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

�! #"%$'&�(*),+�-. #"0/213+�4657(�839	:

;=<?>@>BADCFEHG*IKJLJMI,NMO PQ<SRTCFEHUWVLXLIQYDYZI\[^]\_a`bP
NcGDdSCFEHe3f,_g[�IQhWf,Oi] hbjTkTjmlonDATEp[^q^`\hWYD_rI\`

PQ<SRTCFEHU\;3OiYDYD_ghWO stCFEHU@UuEwv@NxjmGDCoyW]LIW`\f ]Lz{j|dQI�eDA~}^`

�|���	���K�T�m�?�

PROMOT ION X 2001



���������
	��
	��
���������������������������������! #"%$�	�&'���)(��
	+*��,	.-���	���	��0/1�1$2��	��3��	4*5�����
	��
6 ���1�7�������8��9����:�;�<�����=�'���
>?(��@�,	�� 6 �< 4	����������8��9����:�A-��1��('><�7$����
�;('	;�<	 6 �
�CBD	��
�E����	��F��� GIHD�F	4�<��$:$�	<����� J�K



���������
	�����
�������������� �

������� � !"�$# % �'&)( *,+)�-#

.0/�132416587:9<;>=?13@ A
BDCEBGFIHDJLKNMPORQSHDT�U V WIT)X�Y3X[ZSHDTI\�ORJLHD]IQSX^M_Z`C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C a
BDCcbedf\[gLX[JLQS]hORQSHDTiU V WIT)X�Y3X[ZSHDTI\jORJLHD]IQSX^M_Z�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C k

l 
'mon 139<;<@[7h=8; m 2p=8q41 m 5P;<r sut v
b3CEBxw)H6UIy[ZSQSgRMPORQSHDT)C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C z

b3CEBDCEB {f]I]IJLH^|hQSKNMPORQSH_TIg}UhY3T:M_K~QS�6WI\[g��IZS\jK~H3UI�[ZS\��_����� � �
�����
� 6 	 C z
b3CEBDCcb {f]I]IJLH^|hQSKNMPORQSH_TIg}�Dy[HDK~y�ORJLQS�6WI\[gj�:ZS\j]IZ�M_T

β
C�C�C�C�C�C�C�C�BDB

b3Ccbe���6W:MPORQSHDTIg}\�O�]:M_JRM_K~��ORJL\[g�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�B8b
b3Ccb3CEB ���6W:MPORQSHDTIg ��� ��$:$��P� � �I���,	�� C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�B8b
b3Ccb3Ccb ��M_JRM_K~��ORJL\[g�UIWi]IJRH_�IZS�[K~\�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�B?�
b3Ccb3C � dfy��D\[ZSHD]I]�\[K~\[T�OfM_g�Y3K~]hORH_ORQS�6WI\�C�C�C�C�C�C�C�C�C�C�C�C�C�C�B8a
b3Ccb3C � ��HDTIgL\[J��PMPORQSHDT)UI\�Z�M��DHDJ�ORQSX[QEORy�]�H_OR\[T�ORQS\[ZSZS\�C�C�C�C�C�C�C�C�C�B?k

b3C �e ¡T�OR\[JL]IJLy�O�MPORQSHDTiUI\[g�ORJRM8¢�\[X�ORHDQSJL\[g£C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�B?¤
b3C �hCEB ��HDTIgL\[J��PMPORQSHDT)UI\�Z�M��DHDJ�ORQSX[QEORy�]�H_OR\[T�ORQS\[ZSZS\�C�C�C�C�C�C�C�C�C�B?¤
b3C �hCcb ��JLy��3QSgLQSHDTiUI\[g}ORJRMP¢�\[X�ORHDQSJL\[g¥C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�B?¤
b3C �hC � ¦oQSK~Q§OR\[g�UI\�Z�M�]IJLy��3QSgLQSHDT¨C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�B?z

b3C �©¦oQSK~Q§OR\[g�UIW)K~H3UI�[ZS\ªC�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b_«
�­¬ =8s n t®t�¯o°�165P;<±²t32³=?7:9<t lo.

�hCEBGdfQSgL]³HDgLQEORQE´u\�O�]IJLH_ORH3X[HDZS\µC�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b3B
�hCEBDCEB dfQSgL]³HDgLQEORQE´¶C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b3B
�hCEBDCcb ��JLH_ORH6X[HDZS\jHD]�y[JRMPORHDQSJL\·C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b_�
�hCEBDC � ¸¹M_ZEQSUIQEORy�UIW)UIQSgL]³HDgLQEORQE´ºC�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b_¤
�hCEBDC � ��HDTIgL\[J��PMPORQSHDT)UI\�Z�M��DHDJ�ORQSX[QEORy�]�H_OR\[T�ORQS\[ZSZS\�C�C�C�C�C�C�C�C�C£�D«

�hCcb¼»3QSK~QEZEQ§ORWIUI\[g�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C£�hB
�hC �¼��|h]³y[JLQS\[TIX[\¥M?�D\[X�ZS\j]IZ�M_T

β
C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C£��b

�hC �hCEB df\[gLX[JLQS]hORQSHDT­C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C£��b
�hC �hCcb ½uJRM8¢�\[X�ORHDQSJL\�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C£�D�

�hC �©��|h]³y[JLQS\[TIX[\¥M?�D\[X�WITI\�¾�ZS\¿C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C£��a
�hC �ICEB df\[gLX[JLQS]hORQSHDT­C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C£��a

À~ÁÃÂ�Ä_Å�Æ�Ç�ÈÃÉÊÅ Ë�Æ�É¡Ì:É¡Í�Î�ÅºÏ�Â�ÐhÐhÅ È�Æ�É¡Ì ÑÓÒ²ÔÖÕ:×�Ø Ò�Ò³Ñ



� ���������
	�����
��������������

�hC �ICcb w)HDWh��\[K~\[T�O�UI\jORJRM_TIgLZ�MPORQSHDT�UIW)X�Y3X[ZSHDTI\ C�C�C�C�C�C�C�C�C�C£��a
�hC �IC � ½uJRMP¢�\[X�ORHDQSJL\�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C£�Dk

� � ;<± su9 7h=8; m 2,2 su±²165P;<r s4t �u.
�ICEBGw)H3UIy[ZSQSgRMPORQSHDTiC�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C
�IB

�ICEBDCEB w)H3UI�[ZS\ ��� ��$:$��P� � �I���,	�� C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C
�IB
�ICEBDCcb w)H3UI�[ZS\�\�OfMP]I]IJRH^|hQSKNMPORQEHDTIg C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C
�IB

�ICcb���y[gLWIZEO�MPORg�UI\�Z�M�gLQSK�WIZ�MPORQEHDT C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C
�6b
�ICcb3CEB ��y[gLWIZEO�MPORg�U:M_TIg�ZS\[g}X[HDTIUIQEORQSHDTIg}JLy[\[ZSZS\[g®C�C�C�C�C�C�C�C�C�C�C
�6b
�ICcb3Ccb ��y[gLWIZEO�MPORg�M^�D\[X�ZS\[g}UIHDTITIy[\[g�UI\�Z V \ |h]�y[JLQS\[TIX[\GC�C�C�C�C�C�C
��z

�IC �x¸¹M_ZSQSU:MPORQEHDT�UIWiK~H3UI�[ZS\ C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�a_«
�IC �hCEB ��HDK~]:M_JRM_QSgLHDTiM?�D\[X�Z�M¥O��Iy[HDJLQS\�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�a_«
�IC �hCcb ��HDK~]:M_JRM_QSgLHDTiM?�D\[X�Z�M�JLy^M_ZSQEORy C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�a3B
�IC �hC � ��HDK~]:M_JRM_QSgLHDT�UI\�Z V \�|h]�y[JLQS\[TIX[\¥M^�D\[X�ZSM�gLQSK�WIZ�MPORQEHDT C�C�C�C�aDb
�IC �hC � ��JLHD�IZS�[K~\jT6WIK~y[JLQS�6WI\�UIW)]IJLHD�DJRM_K~K~\�C�C�C�C�C�C�C�C�C�C�C�a_�

A�� m 2���9<su@^; m 2 A³A
� ;	��9<; m�
 587I°�qu; t A
�
� 7���9 t n t3@�� 
 s458t3@ ���

ÑÓÒ²ÔÖÕ:×�Ø Ò�Ò³Ñ À~ÁÃÂ�Ä_Å�Æ�Ç�ÈÃÉÊÅ Ë�Æ�É¡Ì:É¡Í�Î�ÅºÏ�Â�ÐhÐhÅ È�Æ�É¡Ì



A

� � ����(�&i+)� �

� ���	� +®�Ö�o(�& � #


 T$X�Y3X[ZSHDTI\�� UIW$K~H_O~�DJL\[X�
 � 
 $��E� ��X[\[JLX[ZS\���ORJLHD]IQSX^M_Z}\[g�O�WIT�ORHDWIJL�IQSZSZEHDT UI\
�D\[T6ORg}�3QSHDZS\[T6ORg}�6WIQogL\j´ HDJLK~\�M_WiUI\[gLgLWIgfUI\[g�K~\[JLg}ORJLHD]IQSX^M_ZS\[g[C

����� �����������! "�$#&%('*)+#-,/.0,21"�$#435�6�7��8+ �,9��1
¦o\[guX�Y3X[ZSHDTI\[g4ORJLHD]IQSX^M_W3|�� X[HDTIT6WIgugLHDWIguZS\�TIHDK U V HDWIJRM_��M_TIg4\�O�UI\�OR\[K~];:�OR\[g4ORJLH=<

]IQSX^M_ZS\[gjU:M_TIg�Z V {�ORZ�M_T�O�QE�6WI\?> UI\ O¡Y3]��IHDTIg�U:M_TIg�ZS\ �ÃMPX[QA@:�6WI\~\�O¥UI\ X�Y3X[ZSHDTI\[g�U:M_TIg
Z VCB�X[y^M_T� ¡TIUIQS\[TD� gLHDT6OuUI\��3QSHDZS\[T�OR\[goOR\[K~];:�OR\[gu�6WIQ6]�\[Wh�D\[T�O�:�ORJR\�ORJL�[guUI\[g�ORJLWIX�ORJLQSX[\[g[C
 ¡ZSg�gL\�´ HDJLK~\[T�Oj�Dy[TIy[JRM_ZS\[K~\[T�O�M_WE<¡UI\[gLgLWIg�UI\�Z V H6X[y^M_TF>ÓUI\

8 GIH 20 G M_W`TIHDJLU`\�O�M_W
gLWIU)UI\�Z V J��6W:MPOR\[WIJ[C


 T X�Y3X[ZSHDTI\�ORJLHD]IQSX^M_Z3TI\}gL\�´ HDJLK~\��6WI\}gLQI]IZSWIgLQS\[WIJLgÃX[HDTIUIQEORQSHDTIg�\[T��3QSJLHDTITI\[K~\[TE<
O�M_ZS\[g}gLHDT�O�JLy[WITIQS\[g�K§B�L��

BDC�½u\[K~]³y[JRMPORWIJL\�UI\¥Z V H6X[y^M_T®U V M_W¿K~HDQSTIg
26 ◦C

CÓ��T¿\"MÓ\�ON>�ZS\[gfX�Y3X[ZSH_TI\[gfORQSJL\[T�O
ZS\[WIJ}y[TI\[JL�DQS\jUI\[g�\[M_W3|)X �:M_WIUI\[g�UI\[g}ORJLHD]IQS�6WI\[g�\�O�UI\�Z�M�X �:M_ZS\[WIJ}Z�MPOR\[T�OR\jUI\
Z�M�X[HDTIUI\[TIgRMPORQSHDT C

b3C�{�ORK~HDgL]��I�[JL\��6WIQ gL\jJL\�´ JLHDQEUIQEO�JRM_]IQSUI\[K~\[T�O�M^�D\[XjZ V M_ZEORQ§ORWIUI\?>6UIHDTIX�]�H_OR\[T�ORQS\[ZO<
ZS\[K~\[T�OjQSTIg�O�M_�IZS\_C ��T \"MÓ\�ON>ogLQÃZ V M_QSJf\[g�O�QSTIg�O�M_�IZS\?>ÓQSZ�X[HDT�ORQST3WI\ H K~HDT�OR\[J�> \�OZ�Mj]�\[J�ORWIJL�:MPORQSHDT~g[V QST6OR\[TIgLQA@:\?>6X[\��6WIQ�TI\�gL\�]IJLH3UIWIQEO¹�6WI\fgLQ³ZS\[g��D\[T�ORg�UI\�ORHDWIg
ZS\[g�TIQE�D\^M_W3| UI\�Z V MPORK~HDgL]��I�[JL\�� UIW~TIQE�D\^M_W UI\�Z�MjK~\[JÓ¢�WIgL�6W V H B?«�«D«D«jK~��ORJL\[gHDWi]IZSWIgP��gLHDWRQ~\[T�O H Z�M�KS:[K~\��3QEOR\[gLgL\�\�O�U:M_TIg�ZSM�KS:[K~\jUIQSJL\[X�ORQSHDT C

�hC��ÃORJL\ H ]IZSWIg�UI\~a_«D«0T6QSZSHDK~� O�JL\[gfUI\�Z V ���6W:MPOR\[WIJ�> X^M_J H K~HDQSTIgfUI\~a_«D«0T6QSZSH=<K~��ORJL\[g�>�Z�M)´ HDJLX[\�UI\i��HDJLQSHDZSQEg¥\�gLO�ORJLHD] ´<M_QS�IZS\_Cu��Tp\"MÓ\�ON>ÃX_V \[g�O Z�Mi´ HDJLX[\�UI\
��HDJLQSHDZSQEgU� \"MÓ\�O¹]IJLH3UIWIQEO�]:M_J�Z�MjJLH_O�MPORQSHDT�UI\�Z�Mj½u\[JLJL\����6WIQ³UIHDTITI\�M_W~X�Y3X[ZSHDTI\

