�hjlhghjfbjh\Zgguc�[Zabk�ba�\_dlhjh\�
Ei��ih�dhlhjhfm�jZaeh`bf�gZr�fZkkb\�L�� 
                      I    
      Ti,n = ∑  Ci,n Ei                                       (11.3) 
                       i=1 

]^_�Ci n –�dhwnnbpb_glu�Nmjv_��<\_^_f�ihgylb_�^bki_jkbb�Di��ijboh^ys_cky�gZ�[Zabkguc�
\_dlhj�Ei:  
               N 

      Di = ∑ Ci,n
2                                            (11.4) 

              n=1           
 
KmffZ�^bki_jkbc��ijboh^ysboky�gZ�\k_�[Zabkgu_�\_dlhju��jZ\gZ�iheghc�^bki_jkbb�� 
              I 
      D = ∑ Di                                                 (11.5) 
             i=1 

Hij_^_ebf�wfibjbq_kdb_�hjlh]hgZevgu_�nmgdpbb�fZkkb\Z�L�dZd�[Zabk��^ey�dhlhjh]h�gZ�
i_j\uc� \_dlhj� ijboh^blky� fZdkbfZevgZy� ^bki_jkby� ba� \k_o� \hafh`guo� \_dlhjh\�
_^bgbqghc� ^ebgu�� \lhjhc� \_dlhj� hjlh]hgZe_g� i_j\hfm�� b� gZ� g_]h� ijboh^blky�
fZdkbfZevgZy� ^bki_jkby� ba� \k_o� _^bgbqguo� \_dlhjh\�� hjlh]hgZevguo� i_j\hfm�� lj_lbc�
\_dlhj�hjlh]hgZe_g�i_j\uf�^\mf��b�gZ�g_]h�ijboh^blky�fZdkbfZevgZy�^bki_jkby�ba�\k_o�
\_dlhjh\�� hjlh]hgZevguo� i_j\uf� ^\mf�� b� l�^�� Fh`gh� ihdZaZlv�� qlh� WHNu� y\eyxlky�
kh[kl\_ggufb�\_dlhjZfb�dh\ZjbZpbhgghc�fZljbpu�C�k�we_f_glZfb 
                N 

      Ki,j = ∑ Ti,n Tj,n                                      (11.6) 
                n=1 

WHNu�hij_^_e_gu��lZdbf�h[jZahf��k�lhqghklvx�^h�qbke_ggh]h�fgh`bl_ey� 
������GZijbf_j�� _keb�fu� bf__f� \� dZq_kl\_�fZkkb\Z�L� g_dhjj_ebjh\Zgguc� [_euc�rmf�� lh�
WHNu�^ey�lZdh]h�fZkkb\Z�[m^ml�\u]ey^_lv�ke_^mxsbf�h[jZahf�� 
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?1 = (1;0;0,…,0), 
E2 = (0;1;0,…,0), 
E3 = (0;0;1;…,0),                                              (11.7) 
. . . . . . . . . . . . . . . 
EN = (0;0;0;…1) 
 
������QZklh�gZb[hevrbc�bgl_j_k�ij_^klZ\ey_l�kh[hc�i_j\Zy�WHN��lh�_klv�[Zabkguc�\_dlhj��
gZ�dhlhjuc�ijboh^blky�fZdkbfZevgZy�^bki_jkby�ihey�L� 
������GZijbf_j��_keb��I ����\�dZq_kl\_�L1,n�\aylv�]Zjfhgbq_kdh_�dhe_[Zgb_��Z�\�dZq_kl\_�T2,n – 
lZdh_�`_�]Zjfhgbq_kdh_�dhe_[Zgb_��gh�k�ijhlb\hiheh`guf�agZdhf��lh�i_j\Zy�WHN�[m^_l�
bf_lv�\b^��E1 = (1;-1).  
������?keb�Ti,n = T1,n��lh� 
 