À~ÁÃÂ�Ä_Å�Æ�Ç�ÈÃÉÊÅ Ë�Æ�É¡Ì:É¡Í�Î�ÅºÏ�Â�ÐhÐhÅ È�Æ�É¡Ì ÑÓÒ²ÔÖÕ:×�Ø Ò�Ò³Ñ



� . /�132416587:9<;>=?13@

gLHDT K~HDWh�D\[K~\[T�O�\[T gL]IQSJRM_ZS\¥\�O��6WIQ�KNM_QST�ORQE\[T6O�ZS\[g��:M_gLgL\[g�]IJL\[gLgLQSHDTIg�MPORK~H=<
gL]��Iy[JLQS�6WI\[g�UI\�Z�M�]�\[J�ORWIJL�:MPORQSHDT C

�IC���JLy[gL\[TIX[\�U V WITNX[\[T�ORJL\fUI\ �:M_WhOR\[g¹]IJL\[gLgLQSHDTIg�U:M_TIg¹Z�M �:M_WhOR\fMPORK~HDgL]��I�[JL\fM_WE<
UI\[gLgLWIg�UI\�Z�MjOR\[K~];: O�\�T:M_QSgLgRM_T�OR\_C3¦�V M_QSJ�UI\fX[\[g�X[\[T�ORJL\[g�UI\ �:M_WhOR\[g�]IJL\[gLgLQSHDTIg
g[V y[ZSHDQS�_TI\fUIW�X[\[T�ORJL\?>IZ�MPQSgLg�MPT6O�Z�M�]IZ�M_X[\ H Z V M_QSJ�M_gLX[\[TIU:M_T�O}UI\�Z�M�OR\[K~];:�OR\?>hX[\�6WIQ³\[TIX[HDWIJRM_�D\fU:M^�PM_T6O�M_�D\�ZS\�K~HDWh�D\[K~\[T�O�M_gLX[\[TIU:M_T�O^C:��\�X[\[T�ORJL\fUI\ �:M_WhOR\[g
]IJL\[gLgLQSHDTIg�\[g�O�\[T)�6WI\[ZS�6WI\�gLHDJ�OR\ � Z V y[X �:M_]I]�\[K~\[T�O � UI\�Z�M�OR\[K~]D:�OR\_C

 ¡ZhTI\�gL\�´ HDJLK~\�]:M_g�ORHDWP¢�HDWIJLgÃUI\�X�Y3X[ZSHDTI\[g�ZSH_JRgL�6WI\�X[\[g�X[HDTIUIQEORQSHDTIg�gLHDT�O�JLy[WITIQS\[g�>
KNM_QSg�\[ZSZS\[g}gLHDT�O�TIy[X[\[gLgRM_QSJL\[g[C

����� � 3��!,/�7 "84�! ��$#&%�' ) # ,/.0,21"�$#435�6����8+ �,9��1

 TNX�Y3X[ZSHDTI\�ORJLHD]IQSX^M_Z:QST6OR\[TIgL\�\[g�O�WITI\�OR\[K~]D:�OR\f]IJL\[gL�6WI\�X[QSJLX[WIZ�M_QSJL\}X^M_WIgLy[\�]:M_J

WITI\ ]IJL\[gLgLQSHDT MPORK~HDgL]��Iy[JLQS�6WI\�ORJL�[gj�:M_gLgL\~\�O¥MPX[X[HDK~]:M_�DTIy[\ UI\��D\[T�ORg�ORHDWIJL�IQSZSZEHDTE<
T:M_T�ORg�ORJL�[g�´ HDJ�ORg¥\�O�UI\N]IZSWIQS\[g�ORHDJLJL\[T�ORQS\[ZSZS\[g[C4¦�V y�OR\[TIUIWI\�UI\[g¥X�Y3X[ZSHDTI\[g¥ORJLHD]IQSX^M_W3|
�PM_JLQS\�UI\}�6WI\[ZS�6WI\[g�X[\[T6O�M_QSTI\[g�UI\ T6QSZSHDK ��ORJL\[gÃUI\}UIQ�M_K~��ORJL\�� ]�\�ORQEOR\�OR\[K~];:�OR\�� H ]IZSWIgUI\�B�«D«D«�T6QSZSHDK~��ORJL\[gÃUI\�UIQ�M_K~��ORJL\�� X�Y3X[ZSHDTI\��PK~HDTIg�ORJL\	� � C6¦o\[g�X�Y3X[ZSHDTI\[g�ORJLHD]IQSX^M_W3|
HDT�OoORJLHDQSg ]:M_J�ORQS\[goUIQSg�ORQSTIX�OR\[g��^Z V 
�QSZ >�ZS\ÃK�WIJ UI\�Z V 
�QSZ_\�O4ZS\[go�:M_TIUI\[g4gL]IQSJRM_ZS\[g UI\�]IZSWIQS\PC

¦�V 
�QSZÓUIW)X�Y3X[ZSHDTI\�� Z�M_JL�D\�U V WITI\��6W:M_JRM_T6O�M_QSTI\jUI\�T6QSZSHDK~��ORJL\[gP�¹\[g�O��IQS\[T)X�HDTIT3W C
�fV \[g�O�ZS\�X[\�T6ORJL\�UIW�X�Y3X[ZSHDTI\�ORJLHD]IQSX^M_Z >[]IJLH3UIWIQEO4]:M_JoZ V QST�OR\[TIgL\�K~HDWh�D\[K~\[T�Ou\[T�gL]IQSJRM_ZS\
UI\�Z�M�OR\[K~]D:�OR\_C³ ¡Zo\[g�O�´ HDJLK~y�]:M_J�UI\�Z V M_QSJ}�6WIQ4g[V M=M M_QSgLgL\�ZS\[T6OR\[K \[T6O^C:{�Z V QST�ORy[JLQS\[WIJ
UI\�Z V 
�QSZ4ZS\¥X[QE\[Z�\[g�OjUIy[��M_�Dy�\�OjZS\��D\[T�O�\[g�OjX^M_ZSK~\_CÓ��WIQSg�>�Z�M~OR\[K~];:�OR\¥gL\�UIy[X �:MP¾�TI\
UI\�TIHDWh�D\^M_WF>�U:M_TIg�Z�M)UIQSJL\[X�ORQSHDT QET6�D\[JLgL\_CÃ¦�V 
�QSZ¹\[g�O�Z V \[TIUIJLHDQEO¥H�� Z�M)]IJL\[gLgLQSHDTp\[T
gLWIJ�´<M_X[\�\[g�O�Z�M~]IZSWIgf�:M_gLgL\�\�OjZ�M OR\[K~]³y[JRMPORWIJL\¥\[T M_ZEORQEORWIUI\�ZSM~]IZSWIgfX �:M_WIUI\_C6B�T`M
UIy[X[HDWh�D\[J�O}�6W V H WITI\�M_ZEORQEORWIUI\�UI\�B8b�T6QSZSHDK~��ORJL\[g�>�QSZ:]�\[WhO�´<M_QSJL\ 10 ◦C

UI\f]IZSWIg¹U:M_TIg
Z V 
�QSZ��6W V M_WhORHDWIJ�UI\�Z V 
�QSZ C

¦�V 
�QSZ�U V WIT-X�Y3X[ZSHDTI\)ORJLHD]IQSX^M_Z�\[g�O�\[T�ORHDWIJLy¿UIW$K�WIJNUI\®Z V 
�QSZ<C¹�fV \[g�OiU:M_TIgNZS\
K�WIJ�UI\jZ V 
�QSZ³�6WI\jZS\[g���\[T�ORg�UI\�gLWIJ�´<M_X[\jgLHDT�O�ZS\[g�]IZSWIg��3QSHDZS\[T�ORg[CI¦ \jK�WIJ�\[g�O�´ HDJLK~y
]:M_JjUI\�Z V M_QSJf�6WIQ�K~HDT�OR\�gLHDWIgjZ V QST�
:WI\[TIX[\�UI\ TIHDK��IJL\[W3| X�HDWIJRM_T6ORg�M_gLX[\[TIU:M_T6ORg�\�O
UI\[gLX[\[TIU:M_T�ORg�ORJL�[g~´ HDJ�ORg[C2B�T$TI\®X[HDK~]IJL\[TIU,]:M_g~ORJL�[gN�IQS\[T,ZS\[gNK~y[X^M_TIQSgLK~\[g~�6WIQ
´ HDJLK~\[T�ONZ V 
�QSZ}\�O�ZS\)K�WIJ~UI\¿Z V 
�QSZ >�KNM_QSg HDT$]³\[TIgL\`�Dy[TIy[JRM_ZE\[K~\[T6ON�6WI\¿Z V 
�QSZ}gL\
´ HDJLK~\�gL\[ZSHDT�ZS\�KS:[K~\�]IJRQETIX[QS]�\f�6WI\�Z V y[X[HDWIZE\[K~\[T6O�UI\fT V QSK~]�HDJ�OR\��6WI\[ZÓZSQS�6WIQSUI\_Ch��\
K~y[X^M_TIQSgLK~\�JL\[gLgL\[K��IZS\}UIHDTIX}M_W K~HDWh�D\[K~\[T�O�UI\}Z V \^M_W��6WIQIg[V y[X[HDWIZS\}U:M_TIg�WIT�y��3QS\[J[C

¦o\[g�X�Y3X[ZSHDTI\[gigLHDT�Oi\[T6ORHDWIJLy[g�UI\`�:M_TIUI\[gigL]IQSJRM_ZS\[g�UI\`]IZSWIQS\?>�X_V \[g�O < H <¡UIQSJL\¿UI\
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gLQSK~]IZS\��6WIQÓ]�\�JRK \�O�U V QSgLHDZS\[J¹X[\[J�O�M_QSTIg�]��Iy[TIHDK~�[TI\[g�]���Y3gLQS�6WI\[g�>I\�O�UI\fX[HDK~]IJL\[TIUIJL\
Z V QST�
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\[g�O�X[HDK~]IZS\ |h\�X^M_J}\[ZSZS\jK \�O�\[T�¢�\[W �

�-UI\[g¥]��Iy�TIHDK~�[TI\[g¥UhY3T:M_K~QS�6WI\[g~�4WIT²X�Y3X[ZSHDTI\~]�\[WhO$:�ORJL\~UIy[X[JLQEO¥X[HDK~K~\ WIT
ORHDWIJL�IQSZSZEHDTiMPORK~HDgL]��Iy[JLQS�6WI\jy��DHDZSW:M_T6O�U:M_TIg�WIT)JLy�´ y[JL\[T�ORQS\[Z OR\[JLJL\[g�ORJL\?>
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¸�HDQSX[Q �6WI\[ZS�6WI\[g��DJRM_TIUI\[WIJLg�X^M_JRM_X�ORy[JLQSg�ORQS�6WI\[g�U V WIT)X�Y3X[ZSHDTI\ �
�3QEOR\[gLgL\�U:M_TIg�ZS\j]IZ�MPT �IHDJLQ � HDT�O�M_Z U = 20 m.s−1Z�M_JL�D\[WIJ

L = 105 m
�:M_WhOR\[WIJ

H = 104 m�3QSgLX[HDgLQEORyjUhY3T:M_K~QS�6WI\�UI\�Z V M_QSJ��
ν = 10−5 m2.s−1B�T)TIH_OR\

W
Z�M��3QEOR\[gLgL\�U:M_TIg�ZS\�]IZ�M_T��D\[J�ORQSX^M_Z C

B�T X^M_ZSX[WIZS\�M_ZSHDJLgÃWIT~TIHDK��IJL\}UI\ ��\�Y3TIHDZSUIg
Re ∼ 1012 À 1

>D\�O¹WIT~TIHDK��IJL\}UI\
w®M_X �

M ∼ 10−1 < 0.3
� >³X[\¥�6WIQ:¢�WIg�ORQA@:\�U V WITI\�]:M_J�OfZ V �6Y3]³H_O��I�[gL\¥U V y[X[HDWIZS\[K~\[T�O

QST��3QSgLX[QSUI\j\�O�U V M_WhORJL\j]:M_J�O�Z V ��Y3]�H_O��I�[gL\�U V y[X[HDWIZS\[K~\[T�O�QSTIX[HDK~]IJL\[gLgLQS�IZS\ K � L C
¦�V y[�6W:MPORQSHDTiUI\�X[HDT6ORQST6WIQEORy�g[V y[X[JLQEO��

� b3CEB � ∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0

w®M_QSgj�

� b3Ccb �


















∂u

∂x
= O

(U

L

)

∂v

∂y
= O

(U

L

)

B�Jj�
� b3C � � ∂w

∂z
= O

(W

H

)

dfHDTIX �
� b3C � �

W = O
(H

L
U
)

⇒ W ¿ U

{fQSTIgLQ >IHDT�¢�WIg�ORQA@:\�Z V ��Y3]�HPO �I��gR\�U V y[X[HDWIZS\[K~\[T�O��IQSUIQSK~\[TIgLQSHDTITI\[Z<C
¦�V y[�6W:MPORQSHDTiUI\�Z�M��DHDJ�ORQSX[QEORy�g[V y[X[JLQEO��

� b3Cca �U
ωtotU
t
=
�DJRM_U

(U).ωtot−ωtot

UIQE�
(U)+

JLH_O
(F )+

1

ρ2
�DJRM_U
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ρ

UIQE�
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djMPTIg�ZS\jK~H3UI��ZS\jWhORQSZSQEgLy?>IHDT)Mi�
� b3C k � �DJRM_U

(ρ) =
UIQE�
(U) = 0

QSTIX[HDK~]IJL\[gLgLQS�IQSZEQ§ORy

� b3C � �
τ = 0

y[X[HDWIZS\[K~\[T�O�QST��3QSgLX[QSUI\

� b3C ¤ � �DJRM_U
(U).ωtot = 0

y[X[HDWIZS\[K~\[T6O��IQSUIQSK~\[TIgLQSHDTITI\[Z

� b3C z � JLH_O
(F ) = 0

gLQoZ V HDT�gL\�]IZ�M_X[\jU:M_TIg�ZS\jJLy�´ y[JL\[T�ORQS\[Zo�Dy[H3X[\[T�ORJLQS�6WI\
{fQSTIgLQ >IHDT)Mi�

� b3CEB?« � U
ωtotU
t
= 0

d�M_TIg�ZS\�JLy�´ y[JL\[T�ORQS\[Zu�Dy[H6X[\[T6ORJLQS�6WI\?>�Z�M���HDJ�ORQSX[QEORy�\[g�O�Z�M~gLHDK~K~\�UI\¥Z�M �DHDJ�ORQSX[QEORy
JL\[Z�MPORQE�D\��

ωrel

\�OjUI\�Z�M~�DHDJ�ORQSX[QEORy�X[HDJLJL\[gL]�HDTIU:M_T�O H Z�M~JLH_O�MPORQSHDT®UI\�Z�M~½u\[JLJL\�� f �
ωtot = ωrel + f

H��
f = 2Ω0 sin(θ)

M?�D\[X
Ω0

�3QEOR\[gLgL\�UI\�JLH_O�MPORQSHDT)UI\¥Z�M ½4\[JLJL\�\�O
θ
Z�M�Z�MPORQEORWIUI\_C
F�QST:M_ZS\[K~\[T�ON>h\[T)TIH_O�M_T�O

ω = ωrel

>IHDT®M��
� b3CEBDB � U

(ω + f)U
t

= 0
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β

¦4M¥�Dy[HDK~y�ORJLQS\�UIW�]IJLHD�IZS�[K~\�\[g�O}gL]��Iy[JLQS�6WI\_C³w®M_QSg¹Z�M�O�M_QSZSZE\�X^MPJ�MPX�ORy[JLQSg�O�QE�6WI\�UIW
X�Y3X[ZSHDTI\}\[g�O�]�\�ORQEOR\�]:M_JÃJRM_]I]�HDJ�O�M_W�J�M^YDHDT�UI\}Z�Mf½u\[JLJL\_C B�T�]�\[WhO�UIHDTIX}WhORQSZSQEgL\[J�WITI\
M_]I]IJLH^|hQSKNMPORQSH_TiUI\¥Z�M��Dy[HDK~y�ORJLQS\�gL]��Iy[JLQS�6WI\¥]:M_J�ZS\�]IZ�M_TiO�M_TI�D\[T�O H Z�M ½u\[JLJL\ H Z�MZ�MPORQEORWIUI\�UIW)X�Y3X[ZSHDTI\_C B�T)K�WITIQEO}X[\�]IZ�M_T�O�M_TI�D\[T�O�U V WIT)JL\[]��[JL\�X^M_J�ORy[gLQS\[T)X[HDK~K~\
QSTIUIQS�6WIyjgLWIJ�Z�M @:�DWIJL\ ���	��
 b3CEB

d�M_TIg X[\iJL\[]³�[JL\?>�ZS\[g��_M_JLQ�MPORQSHDTIg¥UI\
f
gL\iUIy��D\[ZSHD]I]�\[T�O~\[T y

RT

H��
RT

\[g�O ZS\
JRM^Y�HDTiUI\�Z�M�½u\�JRJL\_C
� b3CEB8b �

f ' 2Ω0 sin(θ) + 2Ω0 cos(θ)
y

RT

≡ f0 + β y

M^��\[X
f0 = 2Ω0 sin(θ)

\�O
β = 2Ω0

RT
cos(θ)

CÓ{fQSTIgLQ >�ZS\�]IZ�M_T®O�M_TI�D\[T6Oj]�H_JLOR\�ZS\¥TIHDK
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β
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���	��
 b3CEB ��¦o\�]IZ�M_T
β
�IJL\[]��[JL\�X �IHDQSgLQ

��\�OLOR\iM_]I]IJLH^|hQSKNMPORQSH_T T V \[g�O��PM_ZSQSUI\N�6WI\igLQ�ZS\[g�UIQSg�O�M_TIX[\[g�X[HDTIgLQSUIy[JLy[\[g�gRWIJ�ZS\
]IZ�M_T

β
gLHDT6O�ORJL�[g}´<M_QS�IZS\[g�UI\��_M_T�O�ZS\jJRM?YDHDTiUI\�ZSM�½u\[JLJL\

RT

C
¦�V y[X[HDWIZS\[K~\[T�O¿\[g�O`�IQSUIQSK~\[TIgLQSHDTITI\[Zj\�O`QSTIX[HDK~]IJL\[gLgLQS�IZS\?>�UIH_TIX QSZ�\ |hQSg�OR\ WITI\

´ HDTIX�ORQSHDT�UI\�X[HDWIJRM_T6O
ψ
OR\[ZSZS\��6WI\ �

� b3CEB?� �


















u =
∂ψ

∂y

v = −∂ψ
∂x

B�T®M M_ZSHDJLg��
� b3CEB^� �

ω = 4ψ
��T)TIH_O�M_T�O

J(f, g) =
∂f

∂x

∂g

∂y
− ∂f

∂y

∂g

∂x

>:Z V y[�6W:MPORQSHDT � b3CEBDB ��UI\��3QS\[T�O��

� b3CEB8a � ∂4Ψ
∂t

+ J(Ψ,4Ψ) + β
∂Ψ

∂x
= 0
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\[g�O�TIy[X[\[gLgRM_QSJL\�UI\�g[V QST6ORy[JL\[gLgL\[J�M_W3|iy[�6W:MPORQSHDTIg ��� ��$:$��P� � �I���,	�� �6WIQo]³\[JLK~\�OLOR\[T6O�UI\
]IJL\[TIUIJL\¥\[T®X[HDK~]hOR\�TIH_O�M_K~K~\[T�O�Z�M UIQSK~\[TIgLQSHDT���\[J�ORQSX^MPZS\�\�OfUI\�K~\�OLORJL\�\[T`M^�PM_T6O
ZS\[gN]:M_JRM_K~��ORJL\[gNUIW$]IJLHD�IZS�[K~\_C¹��T-]:M_gLgRM_T�O�\[TIgLWIQEOR\®X[\[J�O�M_QSTIgNU V \[T�ORJL\¿\[W3| H Z�M
ZSQSK Q§OR\?>hHDT)JL\�ORJLHDWh�D\~�

�-ZS\jK~H6UI�[ZS\�b_d <¡�:M_JLH_ORJLHD]�\?>IQSTIX[HDK~]IJL\[gLgLQS�IZS\�\�O�QST��3QSgLX[QSUI\
�-ZS\[g}y[�6W:MPORQSHDTIg}�Dy[JLQA@:y[\[g�]:M_J}ZS\ 
:WIQSUI\�U:M_TIg�ZS\jX^M_UIJL\�UI\�Z V \ |h]�y[JLQS\[TIX[\
�-ZS\[g}y[�6W:MPORQSHDTIg�WhORQSZSQEgLy[\[g�]³HDWIJ�K~\�OLORJL\�M_Wi]�HDQST�O�Z�M�gRQEK�WIZ�MPORQEH_T�T6WIK~y[JLQS�6WI\_C
B�T`X[HDTIgLQSUI�[JL\�WIT 
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u
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∂y
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∂t
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∂x
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= 0


�� 
�� 
 � �;���'��0 � ��+�" #�) ������� . 0 ��+
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� b3CEB � �
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h
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� b3CEB?¤ � {
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v = U v
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δ
\[g�O�WIT ]:M_JRM_K~��ORJL\�U V y[]:M_QSgLgL\[WIJ}�DQSZ3QST6OR\[J��3QS\[T�O�U:M_TIg�Z V y[�6W:MPORQSHDT�UI\}X[HDT�ORQST6WIQEORy
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��HDWIJ�\[g�ORQSK~\�J
h
>:HDT®X �I\[JLX �I\¥WITI\�X[HDTIUIQEORQSHDT)TIy[X[\[gLgRM_QSJL\ H Z V M_]I]:M_JLQEORQEHDTiU V WITI\g�ORJRMPORQA@:X^MPORQSHDT��D\[J�ORQSX^M_ZS\_C:¦4M�X[HDTIUIQEORQSHDT�g[V y[X[JLQEO��

� b3Ccb_� �
Ro ∼ 1

δ Ro2BuU V H�� �
� b3CcbP� �

h ∼ U3

g L f0
∼ 100 m

¦o\[gj\"MÓ\�ORg�UI\�Z�MNg�ORJRMPORQA@:X^MPORQSHDT)gL\�KNM_TIQE´ \[g�OR\[T�O�UIHDTIX�]�HDWIJfUI\[g��PM_JLQ�MPORQSHDTIg�UI\
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�D\[J�ORQSX^M_ZS\[K~\[T�ON>IHDT®M��
� b3CcbDa �

ρ g4h = 4p⇒4h ∼ 4p
ρ g

� WIK~y[JLQS�6WI\[K~\[T�O�>�HDT-HD�hORQS\[T6O¿� 4h ∼ 103 m
C�dfHDTIX`ZS\[g�\"MÓ\�ORg�UIWIg H UI\[g
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B�T)]³\[WhOfZSy[�_QEORQSK \[K~\[T�O�ORJRM_UIWIQSJL\jX[\�OLOR\ �IQSy[JRM_JLX �IQS\jUI\[g�\"MÓ\�ORg�\[T)UIy��D\[ZSHD]I]:M_T�O
Z�M¥�3QEOR\[gLgL\�]:M_J}JRM_]I]�HDJ�O�M_W)TIHDK��IJL\jUI\ ��HDgLgL�6Y`�
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η
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η
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�IQSUIQSK \[TIgLQSHDTITI\[Z C!BfT²JL\�ORJLHDWh�D\~UIHDTIX~QSX[Q�ZE\�´<M_QEO��6W V WIT²TIHDK��IJL\ UI\ ��HDgLgL��Y y[ZS\��Dy
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\[g�OÃWITI\¹´ HDTIX O�QEHDT¥UI\¹X[HDWIJRM_T�O

]³HDWIJ
(u0; v0)

C


�� 
���� � ��!�" + � �4����� ��! #�+ . � ���;� ����� � � � � ����+�!'��� +�. . +
B�T�gLWI]I]³HDgL\¹�6WI\�ZS\ 
:WIQSUI\�\[g�O4ORHDWP¢�HDWIJLg \[T�y[�6WIQSZSQS�IJL\ ��Y3UIJLHDg�O�MPORQS�6WI\ �
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:WIQSUI\?>�ZS\[g
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)
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3
0

12r

) gLQ
r ≥ r0

B�T�JL\[X[HDTIT:MP¾SO�QSX[Q�Z V \ |h]IJL\[gLgLQSHDT�U V WIT�UIQS] � ZS\?>6X[\[T�ORJLyj\[T
r0
C3{fW�]IJL\[K~QS\[J�HDJLUIJL\?>

ψ
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�DQSX[QS\[Z�]³\[JLK~\�O¥U V HD�hOR\[TIQSJ�UI\[g¥X �:M_K~]Ig¥UI\ ��\[X�OR\[WIJLg�M^�D\[XNUI\[g��_M_ZS\[WIJLg[Cu��HDWIJ�X[\[Z�M
QSZ4´<M_WhO�y�O�M_ZSHDTITI\[J�ZS\�@:ZSK)C³{fQSTIgLQ H X �:M_�6WI\�X �:M_TI�D\[K~\[T6OjUI\ � H3HDK�UI\�Z�MNX^M_K~y[JRMR>
WITI\�K~QSJL\�\[g�O9@:ZSK~y[\f]³\[JLK~\�OLO�M_T6O}M_QSTIgLQ�UI\�X[HDTIT:MP¾SORJL\fZE\fTIHDK��IJL\fUI\�]IQ§|h\[ZSg�X^M_]hORWE<
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���	��
 �hC ¤ ����JLH?@:ZoUI\j�3QEOR\[gLgL\

���	��
 �hC z �~¸�HDJ�ORQSX[QEORy

JLy[g�y[�6WIQE�PM_ZS\[T�ORg H WIT)X[\[T�ORQSK~��ORJL\�UI\�Z V QSKNM_�_\_C:¦o\�JRM_]I]³HDJ�O�]IQ§|h\[ZSg}]:M_J�X[\[T�ORQSK~��ORJL\HD�hOR\[T6Wp]�\[JLK~\�O�UI\NORJRM_QEOR\[J�Z�M)�3QSUI\[H¿UIQSJL\[X�OR\[K~\[T�O�\[TpX[\[T6ORQSK~��ORJL\[g¥]IZSWhO � O��6W V \[T
]IQ§|h\[ZSg[CDB�T)]�\�WhO�M_ZSHDJLg}M^��HDQSJ�UI\[g��PM_ZS\[WIJLg�UI\j�3QEOR\[gLgL\�UIQSJL\[X�OR\[K~\[T�O�\ |h]IZSHDQEO�M_�IZS\[g[C

¦oHDJLg¹U V WITI\f]:M_J�O�QE\�X[QSTIy[KNMPORQS�6WI\[K~\[T�O¹QST�ORy[JL\[gLgRM_T�OR\fUIW�@:ZSK >DWITI\�M_T:M_ZEY3gL\f�� Ê¸
gLWIJ�b_«�HDW��D«�QSKNM_�D\[gu\�gLOÃ\"MÓ\[X�ORWIy[\�\�OÃHDT¥HD�hORQS\[T�O�ZS\¹X �:M_K~]�UI\¹�D\[X�OR\[WIJLgÃUI\�X �:M_�6WI\
QSKNM_�D\_C¹��\[]�\[TIU:M_T�ON>�UI\�gN��\[X�OR\[WIJLg�\[JLJLHDTIy[g�HDW$T V y�O�M_T�O�]:M_gNU:M_TIg�Z�M X[HDT6ORQST6WIQEORy
UI\®ZS\[WIJLgN]IJLH3X �I\[gN�DHDQSgLQSTIg~gLHDT6O�gLHDWh�D\[T�O�]IJLy[gL\[T�ORg[C���\[X[Qf\[g�O�U � MPW,´<M_QEO~�6WI\¿Z�M
X^M_K~y[JRM)´ HDWIJLTIQ�WIT gLQS�DT:M_Z�M_T:M_ZSHD�DQS�6WI\NT6WIK~y[JLQSgLy�X[\��6WIQ�\[TI�D\[TIUIJL\iUIWp�IJLWIQEO�gLWIJ
Z V \[TIJL\[�DQSg�ORJL\[K~\[T�O^C 
 TI\¥K~H?Y�\[TITI\¥UI\[g��D\[X�OR\[WIJLgjgLWIJfZS\[g�b_« H �D«~X �:M_K~]Ig�X^M_ZSX[WIZSy[gUIHDTITI\�WIT)X �:M_K~])UI\j�D\[X�OR\[WIJLg�X[HDT6ORQST6W C
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 �hCEB?« ��w)QSJL\jU V y�O�M_ZSHDTIT:M_�D\
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 �hCEBDB �N{'��M_WIX �I\ �h��\[X�OR\[WIJLg�\[JLJLHDTIy[g
���	��
 �hCEB8b��N{�UIJLHDQEOR\��h��\[X�OR\[WIJLg�K~H?Y�\[TITIy[g

¦4M �DHDJ�ORQSX[QEORy)\�O�ZS\[gNK~H6UIWIZS\[gNUI\®�3QEOR\[gLgL\¿gLHDT�O�UIQSJL\[X�OR\[K~\[T�O�X^M_ZSX[WIZSy[gN]:M_JNZS\
ZSHD�DQEX[QS\[Z d�M^�3QSg[C

����
���� � ��. � #&� � � #�) #�� "=� ��" � �����
� � . � � � . � m 5?=?t�¯�t32 
 t32 n 581

��ZSWIgLQS\[WIJLg KNM_TIQS]IWIZ�MPORQEH_TIg�gLHDT�ON\"MÓ\[X�ORWIy[\[gN]�HDWIJ y�ORWIUIQS\[J ZS\[g g�ORJLWIX�ORWIJL\[g~´ HDJ*<
K~y[\[g¥]:M_J�ZS\~UIQSgL]�HDgLQEORQE´ C4¦o\NUIy[�IQEO¥UI\NZ�M)]�HDK~]³\NT V y�O�M_T�O�]:M_g¥JLy[�DZ�M_�IZS\?>oZS\[g¥gL\[WIZSg
]:M_JRM_K~��ORJL\[g}M8¢�WIg�O�M_�IZS\[g�]�HDWIJ�Z�M�´ HDJLKNMPORQEHDTNUIW���HDJ�OR\ |�QSTIQEORQSM_Z³gLHDT�O}Z�M¥]IJLH_´ HDTIUI\[WIJ
U V M_gL]IQSJRMPORQSHDT�\�O�ZS\���HDZSWIK~\�]IJLy[ZS\���y_C

d�M_TIg�ORHDWhOR\[g�ZS\[g�KNM_TIQS]IWIZSMPORQEHDTIg}]IJLy[ZSQSK~QET:M_QEJL\[g�>:ZS\�KS:[K~\jO¡Y3]�\¥UI\��DHDJ�OR\ |®\[g�O
HD�hOR\[T6W�� ���	��
 �hCEB?� � CD ¡Z³g[V M_�DQEO�U V WIT ��HDJ�OR\ |NM8|hQSg�Y3K~y�ORJLQS�6WI\�\[T~JLH_O�MPORQSHDT gLHDZSQSUI\}�6WI\
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Z V HDT®JL\[X[HDTIT:MP¾SOf�DJ��_X[\�M_W¿]IJLH?@:ZuUI\��3QEOR\[gLgL\�HD�hOR\[T6W¿\�OjM_W¿X �:M_K~]¿UI\¥JLH_O�MPORQSHDTITI\[Z C
d¥V M_]IJL�[g¹ZS\�]IJLH?@:ZIORJRM_TIg��D\[JLgRM_Z³UI\��3Q§O�\�gRgL\?>6Z�Mf�3QEOR\[gLgL\��_M_JLQS\�ZEQSTIy^M_QSJL\[K~\[T�O�UIWNX�\[T6ORJL\
H Z�M®]�y[JLQS]��Iy[JLQS\�UIWpORHDWIJL�IQSZSZEHDT �

r = Rmax

� >�\�O UIy[X[JLH_¾SO�\[T 1
r

]�HDWIJ
r ≥ Rmax

C
»3WIJ�ZS\�X �:M_K~] UI\ JLH_O�MPORQSHDTITI\[Z >ÓHDT HD�IgL\[J��D\NZS\�X 
�WIJ�\[T JLH_O�MPORQSHDT`gLHDZSQSUI\��f\�O�WITI\
�DHDJ�ORQSX[QEORyj�6W:M_gLQoT3WIZEZS\j\[T)UI\ �IHDJLg�UI\�X[\�X 
�WIJ[C

���	��
 �hCEB?� ����JLH?@:Z UI\j�3QEOR\[gLgL\�\�O�X �:M_K~]iUI\�JLH_O�MPORQSHDTITI\[ZÓU V WITI\�\ |h]�y[JLQS\[TIX[\�]IJLy[ZSQO<
K~QST:M_QEJL\

¦o\��DHDZSWIK~\�M_gL]IQSJLyjM�WITI\�QST�
:WI\[TIX[\jgLWIJ}Z V QST�OR\[TIgLQEORyfUIW���HDJ�OR\ |`�hQSZ�K~H3UIQO@:\fgLHDT
JRM^Y�HDT�\�O4gRM��3QEOR\[gLgL\�]³y[JLQS]��Iy[JLQS�6WI\_C8¦�V HD�3¢�\�O4UI\�Z V y O�WIUI\�T V y�O�M_T�O4]:M_goZ�M�´ HDJLKNMPORQSH_TjUIW
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�DHDJ�OR\ | >?TIHDWIguWhORQSZSQEgLHDTIg UI\[W3|��DHDZSWIK~\[goU V M_gL]IQSJRMPORQSHDTS�
0.5 L

\�O
1 L

�Ó]�HDWIJ ORHDWhOR\[g4ZS\[g
gLQSK�WIZ�MPORQEHDTIg�>3X[\��6WIQ ]�\[JLK~\�O�UI\jX[HDTIT:MP¾SORJL\�ZS\[g}X[HDTIUIQEORQSHDTIg�QSTIQEORQ�M_ZE\[g�UIWi]IJLHD�IZS�[K~\_C

¦o\[g�KNM_TIQS]IWIZ�MPORQEH_TIg�]IJRy�ZSQSK~QET:M_QEJL\[g¹]³\[JLK~\�OLOR\[T6O�U V HD�IgL\[J���\[J��6WI\fZ�M�]IJLH_´ HDTIUI\[WIJ
T V M�]:M_g�U V QST�
:WI\[TIX[\�gL\[TIgLQS�IZS\�gLWIJ�ZS\��DHDJ�OR\ |iHD�hOR\[T6W C

¸�HDQSX[Q ZS\[g}UI\[W3|iO¡Y3]�\[g�UI\j�DHDJ�OR\ |)HD�hOR\[T6WIg��
O Y3]�\ �DHDZSWIK~\�M_gL]IQSJLyS�

L
�

Rmax

�
10−2 m

�
Umax

�
10−2 m.s−1

�
T � B «hCca BDC ¤�a BDC �
T � b BDC « BDC ��a �IC «

� � . � � � l 	 s45816t n t � ; t n s �
m 5?=?t�¯

�uHDWIJ�TI\f]:M_g¹gLWI]�\[JL]�HDgL\[J�ZS\[g¹\"MÓ\�ORg�]��6Y3gLQS�6WI\[g�\�O�]�HDWIJ¹��M_JLUI\[J¹ZS\[g�]:M_JRM_K~��ORJL\[g
UIW¿]IJLHD�IZS�[K~\?>³QSZ4\[g�OjTIy[X[\[gLgRM_QSJL\�U V \"MÓ\[X�ORWI\[JjZS\[gf\ |h]³y[JLQS\[TIX[\[gjgLWIJ�WITI\�UIWIJLy[\�QSTh´ y <
JLQS\[WIJL\ H Z�M�UIWIJLy[\�UI\�UIQSgLgLQS]:MPORQSHDT�UIWi�DHDJ�OR\ |)]:MPJ}�3QSgLX[HDgLQEORy��DCB�Ti]�\[WhO�X[HDTIgLQSUIy[JL\[J��6WI\�ZS\fORHDWIJL�IQSZSZSH_T�TI\�gL\�UIQSgLgLQS]³\j]:M_g�gLQoZ V y[]:M_QSgLgL\[WIJ}UI\�Z�M
X[HDWIX �I\ UI\ UIQAMÓWIgLQSHDT ��\[g�O�QSTh´ y[JLQS\[WIJL\ M_W JRM^Y�HDT UIW �DHDJ�OR\ |ÓC � WIK~y[JLQS�6WI\[K~\[T�ON>oHDT
M��
�<�hCcb �

τ ∼ δ2

4ν
≤ R2max

4νB�TiHD�hORQS\[T�O��
τ ≤ 100 s¦4MNUIWIJLy[\�UI\[g�HD�IgL\[J��PMPORQSHDTIg�TI\¥UIHDQEOfUIHDTIX�]:M_gf\ |hX[y[UI\^J�� ���:�F�'� 	<� ]�HDWIJfJL\[g*<

]³\[X�OR\[J�Z V ��Y3]�H_O��I�[gL\�U V WIT)y[X[HDWIZS\[K~\�T6O�QST6�3QSgLX[QSUI\PC

����
���� � ��!�" + � �4����� ��! #�+ . � ���;� ����� � � � � ����+�!'��� +�. . +
d¥V M_]IJL�[g�ZS\�K~H3UI�[ZS\ÃO��Iy[HDJLQS�6WI\?>8Z�M��DHDJ�O�QEX[QEORy�]³H_OR\[T6ORQS\[ZSZS\

q = ω+f

H

\[g�O�X[HDTIgL\[J��Dy[\_C
B�T~]�\[WhO¹��\[JLQA@:\[J¹\ |h]³y[JLQSK~\[T6O�M_ZS\[K~\[T�O¹X[\�OLOR\�]IJLHD]IJLQSy�ORy�\[TNK~\[gLWIJRM_T�O�ZS\�X �:M_K~]~UI\
�DHDJ�ORQSX[QEORy�QETIQEORQ�M_Z_\�O�ZS\�X �:M_K~]�UI\���HDJ�ORQSX[Q§O�y�@:T:M_Z C8¦4M�Z�MPORQEORWIUI\�TI\¹X �:M_TI�D\^M_T�O�]:M_g�>PHDT
M�� ωi+f

Hi
=

ωf+f

Hf

CDB�Ti´<M_QEO}Z V M_]I]IJLH^|hQSKNMPORQEHDT��6WI\�Z�M¥��HDJ�ORQSX[QEORy�]�H_OR\[T�ORQS\[ZSZS\?>hX[HDTIgL\[J*<
�Dy[\�]³HDWIJ�X �:M_�6WI\�X[HDZSHDTITI\jUI\ 
:WIQSUI\?>:\[g�O�QSX[Q X[HDTIgL\[J��Dy[\¥U:M_TIg}ORHDWhO�ZS\ 
:WIQSUI\_C

{£]:M_J�ORQSJ�UIW²X �:M_K~]²UI\NJLH_O�MPORQSHDTITI\[Z > \�O H Z V M_QSUI\�UI\NZ�Mi]³HDgLQEORQSHDT UIW²X�Y3X[ZSHDTI\
gLWIJ�Z�M¥ORHD]�HD�DJRM_]��IQS\?>hHDT)X^M_ZSX[WIZS\�Z�M��DHDJ�ORQSX[QEORyj]³H_OR\[T�O�QE\[ZSZS\_C

{fW)UIy[�IWhO�UI\�Z V \ |h]�y[JLQS\[TIX[\�� ���	� �hCEB^� UI\���M_WIX �I\����
qi ' 153 m−1.s−1

C
{�Z�M$@:T)UI\�Z V \ |h]�y[JLQS\�TIX[\0� ���	� �hCEB^� UI\�UIJLHDQEOR\����

qf ' 157 m−1.s−1
C

¦4M���H_JLORQSX�QEORyj]�H_OR\[T�ORQS\[ZSZS\�\[g�O�UIHDTIX�X[HDTIgL\[J��Dy[\4�
qi ' qf

� C
� � �D#$��%��0� �
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 �hCEB^� ����|h]�y[JLQS\[TIX[\~B^�i� H ��M_WIX �I\�ZS\jUIy[�IWhON> H UIJLHDQEOR\�Z�M @:T
����� �  ��  "1" "� )+%43��

B�T`X[HDTIgLQSUI�[JL\�Z�M~X[Wh��\�U V \^M_W`\[T JLH_O�MPORQSHDT¿M^�D\[X�WIT¿´ HDTIU`X[HDTIQS�6WI\ H g�Y3K~y�ORJLQS\UI\�JLy��DHDZSWhORQSHDTF>IUI\�]³\[T6OR\
β
C

¦o\[g�]:M_JRM_K~��ORJL\[g¥UIW ]IJLHD�IZS�[K~\~gLHDT�O�ZS\�g¥gLWIQE�_M_T�ORg��
Bu
>
Ro
>
δ
\�O β L

f0

C�d�M_TIg
ZS\�X^M_UIJL\�UI\�Z V \ |h]�y[JLQS\[TIX[\�JLy^M_ZSQSgLy[\?>ÓHDT M¿�

Bu → ∞ \�O
δ → 0

C ¦o\[g�]:M_JRM_K ��ORJR\�g
M_UIQSK~\[TIgLQSHDTITIy[g�M8¢�WIg�O�M_�IZS\[g�gLHDT6O��

Ro
\�O β L

f0

C6B�T¿]�\[WhO�M_�DQSJfgLWIJ�X[\[gj]:M_JRM_K~��ORJL\[g
�DJ��_X[\ H � U \�O

f0
]�HDWIJ

Ro
>
β
\�O
f0

]�HDWIJ β L

f0

Co�uHDWIJ�K~H3UIQA@:\[JfZ�M~�3QEOR\[gLgL\
U
> HDT

M_�DQEO�gLWIJjZ�M�UIWIJLy[\�U V M_gL]IQSJRMPORQSHDTF>�\�O�]�HDWIJ�K~H3UIQA@:\[J
f0
> HDT M_�DQEO�gLWIJjZ�MN�3QEOR\[gLgL\�UI\