?1 = (1;1;1;…;1).                                     (11.8) 
 
?keb�baf_gqb\hklv�ih�\j_f_gb�\_ebqbgu�L�\�lhqdZo� ��� ��� ����I�g_�kh\iZ^Z_l��gh�[ebadZ�d�
baf_gqb\hklb�\�lhqd_� ���lh�i_j\Zy�WHN�[m^_l�[ebadZ�d� ��������DZd�ijZ\beh��_keb�i_j\Zy�
WHN� hl^_e_gZ� ih� ^bki_jkbb� hl� ke_^mxsbo�� lh� hgZ� hij_^_ey_lky� dZdbf-lh� h^gbf�
nbabq_kdbf� ijhp_kkhf�� \ghkysbf�fZdkbfZevguc� \deZ^� \� ^bki_jkbx� jZkkfZljb\Z_fh]h�
fZkkb\Z��GZijbf_j�� _keb� \� dZq_kl\_�fZkkb\Z� L� jZkkfhlj_lv� kj_^g_f_kyqgmx� ZghfZebx�
l_fi_jZlmju�ih\_joghklb�ljhibq_kdh]h�Lboh]h�hd_ZgZ��lh�i_j\Zy�WHN�[m^_l�k�lhqghklvx�
^h�fgh`bl_ey�[ebadZ�d�ZghfZebb�LIH��bah[jZ`_gghc�gZ�jbk������\gbam��Z�__�dhwnnbpb_gl�
Nmjv_�–�d�\j_f_gghfm�oh^m�ZghfZebb�LIH�gZ�jbk��������DZd�ijZ\beh��ijhp_kkhf��^Zxsbf�
gZb[hevrbc� \deZ^� \� ^bki_jkbx� dZdhc-eb[h� f_l_hjheh]bq_kdhc� \_ebqbgu�� y\ey_lky� __�
]h^h\hc�oh^��Ihwlhfm��_keb�ki_pbZevgh�g_�klZ\blky�aZ^ZqZ�bkke_^h\Zgby�]h^h\h]h�oh^Z��lh�
^ey�\uqbke_lby�WHN�ba�fZkkb\Z�^Zgguo�]h^h\hc�oh^�\uqblZxl�� 
������JZkkfhljbf� i_j\mx�WHN� ^Z\e_gby� gZ� mjh\g_�fhjy� ^ey� abfu� b� ^ey� kj_^gbo�rbjhl�
k_\_jgh]h�ihemrZjby��jbk��������HgZ�ij_^klZ\ey_l�kh[hc�mf_gvr_gb_�^Z\e_gby�\�\ukhdbo�
rbjhlZo�b�m\_ebq_gb_�\�km[ljhibdZo��k�fZdkbfmfZfb�\_ebqbgu�gZ^�hd_ZgZfb��WlZ�WHN�
gZau\Z_lky� Zjdlbq_kdbf�dhe_[Zgb_f�� Z� __� dhwnnbpb_gl�Nmjv_�–�bg^_dkhf� Zjdlbq_kdh]h�
dhe_[Zgby� �Thompson, Wallace� �������Bg^_dk� Zjdlbq_kdh]h� dhe_[Zgby� [ebahd� d� bg^_dkm�
k_\_jh-ZleZglbq_kdh]h� dhe_[Zgby�� dhlhjuc� \uqbkey_lky� dZd� ghjfbjh\ZggZy� jZaghklv�
^Z\e_gbc�f_`^m�BkeZg^b_c� b�Ihjlm]Zeb_c�� lZd� dZd� bf_ggh� \� wlbo� ^\mo�f_klZo� i_j\Zy�
WHN� bf__l� gZb[he__� \ujZ`_ggu_� fZdkbfmfu� ijhlb\hiheh`guo� agZdh\��
Iheh`bl_evghfm� bg^_dkm� khhl\_lkl\m_l� gbadh_� ^Z\e_gb_� gZ^� \ukhdbfb� rbjhlZfb� b�
\ukhdh_�gZ^�km[ljhibdZfb��Ihkdhevdm�\�kj_^gbo�rbjhlZo�\_l_j�ihqlb�]_hkljhnbq_kdbc��
iheh`bl_evghfm� bg^_dkm�:D� khhl\_lkl\m_l� aZiZ^gZy� ZghfZeby� \_ljZ� gZ� [hevr_c� qZklb�
mf_j_gguo� rbjhl�� K� ZghfZebyfb� bg^_dkZ� :D� k\yaZgu� agZqbl_evgu_� l_fi_jZlmjgu_�
ZghfZebb� �jbk�������� Iheh`bl_evghfm� bg^_dkm� khhl\_lkl\m_l� iheh`bl_evgZy� ZghfZeby�
l_fi_jZlmju�\��-��]jZ^mkh\�gZ�[hevr_c�qZklb�Jhkkbb�b�aZiZ^ghc�?\jhiu��b�hljbpZl_evgZy�
ZghfZeby�l_fi_jZlmju�gZ�\hklhd_�DZgZ^u��Wlh�gZijyfmx�k\yaZgh�k�mkbe_gb_f�aZiZ^gh]h�
\_ljZ�\�mf_j_gguo�rbjhlZo�� 
������DZd� \b^gh� ba� jbk������� hkgh\ghc� \deZ^� \� baf_g_gb_� kdhjhklb� \_ljZ� ijb�:D� \ghkbl�
ahgZevgZy�khklZ\eyxsZy��Ijb�wlhf��iheh`bl_evghfm�bg^_dkm�:D�khhl\_lkl\m_l�mkbe_gb_�
aZiZ^gh]h� \_ljZ� g_� lhevdh� m� ih\_joghklb�� gh� b� \h� \k_c� ljhihkn_j_� b� kljZlhkn_j_�
�jbk��������Ijb�wlhf�ijhbkoh^bl�ihgb`_gb_�l_fi_jZlmju�\�\ukhdbo�rbjhlZo��hkh[_ggh�\�
gb`g_c�kljZlhkn_j_� 
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 Jbk������� I_j\Zy� WHN� kj_^g_f_kyqgh]h� ^Z\e_gby� gZ� mjh\g_� fhjy� \� ^_dZ[j_-fZjl_� \�
mf_j_gguo� rbjhlZo� k_\_jgh]h� ihemrZjby� �\\_jom��� <gbam� –� jZaghklv� l_fi_jZlmju�
ijbih\_joghklgh]h� \ha^moZ� �D�� ^ey� f_kyp_\� k� iheh`bl_evguf� b� hljbpZl_evguf�
dhwnnbpb_glhf�Nmjv_� 
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Jbk������� JZaghklv� ahgZevgh� hkj_^g_gghc� kdhjhklb� ahgZevgh]h� \_ljZ� �f�k�� \\_jom� b�
l_fi_jZlmju��D��\gbam�^ey�iheh`bl_evgh]h�b�hljbpZl_evgh]h�bg^_dkZ�:D� 
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 Jbk�������JZaghklv�ihlhdZ�ahgZevghc�kdhjhklb�gZ�k_\_j� �f2�k2��\\_jom�b�nmgdpbb�lhdZ�gZ 
\ukhl_�����]IZ����6�f2�k��\gbam�^ey�iheh`bl_evgh]h�b�hljbpZl_evgh]h�bg^_dkZ�:D� 
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<� jZa^_e_� �� ]h\hjbehkv� h� lhf�� qlh� kms_kl\m_l� iheh`bl_evgZy� h[jZlgZy� k\yav� f_`^m�
ZghfZeb_c� kdhjhklb� ahgZevgh]h� \_ljZ� \� kj_^gbo� rbjhlZo� b� ]_g_jZpb_c� [Zjhdebgghc�
g_mklhcqb\hklvx� \heg� Jhkk[b�� ^b\_j]_gpby� dhlhjuo� m\_ebqb\Z_l� bkoh^gmx� ZghfZebx�
kdhjhklb�ahgZevgh]h�\_ljZ��GZ�jbk������ij_^klZ\e_gZ�jZaghklv�ihlhdZ�ahgZevghc�kdhjhklb�
gZ�k_\_j�>U’V¶@�^ey�iheh`bl_evgh]h�b�hljbpZl_evgh]h�bg^_dkZ�:D��<�\_jog_c�ljhihkn_j_�
\� mf_j_gguo� rbjhlZo� ijhbkoh^bl� m\_ebq_gb_� ihlhdZ� gZ� k_\_j�� qlh� khhl\_lkl\m_l�
m\_ebq_gbx� ihlhdZ� \hegh\hc� wg_j]bb� gZ� x]�� <deZ^� \� baf_g_gb_� ihlhdZ� ^Zxl� dZd�
dhjhldhi_jbh^gu_�� lZd� b� d\ZabklZpbhgZjgu_� \hegu�� Hkgh\gu_� baf_g_gby�
d\ZabklZpbhgZjguo�\heg�ijhbkoh^yl�\�:leZglbd_��?keb�kjZ\gblv�jbk������\gbam�b�jbk������
lh� fh`gh� \b^_lv�� qlh� ijb� m\_ebq_gbb� bg^_dkZ� :D� m\_ebqb\Z_lky� Zfieblm^Z�
d\ZabklZpbhgZjghc�\hegu�gZ^�:leZglbdhc�� 
������Iheh`bl_evgZy� h[jZlgZy� k\yav� f_`^m� ahgZevguf� ihlhdhf� \� mf_j_gguo�rbjhlZo� b�
ih^^_j`Zgb_f� ahgZevgh]h� ihlhdZ� \hegZfb� y\ey_lky� ijbqbghc� ij_h[eZ^Zgby� ahgZevghc�
kdhjhklb��Z�g_�f_jb^bhgZevghc��\�i_j\hc�WHN�\�mf_j_gguo�rbjhlZo��Z�lZd`_�ijbqbghc�
bg_jpbhgghklb� bg^_dkZ� :D�� LZd�� _keb� ihkljhblv� Z\lhdhjj_eypbhggmx� nmgdpbx� ^ey�
[hevrbgkl\Z�f_l_h\_ebqbg��gZ[ex^Zxsboky�\�mf_j_gguo�rbjhlZo��lh�hgZ�[m^_l�[ebadZ�d�
gmex�ijb�\j_f_gguo�k^\b]Zo�gZqbgZy�k����kmlhd��H^gZdh��^ey�kj_^g_f_kyqguo�agZq_gbc�
bg^_dkZ� :D� dhwnnbpb_gl� dhjj_eypbb� ijb� k^\b]_� gZ� f_kyp� khklZ\ey_l� hdheh� ����� Wlh�
agZqbl�� qlh� \h�fgh]bo� kemqZyo�fh`gh� ^Z\Zlv� ³bg_jpbhgguc� ijh]gha´� gZ�f_kyp� \i_j_^��
Hkh[h_� \gbfZgb_� ke_^m_l� m^_eblv� \ebygbx� kljZlhkn_jghc� qZklb�:D� gZ� pbjdmeypbx� \�
ljhihkn_j_�� Hgh� lZd`_� ih^^_j`b\Z_lky� \aZbfh^_ckl\b_f� \heg� Jhkk[b� kh� kj_^gbf�
ihlhdhf�� \� lhf� qbke_� d\ZabklZpbhgZjguo� \heg�� Ihkdhevdm� f_jb^bhgZevgh_�
jZkijhkljZg_gb_�d\ZabklZpbhgZjguo�\heg�gZb[he__�\ujZ`_gh�\�:leZglbd_� �jZa^_e�����lh�
wlh� y\ey_lky� ijbqbghc� lh]h�� qlh� Zfieblm^Z� i_j\hc� WHN� fZdkbfZevgZ� bf_ggh� \�
:leZglbd_�� Ijb� iheh`bl_evghf� bg^_dk_� :D� ijhbkoh^bl� m\_ebq_gb_� Zfieblm^u�
d\ZabklZpbhgZjghc�\hegu�\�:leZglbd_��Z�ijb�hljbpZl_evghf�–�__�mf_gvr_gb_� 
������<ebygb_� pbjdmeypbb� kljZlhkn_ju� gZ� ljhihkn_jm� ijb\h^bl� d� lhfm�� qlh� ke_^mxsb_�
y\e_gby� hdZau\Zxl� \ebygb_� gZ� ij_^kdZam_fhklv� pbjdmeypbb� m� ih\_joghklb�� ��-e_lgbc�
pbde�kheg_qghc�Zdlb\ghklb��ba\_j`_gby�\medZgh\��ijb�dhlhjuo�agZqbl_evgh_�dhebq_kl\h�
Zwjhahey� \u[jZku\Z_lky� \� kljZlhkn_jm�� Z� lZd`_� d\Zab^\moe_lg__� dhe_[Zgb_� \�
ijbwd\ZlhjbZevghc�kljZlhkn_j_�� 
������Ijb� \ukhdhc� kheg_qghc� Zdlb\ghklb� m\_ebqb\Z_lky� baemq_gb_� \� mevljZnbhe_lh\hc�
qZklb� ki_dljZ�� dhlhjh_� ijb\h^bl� d� m\_ebq_gbx� l_fi_jZlmju� kljZlhkn_ju� \ke_^kl\b_�
ih]ehs_gby�baemq_gby�hahghf��<�kj_^g_f��\�lZdb_�]h^u�kljZlhkn_jZ�l_ie__l�gZ���]jZ^mk��
H^gZdh�� lZdh_� ihl_ie_gb_� g_� jZkijhkljZgy_lky� gZ� h[eZklv� iheyjghc� ghqb�� <hagbdr__�
baf_g_gb_� f_jb^bhgZevgh]h� ]jZ^b_glZ� l_fi_jZlmju� \ke_^kl\b_� khhlghr_gby�
l_jfbq_kdh]h� \_ljZ� ijb\h^bl� d� mkbe_gbx� aZiZ^gh]h� \_ljZ� \� kljZlhkn_j_� \[ebab�
iheyjgh]h� djm]Z�� Wlh�� \� k\hx� hq_j_^v�� ijb\h^bl� d� iheh`bl_evghfm� bg^_dkm� :D� \�
ljhihkn_j_��H^gZdh��lZdh_�\ebygb_�g_�kebrdhf�kbevgh��Dhwnnbpb_gl�dhjj_eypbb�f_`^m�
bg^_dkhf�:D�b�bg^_dkhf�kheg_qghc�Zdlb\ghklb�g_�ij_\hkoh^bl�����-0.35. 
������:gZeh]bqgh��\� kemqZ_�fhsgh]h�\u[jhkZ�\medZgbq_kdh]h�Zwjhahey�\�kljZlhkn_jm��hgZ�
gZ]j_\Z_lky�\_a^_��djhf_�h[eZklb�iheyjghc�ghqb��qlh�lZd`_�ijb\h^bl�d�iheh`bl_evghfm�
bg^_dkm�:D��Ihke_^gbc�jZa�lZdb_�abfu�gZ[ex^Zebkv�\�����-��]�]��b�\�����-��]�]�� 
������Djhf_� lh]h�� baf_g_gb_� nZau� d\Zab^\moe_lg_]h� dhe_[Zgby� ijb\h^bl� d� baf_g_gbx�
mkeh\bc�^ey�f_jb^bhgZevgh]h�jZkijhkljZg_gby�\heg�Jhkk[b��qlh�lZd`_�g_fgh]h�\eby_l�gZ�
bg^_dk�:D��:�bf_ggh�� aZiZ^ghc�nZa_�\_ljZ�\�ijbwd\ZlhjbZevghc�kljZlhkn_j_�\�kj_^g_f�
khhl\_lkl\m_l� aZiZ^gZy� nZaZ�:D� �mkbe_gb_� aZiZ^gh]h� \_ljZ� \� mf_j_gguo�rbjhlZo���Gh�
dhwnnbpb_gl�dhj_eypbb�kgh\Z�g_�kebrdhf�\_ebd�b�g_�ij_\hkoh^bl����� 
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������:D� y\ey_lky� qbklh� Zlfhkn_jguf� y\e_gb_f�� g_� k\yaZgguf� k� hd_Zghf�� ;he__� lh]h��
h[jZlgZy� k\yav� f_`^m� bg^_dkhf� :D� b� ZghfZebyfb� LIH� y\ey_lky� keZ[hhljbpZl_evghc��
:fieblm^Z� baf_g_gby� bg^_dkZ� :D� \� fh^_eyo� Zlfhkn_ju�� dZd� ijZ\beh�� \ur_�� q_f� \�
kh\f_klguo�fh^_eyo�Zlfhkn_ju�b�hd_ZgZ� 
������JZkkfhljbf�lj_g^�^Z\e_gby�gZ�mjh\g_�fhjy�\�ihke_^gb_�^_kylbe_lby��jbk�������� 
 