JLH_O�MPORQSHDT�UIW)JLy�´ y[JL\[T�ORQS\[Z C
��HDWIJ~X[HDK~]IJL\[TIUIJL\)X[HDK~K~\[T�O~HDT,gLQSK�WIZS\

β
U:M_TIgNZ V \ |h]³y[JLQS\[TIX[\?>¹HDT,]�\[WhONJL\ <

]IJL\[TIUIJL\�Z V y[�6W:MPORQSHDT�UI\�X[HDTIgL\[J��_MPORQSHDTiUI\�Z�M��DHDJ�ORQSX[QEORy�]�H_OR\[T�ORQS\[ZSZS\ ���
�<�hC � � d

qd
t
= 0

M?�D\[X
q =

ω + f0

H + β r

{fQSTIgLQ >:HDT)gLQSK�WIZS\jWIT®�DJRM_UIQS\�T6O�UI\��DHDJ�ORQSX[QEORyj]�H_OR\[T�ORQS\[ZSZS\ β

H

]:M_J�WITI\��_M_JLQ�MPORQSHDT
UI\ �:M_WhOR\[WIJ

H
QSTIUIWIQEOR\j]:M_J}Z�M¥ORHD]�HD�DJRM_]��IQS\_C

B�T²X[HDTIgLQSUI�[JL\~�6WI\
H

\[g�O¥Z�M �:M_WhOR\[WIJ�U V \^M_W M_W X[\[T6ORJL\~UIW²X�Y3X[ZSHDTI\_C4 ¡Z��3QE\[T6O
M_Wi]IJL\[K~QS\[J}HDJLUIJL\�\[T r

H

�

�<�hC � �
q ' ω + f0 − f0β r

H

H

¦o\��DJRM_UIQS\[T�O�UI\j�DHDJ�ORQSX[QEORyj]�H_OR\[T�ORQS\[ZSZS\�\[g�O�UIHDTIX�UIHDTITIy�]:M_J β f0

H2

C
��\�OLOR\¥M_]I]IJLH^|hQSKNMPORQSH_T�T V \[g�O��PM_Z�M_�IZS\��6WI\~�
�-]�HDWIJ L

H

´<M_QS�IZS\¥�IU:M_TIg�ZS\[g�\ |h]�y[JLQS\[TIX[\[g�>³Z V HDJLUIJL\�UI\��DJRM_TIUI\�WIJ�UI\jX[\jJ�MP]I]�HDJ�O
\[g�Of«hCEB�UIHDTIX�Z V �6Y3]³H_O��I�[gL\�\[g�O�¢�WIg�ORQA@:y[\_C

� - A
�8�
Bu→∞ ���

δ → 0
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�-gLQ�Z�M²UIQSg�O�M_TIX[\`UIW X[\[T�ORJL\ UI\`Z�M²ORHD]�HD�DJRM_]��IQE\`M_W X[\[T�ORJL\ UIW X�Y3X[ZSHDTI\`\[g�O
´<M_QS�IZE\_C6 ¡K~]IZSQEX[QEOR\[K \[T6ON>�U:M_TIg�Z V y[X[JLQEORWIJL\�UI\�Z�Mj��HDJ�ORQSX[Q§O�y�]�H_OR\[T�ORQS\[ZSZS\�\[g�O�´<M_QEOR\
Z V ��Y3]�H_O��I�[gL\��6WI\¹Z�M}�Dy[HDK~y�ORJLQS\�\[g�Ou]IZ�M_TI\_C 
 TI\�OR\[ZSZS\ ��Y3]�H_O��I�[gL\�T V \[g�Ou�Dy[JLQA@:y[\
gLWIJ�Z�M�ORHD]�HD�DJRM_]��IQE\}�6WI\�gLQ³ZS\}JRM?YDHDT~UIW~X�Y3X[ZSHDTI\�\[g�O�´<M_QS�IZS\�]:M_J�JRM_]I]�HDJ�O H gRMUIQSg�O�M_TIX[\�M_W)X[\[T�ORJL\_C³{f]IJL�[g�>:UI\[g�\"MÓ\�ORg�M_WhORJL\[g��6WI\�Z V \"MÓ\�O

β
QST6OR\[J��3QS\[TITI\[T�O^C

¦o\�UIQSgL]�H_gRQ§O�Q§´4´ HDWIJLTIQEO�ZE\[g�]:M_JRM_K~��ORJL\[g}gLWIQE�_M_T�ORg��
�<�hCca �

H0 = 1.5 10
−2 m

�<�hC k �
Ω0 = 4 tr.min

−1

�<�hC � �
β =

α f0

H0

= 0.84 m−1.s−1
�
α
JL\[]IJLy[gL\[T�OR\�Z�M�]³\[T6OR\�UI\�Z�M�ORHD]³HD�DJRM_]��IQS\��

¦�V \ |h]�y[JLQS\[TIX[\�]�\[JLK~\ O�UI\�K~\[gLWIJL\[J��
�<�hC ¤ �

U = 3 10−2 m.s−1

�<�hC z �
L = 1.5 10−2 m

¦o\[g®HDJLUIJL\[g®UI\²�DJRM_TIUI\[WIJ®UI\[g¿UIQAMÓy�JR\�T6ORg®]:M_JRM_K~��ORJL\[g®M_UIQSK~\[TIgLQSHDTITI\[ZSgigLHDT�O
UIHDTIX �
�<�hCEB?« �

Ro ∼ 2.4
�<�hCEBDB �

Bu ∼ 104

�<�hCEB8b �
δ ∼ 2.5 10−4

�<�hCEB?� � β L

f0
∼ 1.5 10−2

����� � � 8 �9�7 "3 #+,23 ��� 3 ,	1"3 8+1���#
β

��������
 � +�" �A��� �&��� ��!
¦4MiORHD]�HD�DJRM_]��IQS\ WhORQSZSQEgLy[\ \[g�O�ZS\~X � TI\NUI\~�DJRM_TIU²JRM?YDHDT C4 ¡Z¹gL\[J�O H gLQSK�WIZS\[JjWITX �:M_TI�D\[K~\[T�OjUI\�ZSMPORQEORWIUI\?>³�3QSgLQS�IZS\�]:M_J�ZS\¥UIy[]IZ�M_X[\[K~\[T�OjJRM_UIQ�M_ZuUI\�Z�M ��HDJ�ORQSX[QEORy?>³\�O

ZS\jUIy[]IZ�M_X[\[K~\�T6O�ZSHDTI�DQEORWIUIQST:M_Z >6�3QSgLQS�IZS\j]:M_J}ZS\jUIy[]IZ�M_X[\[K~\[T�O�UIWi�DHDJ�OR\ |igL\[ZSHDT
eθ
C

B�T$\"MÓ\�X�ORWI\®ORJLHDQSg~\ |h]�y[JLQS\[TIX[\[g�M?�D\[X®UI\[gN�DHDZSWIK~\[g~U V \^M_W-M_gL]IQSJLy[gNUIQAMÓy[JL\[T�ORg
�
200 mL

>
700 mL

\�O
1000 mL

�}M=@:T)UI\j´<M_QSJL\��_M_JLQS\[J}Z V QST�OR\[TIgLQEORyjUI\�Z�M��DHDJ�ORQSX[QEORy_C
B�T�JL\[ZS���D\�ZS\[g�X[H3HDJLUIHDTITIy[\[g}UIW�X�Y3X[ZSHDTI\�\�O}HDT�ORJLHDWh��\�gRM¥ORJRM8¢�\[X�ORHDQSJL\f]:M_J�JRM_]I]�HDJ�O
M_WiX[\[T�ORJL\�UI\�Z�M¥ORHD]�HD�DJRM_]��IQS\j\�O�gL\[g��_M_JLQ�MPORQSH_TIg}UI\�Z�MPORQEOLWIUI\j\�O�UI\jZSHDTI�DQEORWIUI\_C
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�³�

���	��
 �hCEB8a�����|h]³y[JLQS\[TIX[\¥M?�D\[X�ZE\j]IZ�M_T
β
�
200 mL

U V \^M_W®M_gL]IQSJLy[g

���	��
 �hCEB?k ����|h]³y[JLQS\[TIX[\¥M?�D\[X�ZE\j]IZ�M_T
β
�
700 mL

U V \^M_W®M_gL]IQSJLy[g

���	��
 �hCEB � ����|h]�y[JLQS\[TIX[\¥M^��\[X�ZS\j]IZ�M_T
β
�
1000 mL

U V \^M_W®M_gL]IQSJLy[g

������� 
 � ���
	8+ � ����� ��+
B�T ]�\[WhO¿UIQSg�ORQSTI�DWI\[JiUI\[W3| ]��:M_gL\[g¿UI\ ORJRMP¢�\�X�ORHDQSJL\[g®U:M_TIg)ORHDWhOR\[g®ZS\[g)\ |h]�y <

JLQS\[TIX[\[g[C8¦4M�]IJL\[K~QS�[JL\Ã]��:M_gL\�\[g�O4WITI\�UIy[JLQE��\�UIW�X�Y3X[ZSHDTI\�M_W � HDJLUE< ��g�O^C?¦4M�UI\[W3|hQS�[K~\
]��:M_gL\�\[g�OfWITI\�g�O�M_�IQSZSQEgRMPORQSHDT H WITI\�X[\[J�O�M_QSTI\jZ�MPORQEORWIUI\ � ���	��
 �hCEB?¤ � C{fW`UIy[�IWhON> ZS\¥X�Y3X[ZSHDTI\�\[g�Oj´ HDJLK~y¥U V WITI\¥��HDJ�ORQSX[QEORy�]IJLQSTIX[QS]:M_ZS\�\�OjU V WIT`UIQS] � ZS\?>
ZS\�UIQS] � ZS\N´<M_QSgRM_T�O y��DHDZSWI\[J�ZSQSTIy^M_QSJL\[K \[T6O�ZS\�X�Y3X[ZSHDTI\?>�Z�M®�DHDJ�ORQSX[QEORy�QSK~]�HDgRM_T�O�WITI\
JLH_O�MPORQSHDTpM_WpUIQS] � ZS\_Cu{ Z�M @:TF>ÃZS\NUIQS] � ZS\NgLWI]³\[JL]�HDgLy H Z�M)��HDJ�ORQSX[QEORyN]IJLQSTIX[QS]:M_ZS\NMUIQSgL]:M_JLWi\�O�ZS\jX�Y3X[ZSHDTI\�T V \[g�O�´ HDJLK~y��6WI\�]:M_J}Z�M¥��HDJ�ORQSX[QEORy � ���	��
 �hCEB?z � C

df�[g�ZSHDJLg}UI\[W3|)]IJLHD�IZS�[K \[g�gL\�]�HDgL\[T�O^C
BDCf»hM_TIg�UIQS] � ZS\?>hZS\jX�Y3X[ZSHDTI\�M^�_M_TIX[\ <ÊO <¡QSZ��
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���	��
 �hCEB?¤ ��¦o\[g�UI\[W3|)]��:M_gL\[g�UI\�Z�M¥ORJRMP¢�\[X�ORHDQSJL\

���	��
 �hCEB?z �N{���M_WIX �I\ �:UIy[�IWhO�UI\�Z V \ |h]�y[JLQS\[TIX[\_C:{�UIJLHDQEOR\��R@:T)UI\�Z V \ |h]�y[JLQS\[TIX[\

{'Z�M��3WI\�UI\[g�X �:M_K~]Ig}UI\���HDJ�ORQSX[QEORy?>hHDTiJL\[K~M_JL�6WI\�Z�M¥]IJRy�gR\�TIX[\¥U V WITiUIQS] � ZS\
H Z<V \[K~]IZ�M_X[\[K~\[T6O�UIW)X[\[T�ORJL\�UI\�Z�M¥ORHD]�HD�DJRM_]��IQS\_C:��\�UIQS] � ZS\�\[g�O�gRM_TIg�UIHDWhOR\
H Z V HDJLQS�DQETI\�UIW UIy[]IZ�M_X[\[K~\[T�OI@:T:M_ZIUIW X�Y3X[ZSHDTI\_C6��T \"MÓ\�ON>DgLHDT HDJLQS\[T�O M8O�QEHDT�ZSWIQ]³\[JLK~\�O�U V QSTIUIWIQSJL\jWITI\j�3QEOR\[gLgL\��6WIQoX[HDJLJL\[gL]³HDTIU¿M_WiUIy[]IZ�M_X[\�K~\[T6O�HD�IgL\[J��Dy �8C

b3C��uHDWIJL�6WIHDQoHD�IgL\[J��D\ <ÊO <¡HDT)UI\[W3|)]��:M_gL\[g �
d¥V M_]IJL�[g)ZS\`K~H3UI��ZS\¿O��Iy[HDJLQS�6WI\?>}ZS\[giy[�6W:MPORQSHDTIg ��� ��$:$��P� � �I���,	�� gLHDT�O®UIQAMÓyP<
JL\[T�OR\[g�gL\[ZSH_T Z V \[K~]IZ�M_X[\[K~\[T�OjUI\ Z�MN��HDJ�ORQSX[QEORy_C ¦oHDQST UIW X[\[T6ORJL\ UI\ Z�M�ORHD]³H=<
�DJRM_]��IQS\?>IHDT)]�\[WhO�M_]I]IJLH^|hQSK~\[J}ZS\�X � TI\�]:M_J�WIT � �3JRM_Q � ]IZ�M_T

β
>:X_V \[g�O < H <¡UIQSJL\gRM_TIg�X[HDWIJL�IWIJL\_C�w®M_QSgjUI�[g��6WI\~ZS\�X�Y3X[ZSHDTI\~K HDT6OR\�\[T UIQSJL\[X�ORQSHDT UIW X[\[T�ORJL\?>

Z�M X[HDWIJL�IWIJL\`UIW-X � TI\¿gL\¿´<M_QEONgL\[T�ORQSJ�\�O�\[T�ORJRMP¾�TI\¿Z�M UI\[W3|hQS�[K~\¿]��:M_gL\`UI\
Z V y��DHDZSWhORQSHDT�UI\�Z�M��DHDJ�ORQSX[QEORy_C

� 	�� # -.� 5 	��D%��
���0#$�!�E��& -��!-
� ���0��#$���E%��DA.-.� ��%��0�E�����1���D",�,���.��" �8�1�
������/0��� #$�0�9�+-.� �0#$�0�9�
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����� � � 8/�9�7 "3 #+,23 ��� 3 , )+#43��N1"3
�����&��
 � +�" �A��� �&��� ��!