 
 
 
 

 
 
 
Jbk�������Baf_g_gb_�^Z\e_gby�gZ�mjh\g_�fhjy�\�yg\Zj_-fZjl_��\\_jom��b�bxg_-Z\]mkl_�
�\gbam������-����]�]��ih�kjZ\g_gbx�k�����-����]�]� 
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Jbk�������Bg^_dk�k_\_jh-ZleZglbq_kdh]h�dhe_[Zgby�\�yg\Zj_-fZjl_�����-����]� 
 
 
������Abfhc�lj_g^�^Z\e_gby�[ebahd�d�i_j\hc�WHN��hkh[_ggh�\�k_\_jghc�:leZglbd_��Lh�_klv�
ijhbkoh^bl�m\_ebq_gb_�bg^_dkZ�:D�b�k_\_jh-ZleZglbq_kdh]h�dhe_[Zgby��E_lhf�baf_g_gby�
^Z\e_gby�f_gvr_�ih�\_ebqbg_��b�g_�klhev�[ebadb�d�:D��GZ�jbk������bah[jZ`_g�kj_^gbc�aZ�
yg\Zjv-fZjl� bg^_dk� k_\_jh-ZleZglbq_kdh]h� dhe_[Zgby� aZ� ihke_^gb_� ��� e_l�� Djhf_�
baf_gqb\hklb� ]h^� hl� ]h^Z�� bf__lky� ykgh� \ujZ`_gguc� iheh`bl_evguc� lj_g^��
FZdkbfZevguo�agZq_gbc�bg^_dk�^hklb]Z_l�\���-_�]h^u��ihke_�q_]h�g_fgh]h�mf_gvrZ_lky��
Bf_ggh� [eZ]h^Zjy� m\_ebq_gbx� bg^_dkZ� :D� b� k_\_jh-ZleZglbq_kdh]h� dhe_[Zgby� \�
mf_j_gguo�rbjhlZo�?\j_abb�ijhbkoh^bl�ihl_ie_gb_�abfhc�\��-��jZaZ�[hevr__��q_f�e_lhf�
�jbk�������IjbqbgZ�klhev�kbevgh]h�lj_g^Z�gZ�gZklhysbc�fhf_gl�^h�dhgpZ�g_�ykgZ� 
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