¦4M¿ORHD]�HD�DJRM_]��IQS\�WhORQSZSQEgRy�\�\[g�O~ZS\�X � TI\iUI\�]�\�ORQEO JRM^Y�H_T C� ¡Z}gL\[J�O H gLQSK�WIZS\[J�WITHD�Ig�O�M_X[ZS\iJL\[TIX[HDT�ORJLy)]:M_J ZS\��DHDJ�OR\ |�ZSHDJLg�UI\)gLHDT�y��DHDZSWhORQSHDT C�¦�V M_gL]IQSJRMPORQSHDTpgR\�´<M_QEO
]IJL�[g�U V WITI\fUI\[g¹�DJRM_TIUI\[g�]:M_JLHDQSg¹M=@:TNU V QSTIUIWIQSJL\�WITNK~HDWh��\[K~\[T�O�UI\�ORJRM_TIgLZ�MPORQSHDT~M_W
X�Y3X[ZSHDTI\ �6WIQ�gLQSK�WIZS\�Z�M�UIy[JLQE��\ UI\ X[\~UI\[JLTIQS\[J�UIWI\ H Z V \"MÓ\�O β U V WITI\~]:M_J�O�\�O¥M_W3|
�D\[T6ORg�U V M_WhORJL\�]:M_J�O^C

�����&� 
 � ��) ��+ ��+�!'� #�+6� ����!�" . ����� ��! #�) �A% � . ��!�+
B�T)JLy^M_ZSQSgL\�WITI\�\ |h]³y[JLQS\[TIX[\�]IJLy[ZSQSK~QET:M_QEJL\�gRM_TIg�ORHD]³HD�DJRM_]��IQS\_C

���	��
 �hCcb_« ���Ã�DHDZSWhORQSHDT�UIW)X�Y3X[ZSHDTI\
¦4M)ORJRM8¢�\[X�ORHDQSJL\~UI\�Z�M���HDJ�ORQSX[QEORy ]:M_JRM_ZSZS�[ZS\~M_W X � ORyNUI\NZ�M)X[Wh�D\�\[g�O�\ |h]IZSQSX^M_�IZS\

]:M_J�Z�M�X[HDTIUIQEORQSHDTiUI\j�3QEOR\[gLgL\�TIHDJLKNM_ZS\jT6WIZSZS\j\[T®y[X[HDWIZS\[K~\[T�O�]:M_J�´<M_QEO}gLWIJ�Z�M�]:M_JLHDQ >
X[\��6WIQ�gL\NORJRM_UIWIQEO¥]:M_J¥Z�Mi´ HDJLKNMPORQEHDT U V WIT ��H_JLOR\ | X[H_T6ORJRM_JLH_O�MPORQSHDTITI\[Z�UI\�Z V MPWhO�JL\
X � ORy¥UI\�Z�M~]:M_JLHDQ C�¦ \�g�Y3g�OR�[K~\�\[g�O�M_ZSHDJLg�WIT¿UIQS] � ZS\�H �¿X �:M_�6WI\¥ORHDWIJL�IQSZSZEHDT)UIHDTITI\
WITI\j�3QEOR\[gLgL\ H Z V M_WhORJL\?>IX[\[ZSZS\ <¡X[Q y�O�M_T�O�]:M_JRM_ZSZE�[ZS\ H Z�M�]:M_JLHDQ C
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�uHDWIJ�X[\N�6WIQ�\[g�O�UI\�Z�MiORJRM8¢�\[X�ORHDQSJL\ ��\[J�ORQSX^M_ZS\?>4TIHDWIg�T V \ |h]IZSQS�6WIHDTIg�]:M_g¥]IJLy[X[QO<
gLy[K~\[T�O�]�HDWIJL�6WIHDQ�ZS\�X�Y3X[ZSHDTI\~g[V y[X^M_J�OR\~UI\ Z�M�]:M_JLHDQ Co��T �3QSgLQSHDTIT:M_T�O�Z�M��3QSUI\[H >oHDT
HD�IgL\[J��D\�Z�Mf´ HDJLKNMPORQEHDT�U V WIT ORHDWIJL�IQSZSZEHDT�\[T�ORJL\�ZS\�X�Y3X[ZSHDTI\�\�O�Z�Mj]:MPJRH_Q	��� ���	��
 �hCcb3B � C
��\[ZSWIQO<¡X[Q�y�O�M_T6O�]�\�ORQEO�� gRM��3QEOR\[gLgL\NM_W ��HDJLU y�O�M_T6O�Z�M�K :[K~\��6WI\~X[\[ZSZS\�UIW X�Y3X[ZSHDTI\
H ZS\[WIJjX[HDT�O�M_X�ON> \�O�gRM��3QEOR\[gLgR\~M_W ��HDJLU y�O�M_T�O�T6WIZSZS\�M_W X[H_T6O�M_X�O�UI\ Z�M�]:M_JLHDQ � >ÓgRM
�3QEOR\[gLgL\jUI\jUIy[]IZ�M_X[\[K \[T6O}\[g�O�]IZSWIg��DJRM_TIUI\��6WI\jX[\[ZSZS\�UIW�X�Y3X[ZSHDTI\?>I\�O}QSZÓZS\fUI\��_M_TIX[\_C
¦�V M8|h\�UIW)X[HDT6O�M_X�O�g[V QSTIX[ZSQSTI\�M_ZSHDJLg�\�O�ZS\�UIQS] � ZS\�´ HDJLK~yj]:M_J�ZS\jX�Y3X[ZSHDTI\�\�OfZ�M�]�\�ORQEOR\
�DHDJ�ORQSX[QEORyjM WITI\j�3QEOR\[gLgL\��6WIQog[V QSTIX[ZSQSTI\f�D\[JLg�ZS\j�:M_g[C

���	��
 �hCcb3B �N{f]I]:M_JLQEORQSHDT�UI\�Z�M�]³\�ORQEOR\j�DHDJ�ORQSX[QEORy�\�O�´ HDJLKNMPORQSH_T�U V WIT)UIQS] � ZS\

�����&��� � � �
	8+ � ����� ��+

���	��
 �hCcbDb���¦�V ¾�ZS\�\[g�OfX[\[T�ORJLy[\�\[T��<« � « �

� %�-.�!� ��-$���
	!�+"��
� � #$� ��� ����/0/0�
�!-.� ���
�!%�� ��� �
� %'& -
%�"�/0���0�!���
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���	��
 �hCcb_� �N½uJRMP¢�\[X�ORHDQSJL\jUIW)X�Y3X[ZSHDTI\�M_WhORHDWIJ}U V WITI\�¾�ZS\

B�T²JL\[KNM_JL�6WI\~�6WI\NZS\~X�Y3X[ZEHDTI\NgLWIQEO¥ZS\�g�X[HDT6ORHDWIJLg�UI\~Z V ¾�ZS\ � ���	� �hCcbDbi\�O ���	��

�hCcb_� � Cu��\[X[Q¹gL\[K��IZS\S:�ORJL\~U � H Z�M�´ HDJLKNMPORQEHDT U V WIT ��HDJ�OR\ | X[HDT�ORJRM_JLH_O�MPORQSHDTITI\[Z�M_W
UI\[gLgLWIg�UI\jZ V ¾�ZE\?>3QSK~K~H_�IQSZE\f\�O�´ HDJLKNM_T6O}M^�D\[X�ZS\�X�Y3X[ZSHDTI\jWITiUIQS] � ZS\�UIH_T6O}Z�M¥�3QEOR\[gLgL\
\[g�OÃHDJ�O��IHDJRM_UIQ�M_ZE\_C8¦ \¹�DHDJ�OR\ |¥gLWIJuZ V ¾�ZS\�y�O�M_T�O�QSK~K~HD�IQEZE\?>?\�O�ZS\[guUI\[W3|��DHDJ�OR\ |�´ HDJLKNM_T�O
WIT¥UIQS] � ZS\�QSTIUIWIQSgRM_T6O4X �:M_X[WIT�WITI\��3QEOR\[gLgL\ H Z V M_WhORJL\?>?Z V \[TIgL\[K��IZS\�gL\¹K~\�Ou\[T¥JLH_O�MPORQSH_TM_WhORHDWIJ}UI\�Z V ¾�ZS\ �SC

���	��
 �hCcbP� � ��H_O�MPORQSHDT)UIW`UIQS] � ZS\¥M_WhORHDWIJfUI\¥Z V ¾�ZS\�� ZS\���HDJ�OR\ |¿y�ORWIUIQSy¥\[g�O�X[\[ZSWIQ�UIW
�:M_gP�

� �0� -
�0���
�+% - A
�8�
� �8� �1� # 	���-4��� �
�!� � ��? �
��# -4��� 5 	��8�E��/8-.� ���1/0�8�E�!-.��� M 3 	 M��
	��!� �DM �
M�� � � � ��-.# �0�
�!M 3�� M 	)"��0� ���
	�M 3�� M 	)"��0�
� ���
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{f]IJL�[g M_T:M_ZEY3gL\�UIW X �:M_K~]pUI\��3QEOR\[gLgL\?>ÃHDTp�DHDQEO��6WI\�ZS\[g¥�3QEOR\[gLgL\[g gLHDT�O gLWI]�y <
JLQS\[WIJL\[g}gLWIJ�Z V ¾�ZE\��6W V \[T®UI\ �IHDJLg�UIW)JL\[ZSQS\�´¹�:ZS\�X�Y3X[ZSHDTI\�T V \[g�O�]:M_g�g�Y3K~y�ORJLQS�6WI\_C

��\�OLOR\�M_WI�DK~\[T�O�MPORQSHDTNUI\��3QEOR\[gLgL\j\[g�O�\ |h]IZEQSX^M_�IZS\f]:M_J�WITI\�M_UIUIQEORQSHDTNUI\f�3QEOR\[gLgL\_C
��T¿\"MÓ\�ON>�ZS\[gfUI\[W3|®ORHDWIJL�IQSZSZEHDTIg�>³\[TI�D\[TIUIJRM_T�OjZS\�UIQS] � ZS\�ORHDWIJLT:M_T�OjM_WhORHDWIJ�UI\�Z V ¾�ZE\?>
gL\¥JL\[TIX[HDT�ORJL\[T�O�\�O�ZS\[WIJLg��3QEOR\[gLgL\[g�O�M_TI�D\[T6ORQS\[ZSZE\[g�g[V MP¢�HDWhOR\[T�Of´ HDJLKNMPT6O�WITI\ � HDTI\¥UI\�3QEOR\[gLgL\[g�gLWI]³y[JLQS\[WIJL\[g[C
� t3±²7I5Pr s4t A � �0� �
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B�T X[HDTIgLQSUI�[JL\iWITI\�K~QSTIX[\�X[HDWIX �I\iUI\ 
:WIQSUI\�UI\�]IJLH_´ HDTIUI\[WIJ
H
>ÃQSTIX[HDK~]IJL\[g*<

gLQS�IZS\4�
ρ = cte

� >�\�OjTIHDT¿UIQSgLgLQS]:MPORQE´ C�¦o\ 
:WIQSUI\�\[g�Oj\[T`JLH_O�MPORQSHDT C�¦o\¥]:M_JRM_K~��ORJL\¥UI\
��HDJLQSHDZSQEg

f
�_M_JLQS\�ZSQSTIy^M_QEJL\[K~\[T�O¹M^�D\[X

y
gL\[ZSHDTNZ�MjZSHDQ �

f = f0+β y
�<M_]I]IJLH^|hQSKNMPORQSH_T

UIW®]IZ�MPT
β
M^�D\[X

β = 2 Ω0

RT
cos(θ)

� C�¦�V y[X �I\[ZSZS\ �IHDJLQ � HDT�O�M_ZS\jUI\[g�K~HDWh�D\[K~\[T�ORgfM_W3| <�6WI\[ZSg�HDT®g[V QST�ORy[JL\[gLgL\¥\[g�Of�DJRM_TIUI\�UI\��_M_T�OfZ V y[X �I\[ZSZE\j�D\[J�ORQSX^M_ZS\_C;B�T®gLWI]I]�HDgL\[JRM~UIHDTIX
�6WI\�ZS\ 
:WIQSUI\¥\[g�O�ORHDWP¢�HDWIJLgf\[T`y[�6WIQSZSQS�IJL\ ��Y3UIJLHDg�O M8O�QE�6WI\+�

P = −ρ g z � >�\�Oj�6WI\�ZS\K~HDWh�D\[K~\[T�O�\[g�ONb_d <¡�:M_JLH_ORJLHD]³\ �
u
\�O
v
TI\�UIy[]�\[TIUI\[T�O~]:M_g�UI\

z
� CÃ¦4M®]IJL\[gLgLQSHDT

MPORK~HDgL]��Iy[JLQS�6WI\�M_WE<¡UI\[gLgLWIg�UIW 
:WIQSUI\�\[g�O�TIy[�DZSQS�D\^M_�IZS\ K �=L C
»3HDWIgfX[\[g ��Y3]�H_O��I�[gL\[g�>ÓZ�M��DHDJ�ORQSX[QEORy�]�HPO�\�T6ORQS\[ZSZS\

q =
ω + f

H

gL\�X[HDTIgL\[J���\4�>��HDQSJ
b3Ccb3C � � C

�&��
�� 
 � �*#�0�. + + � �;���&� ������������� ��!�"
¦o\�K~H3UI�[ZS\NWhORQSZSQEgLy~]:M_J�Z�M)gLQSK�WIZ�M8ORQEHDT²gLWI]I]�HDgL\��6WI\�Z V HDT²ORJRM?�PM_QSZSZE\~\[T � \^M_W3|

]�\[W�]IJLH_´ HDTIUI\[g � CD¦o\�X^M_gÃUI\[gÃX�Y3X[ZSHDTI\[gÃ]�\[WhO�:�ORJL\�K~H3UIy[ZEQSgLy¹]:M_J�ZS\�K~H6UI�[ZS\ ��� ��$:$��P� �
�I���,	�� X^M_J�ZS\�JRM^Y�HDT O¡Y3]IQS�6WI\�UIW X�Y3X[ZSHDTI\�\[g�O UI\

250 km
� \�O gLHDTpUIy[]IZ�M_X[\[K~\[T�O

\[g�O¥UI\~]IZSWIgLQS\[WIJLg�K~QSZEZEQE\[JLg�UI\ST6QSZSHDK ��ORJL\[gP�jM_ZSHDJLgj�6WI\NgRM �:M_WhOR\[WIJ�O¡Y3]IQS�6WI\~\[g�O¥UI\
10 km

CD ¡ZhY M�UIHDTIX�WIT JRM_]I]�HDJ�O�bDaf\[T�ORJL\�Z�M�Z�M_JL�D\[WIJÃ\�O�Z�M �:M_WhOR\[WIJ[C�{�QSTIgLQIHDT ]�\[WhO
gLWI]I]�HDgL\[J��6WI\�Z V HDTi\[g�O�\[T)]IJLy[gL\[TIX[\¥U V WITI\�X[HDWIX �I\�K~QSTIX[\jUI\ 
:WIQSUI\_C

����M_ZS\[K~\[T�O�>ÃQSZ�´<M_WhO~�6WI\)Z�M ]IJL\[gLgLQSHDT$M_WE<¡UI\[gLgLWIgNUIW 
:WIQSUI\igLHDQEO~TIy[�DZSQS�D\^M_�IZE\_C
B�J�>6\�T�WhORQSZSQEgRM_T�O�WITNK~H3UI�[ZS\ H �DJRM_UIQS\[T�O�O��I\[JLK~QS�6WI\�UI\fZ V MPORK~H_gL]��I�[JL\?>6HDT ORJLHDWh��\��
P (z = 104) ' 250 hPa

C� ¡Z}Y M UIHDTIX)WIT�JRM_]I]�HDJ�O�a`�6WIQ�]�\[JLK~\�O~UI\�¢�WIg�ORQA@:\[J
]:M_J�ORQS\[ZSZE\[K~\[T�O�Z V M_]I]IJLH^|hQSKNMPOLQSH_T Ch�fV \[g�O�M_WIgLgLQÓ]:M_J�gLQSK~]IZEQA@:X^MPORQEHDT~�6W V HDT�TIy��DZSQS�D\�Z�M
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]IJL\[gLgLQSHDT®M_WE<¡UI\[gLgLWIg�UIW)X�Y3X[ZSHDTI\PC
�uHDWIJjWhORQSZSQSgL\[J�X�\ K~H3UI�[ZS\?>ÓQSZu´<M_WhO�M_WIgLgRQÃ�6WI\ ZS\ 
:WIQSUI\�gRH_QEO�QSTIX[HDK~]IJL\[gLgLQS�IZS\¥\�O

TIHDTi�3QSgL�6WI\[W3|ÓCo��\�OLOR\¥M_]I]IJLH?|hQSKNMPORQEHDTi\[g�OfX[HDJLJL\[X�OR\�X^M_J
Re ∼ 1012 \�O M ∼ 10−1]³HDWIJ�WIT)X�Y3X[ZSHDTI\_C

��TR@:TF>uHDT gLWI]I]�HDgL\NZ V MPORK~HDgL]��I�[JL\ \[T²y[�6WIQSZSQS�IJL\��6Y3UIJLHDg�O�MPORQS�6WI\_C���\�OLOR\ �6Y3]³H=<
O��I�[gL\�\[g�O�X[Z�M_QSJL\[K~\[T�O�´<M_WIgLgL\�U:M_TIg�ZS\�X^M_UIJL\�U V WIT)X�Y3X[ZSHDTI\jORJLHD]IQSX^MPZ X^M_J}QSZ�YiM�WITI\
�3QEOR\[gLgL\��D\[J�ORQSX^M_ZS\_C3��\[]�\[TIU:M_T�ON>3HDT~TI\�g[V QST6OR\[JL\[gLgL\f]:M_g¹M_W3|~K~y[X^M_TIQSgLK~\[g��6WIQ³\[T�ORJL\ <
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]��Iy[TIHDK~�[TI\ ��� ��$:$��P� � �I���,	�� K � L ��gLHDT�O��
BDC
λ =
4H
H0

=
4P
P0

� \[T)WhORQSZSQSgRM_T�O}Z�M�]IJL\[gLgLQSHDT ��Y3UIJLHDg�O�MPORQS�6WI\
P = −ρ g H �

b3C�ZS\�TIHDK��IJL\jUI\ � WIJL�D\[J
Bu�hC�ZS\�]:M_JRM_K~��ORJL\

εβ�IC�Z�M��DJRM^�3QEORy
ga3C�ZS\�]:M_JRM_K~��ORJL\jUI\��¹HDJLQSHDZSQSg

f0khC�Z�M �:M_WhOR\[WIJ�QSTIQEORQSM_ZE\�UI\ 
:WIQSUI\
H0

� C�ZS\�O�\�K~]Ig�UI\�UIWIJLy[\�UI\�Z�M~gLQSK�WIZ�MPORQEHDT
Tfinal

� \[T�ORJLy�gLHDWIgf´ HDJLK~\¥UI\ Tfinal

TCoriolisM^�D\[X
TCoriolis =

2π
f0

� C?B�T¥M�X �IHDQSgLQ Tfinal

TCoriolis
= 10

]�HDWIJoORHDWhOR\[guZS\[g4gLQSK�WIZ�MPORQEHDTIg
�6WIQEOLOR\ H TI\�]:M_g�]IJL\[TIUIJL\�\[T)X[HDK~]hOR\jZ�M @:TiUI\[g�gLQSK�WIZ�MPORQEHDTIg[C ¡TIQEORQ�M_ZE\[K~\[T�ON>6HDT�gLWI]I]�HDgL\j�6WI\jZ�M �:M_WhOR\[WIJ}UI\�Z�M�X[HDWIX �I\j\[g�O

H0

]:M_J�ORHDWhO�gRM_Wh´
gLWIJ�Z�M � HDTI\�UIW)X�Y3X[ZSHDTI\�H�� H(r) = H0 + η(r)

H��iTIHDWIg�M?�DHDTIg�X �IHDQSgLQ��
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B�TNWhORQSZSQSgL\�X[HDK~K~\}�3QEOR\[gLgL\fQSTIQEORQSM_ZE\�Z�M��3QEOR\[gLgL\�gLHDZSWhORQSHDT UI\fZ V y[�6W:MPORQSHDT~�6WIQ�]IJLH=<
�3QS\[T�O�UI\�Z V y[�6WIQSZSQE�IJL\��Dy[HDg�ORJLHD]��IQS�6WI\ �

� �ICcb � u2θ
r
+ f0 uθ = g

∂H

∂r

\�O
ur = 0

B�T®M�WhORQSZSQSgLy�ZS\[g}UIHDTITIy[\[g�gLWIQE�_M_T�OR\[g��
�3QEOR\[gLgL\�UI\�JLH_O�MPORQSHDT�UI\�Z�M�½u\[JLJL\

Ω 7.3 10−5 s−1�DJRM^�3QEORy�OR\[JLJL\[g�ORJL\ �
3.5 m.s−2

�:M_WhOR\[WIJ�UIW)X�Y3X[ZSHDTI\
H0 104 mUIQ�M_K~��ORJL\�UIW)X�Y3X[ZSHDTI\
L 2.5 105 m�3QEOR\[gLgL\�K~H?YD\[TITI\�UI\�Z V y[X[HDWIZS\[K~\[T6O

U 20 m.s−1JRM^Y�HDTiUI\�Z�M�½u\[JLJL\
RT 6.4 106 m

{�]:M_J�ORQSJ�UI\�X[\[g�UIHDTITIy[\[g�>³HDT)\[T)UIy�UIWIQEO��
� �IC � �

f0 = 2Ω sin(θ)

� �IC � �
Bu =

(Rd

L

)2 M^��\[X �
Rd =

√
g H0

f0
∼ 4 106 m

� �ICca �
Ro =

U

f0 L

� �IC k �
εβ = β

Rd

f0

¦o\[g�gLQSK�WIZ�MPORQEH_TIg}HDT�O�y�ORy�\ MÓ\[X�ORWIy[\[g�M^��\[X�ZS\[g}�PM_ZS\[WIJLg)gLWIQE�_M_T�OR\[g��

λ
�
= 7.39 10−2
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À~ÁÃÂ�Ä_Å�Æ�Ç�ÈÃÉÊÅ Ë�Æ�É¡Ì:É¡Í�Î�ÅºÏ�Â�ÐhÐhÅ È�Æ�É¡Ì ÑÓÒ²ÔÖÕ:×�Ø Ò�Ò³Ñ



��� � � ;<± su9 7h=8; m 2�2 su±²165P;<r s4t

Z�MPORQEORWIUI\
θ
� G � f0 (.10

−5 s−1)
� WIJL�D\[J

Bu
��M_JRM_K~��ORJL\

εβ
��HDgLgL��Y

Ro¤ b3C «D� B?�DkD« B^«hCcb �hC z_�
B?« b3CcaP� ¤ � B k3CcaP� �hCEB?k
B8b �hC «_� kD«D¤ �hCca_� b3C k_�
B^� �hCca_� �D��z �3C ��b b3Ccb_k
B?k �IC «�b �_��k b6Cca_� BDC zDz
B?¤ �ICca3B b � a B_C zDz BDC � �
b_« �IC zDz bDbDa B_C khB BDC kD«
bDb a3C � � B?¤ � B_C ��b BDC ��k
bP� a3C z_� B8a_z B_CEBDB BDC ��a
b_k khC ��« B?� � «hC zD�Dk BDCcbDa
b_¤ khC ¤�a BDB?z «hC ¤D«�b BDCEB �
�D« � C �D« B?«�a «hC kDz_� BDCEB?«
��b � C � � zD�hC k «hC kD«�a BDC «D�
�_� ¤hCEB?k ¤_�IC « «hCca_�hB «hC zD¤D«
�Dk ¤hCca_¤ � khC « «hC ��kDz «hC zD��b
�D¤ ¤hC zDz kDzhC � «hC �IB?k «hC ¤DzD«
��« zhC �D¤ kD�hC k «hC � � B «hC ¤�aDb
�6b zhC � � a_¤hC � «hC ��bDb «hC ¤hB?z
�D� B?«hCEB aP�IC � «hCcb_zD¤ «hC � ¤Dz
��k B?«hCca a_«hC ¤ «hCcb_kDz «hC � k�b
��¤ B?«hC ¤ � � C k «hCcbP��� «hC � � �
a_« BDBDCcb �D�IC ¤ «hCcb3B?z «hC � B8a

� � l � . � l � 13@^su9>=?7h=8@ m �4=?t32 su@
¦o\ K~HDWh��\[K~\[T�O�UIW X�Y3X[ZSHDTI\~gL\~UIy[X[HDK~]³HDgL\~\[T ORJLHDQSgj]��:M_gL\[g��6WI\[ZS�6WI\~gLHDQEO�Z�M

Z�MPORQ§ORWIUI\_C
BDC 
 TI\}]��:M_gL\}UI\�UIy[K~M_JLJ�MP�D\�UIW X�Y3X[ZSHDTI\��_HDT~M�QSK~]�HDgLy�WITI\�´ HDJLK~\�UI\}X�Y3X[ZSHDTI\
�<M_W)UIy[KNM_JLJRM_�D\��}�6WIQ4T V \[g�O�]:M_gfTIy[X[\[gLgRM_QSJL\[K~\[T�O�WITI\�´ HDJLK~\�JLy[\[ZSZS\?>:\�OfUIHDTIX
QSZ:´<MPWhO�WIT�X[\[J�O�M_QST~OR\[K~]Ig�]�HDWIJ��6WI\�ZS\�X�Y3X[ZSHDTI\f]IJL\[TITI\�WITI\�´ HDJLK~\ � g�O�M_�IZS\ �
� ���	��
 �ICEB � C

b3C 
 TI\p]��:M_gL\ UI\pUIy[]IZ�M_X[\[K~\[T�O �D\[JLg ZS\ � HDJLU�M^��\[X WIT�UIy[]IZ�M_X[\[K~\[T�O`�D\[JLg
Z VCB�WI\[g�O}´<M_QS�IZS\ � ���	��
 �ICcb � C

�hC 
 TI\�]��:M_gL\�UI\�UIy[]IZ�M_X[\[K~\[T�O��D\[JLg Z VCB�WI\[g�O H Z�M @:T UI\�Z�M¿gLQSK�WIZ�MPORQEHDT,�ÃZS\
UIy[]IZ�M_X�\[K~\[T6O}��\[JLg�ZS\ � HDJLU)\[g�O��6W:M_gLQ4T6WIZ/� ���	��
 �IC � � C

B�T®HD�IgL\[J���\¥K~QS\[W3|)ZS\�UIy[]IZ�M_X[\[K~\[T�OfUIW¿X�Y3X[ZSHDTI\¥gLWIJfZE\�]IZ�M_T
β
\�T®ORJRM � M_T6OfZ�M]³HDgLQEORQSHDT¥UIW�X[\[T�ORJR\�UIW�X�Y3X[ZSHDTI\�JL\[ZS\��Dy[\}gLWIJÃX �:M_�6WI\}QSKNM_�D\¹UI\�Z�M�gLQSK�WIZ�MPORQEHDT4� ���	��


�IC � � C

ÑÓÒ²ÔÖÕ:×�Ø Ò�Ò³Ñ À~ÁÃÂ�Ä_Å�Æ�Ç�ÈÃÉÊÅ Ë�Æ�É¡Ì:É¡Í�Î�ÅºÏ�Â�ÐhÐhÅ È�Æ�É¡Ì



� � l � 13@^su9>=?7h=8@ n t`9 7 @^;<± su9 7h=8; m 2 �ÓA

���	��
 �ICEB��~�¹Y3X[ZSHDTI\ H t
Tf
= 1 H Z�M�Z�MPORQEORWIUI\}UI\ 20 G �6ZS\�X�Y3X[ZSHDTI\�g[V \[g�O�]�\[WNUIy[]IZ�M_X[y

���	��
 �ICcb ���¹Y3X[ZSHDTI\ H t
Tf
= 7 H Z�M�Z�MPORQEOLWIUI\�UI\ 20 G �hZS\�UIy[]IZ�M_X[\[K~\[T�O�gL\�´<M_QEO���\�JRg

� HDJLU
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���	��
 �IC � ���¹Y3X[ZSHDTI\ H t
Tf
= 10 H Z�M�Z�MPORQEORWIUI\�UI\ 20 G �R@:T)UI\�Z�M�gLQSK�WIZ�MPORQEH_T

���	��
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M_W3|²X^M_UIJL\[g�X[HDTIX�\[JLTIy[g�]:M_J¥X[\~ORJRM^�_M_QSZ C � y^M_TIK~HDQSTIg�>4UI�[g¥Z�M)gLy[]:M_JRMPORQSHDT²\[T UI\[W3|
�DJLHDWI]³\[g�>6QSZhg[V \[g�O���\^M_WIX�HDWI]N]IZSWIg�QSK~]IZSQE�6WIy?>_\�O�Mj]:M_J�ORQSX[QS]�y}M_X�ORQE�D\[K~\[T6O H Z�M�]:M_J�ORQS\� \ |h]³y[JLQS\[TIX[\ � UIW)]IJLHP¢�\�O^C

¦o\¥�DJLHDWI]³\ � \ |h]³y[JLQS\[TIX[\ � M~]�HDWIJ�gRMN]:M_J�Ofy�ORy¥X[HDTh´ JLHDT�ORy H UI\[gf]IJLHD�IZS�[K~\[g�UI\]IZ�M_TITIQSTI� >_Z V WIT~U V \[T�ORJL\�TIHDWIg�y�O�M_T6O�M_�IgL\[T�O�]�\[TIU:MPT6O�Z�M�gL\[KNM_QSTI\�]IJLHD]³HDgLy[\�]:M_J�w C
»6OR\[�DTI\[J�]�HDWIJ}Z�M�JLy^MPZSQSgRMPORQSHDT�UI\[g�\ |h]�y[JLQS\[TIX[\[g[C

¦o\��DJLHDWI]�\ � gLQSK�WIZ�MPORQEHDT � MN�6W:M_T�O H ZSWIQuU � �Dy[JL\[J�UI\[gj]IJLHD�IZS�[K~\[g�UI\�X[H3HDJLUIQO<
T:MPORQSHDT¿UIW`ORJRM^�_M_QSZ¹� WITI\�ORJL\[T�O�M_QSTI\�UI\�gLQSK�WIZ�MPORQEH_TIg�UI\�B?« �I\[WIJL\[g�� \[T`K~H8YD\[TITI\��
UI\�X^M_ZSX[WIZIUI\��_M_T�O/:�ORJL\�\ |hy[X[WhORy[\^g�>3QSZhy�O�M_QEO�TIy[X[\[gLgRM_QSJL\�UI\�X[\[T6ORJRM_ZSQSgL\[J�Z V M^�PM_TIX[\[K~\[T6O
UIWiORJRM^�PM_QSZ >h]�HDWIJ}TI\�]:M_g�\"MÓ\[X�ORWI\[J�UI\[W3|i´ HDQSg�ZS\jKS:[K~\jX^M_ZSX[WIZ C[C^C

 ¡Z4TIHDWIg�M~y[��M_ZS\[K~\[T�O�´<M_ZSZSW�ORJLHDWh��\[J�UI\[gfX[JLy[TI\^M_W3| �IHDJRM_QSJL\[g�JLy[�_WIZSQS\[JLg�>�M=@:T®UI\
TIHDWIg}JL\�ORJLHDWh�D\[J}]�HDWIJ�´<M_QSJL\fZS\�]�HDQST�O�gLWIJ}ZS\fORJRM^�_M_QSZ�\"MÓ\[X�ORWIy�U:M_TIg}X �:M_�6WI\��DJLHDWI]³\?>
\�O�\[T)�Dy[JLQA@:\[J�Z�M�X[H �Iy[JL\[TIX[\_C

¦oHDJLg�UI\�Z�MfJLy[U:M_X�ORQSHDT UI\}X[\�JRM_]I]�HDJ�ON>D\[TR@:TF>�TIHDWIg�TIHDWIg�gLHDK~K~\[g�M_]�\[J � WIg�UI\�Z�MUIQ��~X[WIZEORyjUI\�JLy[UIQS�D\[J}WIT)UIH6X[WIK~\[T6O �IHDK~HD�_�[TI\?>:X �:M_X[WIT®y�O�M_T�O�X �:M_JL�Dy�UI\�JLy[UIQS�D\[J
WITI\�]:M_J�ORQS\j]IJLy[X[QSgL\�UIW)]IJLHP¢�\�O^C

¦o\�]IJLHP¢�\�O4gLX[QS\[T�ORQA@:�6WI\�X[HDZSZS\[X�ORQE´�TIHDWIg4M}]�\[JLK~QSg UI\Ã´<M_QSJL\�Z V \ |h]�y[JLQS\[TIX[\�UIWjORJRM^�_M_QSZ
\[T �DJLHDWI]�\ \�O�UI\�´<M_QSJL\¥´<M_X[\~M_W3| ]IJLHD�IZS�[K~\[gj\�O�UIQ��~X[WIZEORy[g��6WIQ�gL\~gLHDT�O�]�HDgLy[g¥M_W
X[HDWIJLg�UI\�Z V M^�_M_TIX[\[K~\[T�O�UIW)]IJLH_¢�\�O^C

�fV \[g�O}M_WS@:T:M_Z:TIH_ORJL\�]IJL\[K~QS�[JL\�\ |h]�y[JLQS\[TIX[\fUIW~ORJRM?�PM_QSZ:gLX[QS\[T�ORQA@:�6WI\�\[T��DJLHDWI]³\?>
\�O�ZS\[g�\[TIgL\[QS�DTI\[K~\[T�ORg��6WI\�Z V HDTi]³\[WhOf\[TiORQSJL\[J�gLHDT6O�QSTI\"M M_�IZS\[g[C
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BDCEB � QSZ >3K�WIJ�UI\�Z<V 
�QSZÓ\�O��:M_TIUI\[g�gL]IQSJRM_ZS\[g�UI\�]IZEWIQS\¨C�C�C�C�C�C�C�C�C�C �
BDCcb¼w)HDWh�D\[K~\[T�ORg�U V M_QSJ}U:M_TIg�WIT)X�Y3X�ZSHDTI\eC�C�C�C�C�C�C�C�C�C�C�C�C�C�C �

b3CEBG¦o\j]IZ�M_T
β
�:JL\[]³�[JL\�X �IHDQSgLQ C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�B8b

�hCEBGdfQSgL]³HDgLQEORQE´ C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b3B
�hCcb¼� � TI\ C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�bDb
�hC �¼��Z�M_T�UIW)K~HDT6O�M_�D\¶C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b_�
�hC � ��H_O�MPORQSHDT�gLHDZSQSUI\ C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�bP�
�hCcaeF�QSZEK£K~H?Y�\[TITIy-C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�bDa
�hC k©� �:M_K~]iUI\j�3QEOR\[gLgL\'C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b_k
�hC � w)H6UIWIZS\�UI\�Z�M¥�3QEOR\[gLgL\µC�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b_k
�hC ¤¼��JLH?@:Z UI\j�3QEOR\[gLgR\ C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b �
�hC z ¸�HDJ�ORQSX[QEORyºC�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b �
�hCEB?« w)QSJL\jU V y�O�M_ZSHDTIT:M_�D\®C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b_¤
�hCEBDB ¸�\[X�OR\[WIJLgf\[JLJLHDTIy[gjC�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b_¤
�hCEB8b�¸�\[X�OR\[WIJLgfK~H?YD\[TITIy[g¨C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b_¤
�hCEB?�-��|h]³y[JLQS\[TIX[\�]IJLy[ZSQSK~QET:M_QEJL\�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�b_z
�hCEB^� ��|h]³y[JLQS\[TIX[\~B^�i� H ��M_WIX �I\�ZS\jUIy[�IWhON> H UIJLHDQEOR\jZ�M$@:T C�C�C�C�C�C�C£�hB
�hCEB8a$��|h]³y[JLQS\[TIX[\¥M?�D\[X�ZS\j]IZ�M_T

β
�
200 mL

U V \^M_W®M_gL]IQSJLy[g C�C�C�C�C�C�C£�D�
�hCEB?k-��|h]³y[JLQS\[TIX[\¥M?�D\[X�ZS\j]IZ�M_T

β
�
700 mL

U V \^M_W®M_gL]IQSJLy[g C�C�C�C�C�C�C£�D�
�hCEB � ��|h]³y[JLQS\[TIX[\¥M?�D\[X�ZS\j]IZ�M_T

β
�
1000 mL

U V \^M_W®M_gL]IQSJLy[g®C�C�C�C�C�C�C£�D�
�hCEB?¤-¦o\[g�UI\[W3|)]��:M_gL\[g�UI\�Z�M¥ORJRM8¢�\[X�ORHDQSJL\ C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C£�_�
�hCEB?z-dfy[�IWhO�\�O @:T)UI\�Z V \ |h]�y[JLQS\[TIX[\ C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C£�_�
�hCcb_«-�Ã�DHDZSWhORQSHDT�UIW)X�Y3X[ZSHDTI\£C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C£��a
�hCcb3Bp{f]I]:M_JLQEORQSHDT�UI\�Z�M�]³\�ORQEOR\j�DHDJ�ORQSX[QEORy�\�O�´ HDJLKNMPORQSHDT�U V WIT)UIQS] � ZS\ÖC�C�C£�Dk
�hCcbDb$¦�V ¾�ZS\�\[g�O�X[\[T�ORJLy[\�\[T��<« � « ��C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C£�Dk
�hCcb_�$½4JRMP¢�\[X�ORHDQSJL\jUIW)X�Y3X[ZSHDTI\�M_WhORHDWIJ}U V WITI\�¾�ZS\�C�C�C�C�C�C�C�C�C�C�C�C�C£� �
�hCcbP� ��H_O�MPORQSHDT�UIW)UIQS] � ZS\jM_WhORHDWIJ}UI\�Z V ¾�ZS\£C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C£� �
�hCcbDa$df\[g}�3QEOR\[gLgL\[gf]IZEWIg�QSK~]�HDJ�O�M_T�OR\[g H ��M_WIX �I\"C�C�C�C�C�C�C�C�C�C�C�C�C£�Dz
�ICEBx�¹Y3X[ZSH_TI\ H t

Tf
= 1 H Z�M�Z�MPORQEORWIUI\�UI\ 20 G C�C�C�C�C�C�C�C�C�C�C�C�C�C
�6a
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�ICcbe�¹Y3X[ZSHDTI\ H t
Tf
= 7 H Z�M�Z�MPORQ§ORWIUI\jUI\ 20 G C�C�C�C�C�C�C�C�C�C�C�C�C�C
�6a

�IC �¼�¹Y3X[ZSHDTI\ H t
Tf
= 10 H Z�M�Z�MPORQEORWIUI\�UI\ 20 G C�C�C�C�C�C�C�C�C�C�C�C�C�C
��k

�IC �¼dfy[]IZ�M_X[\[K~\[T�O�UIW)X[\[T6ORJL\�UIW)X�Y3X[ZSHDTI\ H Z�M�Z�MPORQEOLWIUI\jUI\ 20 G C�C�C�C�C
��k
�ICcaew)y�O��IH3UI\�UI\�JL\[X[HDZSZS\[K~\�T6O C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C
��¤
�IC k ½uJRMP¢�\[X�ORHDQSJL\jJL\[X[HDZSZSy[\"C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C
��¤
�IC � ½�M_QSZSZS\�UIWiX�Y3X[ZSHDTI\�\[Ti´ HDTIX�ORQSHDTiUIWiOR\[K~]Ig C�C�C�C�C�C�C�C�C�C�C�C�C
��z
�IC ¤edfy[]IZ�M_X[\[K~\[T�O�UIW)X�Y3X[ZSHDTI\�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�C�a_«
�IC zx¸�QEOR\[gLgL\�X[WIK�WIZSy[\j\[Ti´ HDTIX�ORQSHDTiUIWiOR\[K~]IgNC�C�C�C�C�C�C�C�C�C�C�C�C�C�a3B
�ICEB?«,½uJRMP¢�\[X�ORHDQSJL\jUIW)X�Y3X[ZSHDTI\¥w®M_JLQSZEY3T � gL\[]hOR\[K��IJL\~B?zDz�a ��C�C�C�C�C�C�C�C�aDb
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