
���������	��
��������������������
���������������	����
�� �������!��"#����$% ����������&�$'����$'�������	��
������(������ ������)

*,+.-�/0/0-�1�2-�3040/05

6�798;: <=7,>,?	: @ AB8C?BDFE	7HG�7JILKC79<=ILKC7NMPORQ7�:	Q7JAB<=ABD ABS�@ T	U�7NMNV�ORQ7�:	Q7JA�W�XY<=?B8CIJ7JV'Z�A�U[D A�U�MN7JV0XY<=?B8CIJ7

\ ]�^�_�`�a�bdc�e,_'f�ag^
h i,jNkJlnm�k!o�p�m�q�p�r�l.s t�r�i�kNu	v�w	m�r�xym�kJl.s m�j�z�kJp�m,q	mB{|i�s kNs r�iyrY};uHo�r�i�~�m�i�s m�i�kHp�r�l.s t�r�i�kNu	v�q�s �F��jJs r�i��J�,����r���m�l.u�k!r�l�s j�i�r	k�jNkJl.u�s w�p�kL�
}�r�ln��u�lnq��Hh i�kJp�s jyi�r	k!m	z��'m#��lnm�jNm�i�kPkJp�mgl.u�kNs r�i�u	v mykJp�u�k,�'mg��jNm�q�k!rgq	mB{|i�m#�Hp�u�kHs jHkJp�m���s q	m�u	v ��}�r�l�x�rY}�u��,��r���m�l.u�k!r�l
�Hp�m�i�u#w	m�i�m�l.u	v�jNkJlnm�k!o�p�m�qdw	m�r�xym�kJln�gs j���jNm�q��0kJp�m�i��'m�j�p�r���kJp�u�kHkJp�s jP�	kNu�lnw	m�k!��r���m�l.u�k!r�lHp�u�jyu#~�m�ln�gjJs x#�	v m�}�r�l�x�s i
kJp�m���u�lnkNs o��	v u�l�w	m�r�xym�kJln��rY}�kJp�m�o�r�i[}�r�l�x�u	v���o�p	x�s q	kPkJl.u	i�j9}�r�l�x�u�kNs r�i�z�m�~�m�i��Hp�m�igo�r��	�	v m�qdk!r�kJp�mg��jNm#rY}�kJp�m�j���m�o�kJl.u	v
�J��r��	l.s m�l �=��m�w	m�i�q�lnm���xym�kJp�r�q�r�i#kJp�mgj��	p�m�lnm	z'u�j�s kPs jykJp�m#o�u�jNmgs ig�P�'�'���H�0�0�0r�x#��u�lnm�q�k!r�kJp�mgr�l.s w�s i�u	v��,�Rr���m�l.u�k!r�l
����m�jNjJu�q#u	i�qd�P�m�i�u�lnq�z0���	�� �z¡�¢���� #p�m�lnmB}Lu�k!m�l.��z�kJp�s jHi�m��£�,� r���m�l.u�k!r�l'p�u�jPx#�	v kNs �	v mPu�q	~�u	i�kNu�w	m�j�¤,¥�m�jJs q	m�jPs k!jHs i�o�lnm�u�jNm�q
jJs x#�	v s o�s k��#u	i�q�o�r	jNkL�LmB�|m�o�kNs ~�m�i�m�jNj�z�s k,q	r�m�j�i�r	k,j��[�|m�l�rY}¦u	i��gu	�	��lnr¡§Ys x�u�kNs r�i�z�u	i�q�s kPs jyx#��o�p�m�u�jJs m�l'k!rgkJ�	i�m#jJs i�o�m�kJp�m
k!r	kNu	v0i	�	x#¥�m�l�rY}¦q	m�w�lnm�m�j�rY}�}9lnm�m�q	r�x¨o�u	i�¥�m�¥�lnr���w�p�kPq	r��Higk!r�k��'rd��kJp�m#�	w�v r�¥�u	v�jNkJlnm�i�w	kJp��du	i�q�kJp�m#�	r�lnq	m�ln��rY}�kJp�m
q�s �F��jJs r�i��¢}�r�l�m�u�o�p�~�u�l.s u	¥	v m#k!rd¥�mgq�s �F��jNm�q���h }�kJp�m#jNm�o�r�i�q ��u�lnkPrY}¦kJp�s jy�'r�l�©���q	m�~�r	k!m�qdk!r�kJp�mg��o�p	x�s q	kPkJl.u	i�j9}�r�l�x�u[�
kNs r�i��Hs jPrY}�l.u�kJp�m�lH��u�lnkNs o��	v u�l�s i�k!m�lnm�jNk�z�kJp�mª{|lnjNkP��u�lnky���Hp�s o�pgq	m�u	v jP�,s kJp#kJp�m�q	mB{|i�s kNs r�igrY}�u	i���s q	m�u	v ���,��r���m�l.u�k!r�lF}�r�l
jNkJlnm�k!o�p�m�q�w	m�r�xym�kJl.s m�jJ�Hs jHrY}Fw	m�i�m�l.u	v�s i�k!m�lnm�jNk«}�r�l�u	i��#jNkJlnm�k!o�p�m�q�xyr�q	m�v �

¬ ¯®°a#±�²H`�³y_'a�`�´¶µ	a�`·^�ag^g¸�´�_�`�²H_'e,¹�²Pb»º#²Pag¼½²H_�`�f�²P´
¾Hp�m�l.u�kNs r�i�u	v mPk!r�q	mB{|i�m#u	iys q	m�u	v��,� r���m�l.u�k!r�l|}�r�l�jNkJlnm�k!o�p�m�q�w	m�r�xym�kJl.s m�jHv s m�j�r�iykJp�mPm�x#��s l.s o�u	v�r�¥�jNm�ln~�u�kNs r�i�rY}|kJp�my��u��
kJp�myjNkJlnm�i�w	kJp�rY}«�,��r���m�l.u�k!r�lnjPs jPxyr�q�s {Cm�q#�Hp�m�i#o�p�u	i�w�s i�w�kJp�m#lnm�jNr�v ��kNs r�i#s igxyr�q	m�v j��,s kJpgi�r�i[�LjNkJlnm�k!o�p�m�q�w	m�r�xym�kJl.s m�j��
h i#ug�	i�s }�r�l�x£w	m�r�xym�kJln��z	kJp�m��,��r���m�l.u�k!r�l'�Hl.s k!m�j�¤

¿�À
¿CÁÃÂ£ÄPÅdÆ#Ç ÀdÈ ÉNÊ�Ë

�Hp�m�lnm Æ s jHkJp�m#p�r�l.s t�r�i�kNu	v�q	m�l.s ~�u�kNs ~�m�r���m�l.u�k!r�l!z Å s jHkJp�m��,��o�r�mBÌ�o�s m�i�k�z0u	i�q�Í�s jHkJp�m�r�lnq	m�l�rY}¦kJp�mg�,�H�¾Hp�m��	jNkJlnm�i�w	kJp���rY}¢u	i�� �,�£r���m�l.u�k!r�lPs idud�	i�s }�r�l�x·lnm�jNr�v ��kNs r�i�w	m�r�xym�kJln��o�u	i�¥�m�Î���u	i�kNs {Cm�qR¥���kJp�mds i�~�m�lnjNm�rY}ÏkJp�m
q�u	x#��s i�wgkNs xymPrY}FkJp�m�j�p�r�lnk!m�jNkPlnm�jNr�v ~�m�q���u�~�mg��kJp�m��	jNkJlnm�i�w	kJp���s jyp�m�i�o�m#q	m�i�r	k!m�q�¥��#Ð�Ñ�ÒÓ p�m�lnm�u[}�k!m�l.���y�Ô§Yu	x�s i�u�kNs r�iyrY}
~�u�l.s r���j#�	i�s }�r�l�x¶lnm�jNr�v ��kNs r�i�xyr�q	m�v jys igr���m�l.u�kNs r�i�j�p�r���jykJp�u�kP�Hp�m�i�o�p�u	i�w�s i�wdkJp�m�lnm�jNr�v ��kNs r�id�!sn� m	��ÕgÖdk!r×{�§Øs q	m�u�jJ��z
Ð Ó s jyi�m�s kJp�m�l�o�p�r	jNm�i���lnr���r�lnkNs r�i�u	v�k!r�ÕgÖ Ç z0i�r�l's i�q	m���m�i�q	m	i�kyrY}�ÕgÖ�z�¥	��k�l.u�kJp�m�l,��lnr���r�lnkNs r�i�u	v�k!r�ÕgÖ��'¾Hp�s jys jHq���m#k!rkJp�m�}Lu�o�k,kJp�u�k,kJp�m�{|lnjNkP�Nlnm�j����,jNm�o�r�i�q��Ho�p�r�s o�mgs j�}�r��	i�q�k!r�lnm�j��	v kPs i�k!r�u#v u�o�©g�Nlnm�j����,u	i#mB§¡o�m�jNjJ�HrY}¦u�o�kNs ~�s k��#q��	l.s i�w�kJp�m
o�r��	lnjNmyrY}�v r�i�wgs i�k!m�w�l.u�kNs r�i�j�z�m�j���m�o�s u	v v �ª}�r�l�kJp�myj�x�u	v v m�jNkHlnm�jNr�v ~�m�qgjNo�u	v m�j��'��jHuyo�r�i�jNm�Î���m�i�o�m	z0kJp�mg�,��o�u	ig¥�my�Hl.s k!k!m�i�¤

¿�À
¿CÁ Â£ÄPÙ ÕgÖ Ç Ñ�Ò Æ Ç ÀdÈ É�Ú	Ë

�Hp�m�lnmgkJp�m���u�l.u	xym�k!m�l Ù s jys i�q	m���m�i�q	m	i�k�rY}�kJp�m�lnm�jNr�v ��kNs r�i��y¾Hp�s jym�x#��s l.s o�u	v�lnm�j��	v kys jPkJp	��jykNu	©Jm�i�u�jyu�¥�u�jJs jyk!r�q	mB{|i�mu	i#s q	m�u	v��,��r���m�l.u�k!r�l��Hp�m�igkJp�mglnm�jNr�v ��kNs r�i#s jyi�r	kP�	i�s }�r�l�xgz�q���m�k!rgu�jNkJlnm�k!o�p�m�q�w	m�r�xym�kJln���

Û ]0b�²P³�Ü�¯®°a#±�²H`�³y_'a�`·µ	a�`Ý´�_�`�²H_'e,¹�²PbÞº#²Pag¼½²H_�`�f�²P´
ß�p�m�i�u�jNkJlnm�k!o�p�m�q�w	m�r�xym�kJln�#s jy��jNm�q�z�kJp�m#u�o�kJ��u	v0p�r�l.s t�r�i�kNu	v�o�r�r�lnq�s i�u�k!m���m	� w��,Ö��Hs jylnm��	v u�o�m�q�¥��gu�kJl.u	i�j9}�r�l�xym�qgo�r�r�l �
q�s i�u�k!m�Ö�à Ââá É Ö Ë �%¾Hp�m v r�o�u	v�x�u	�Ø}Lu�o�k!r�lys j#kJp�m�i�q	mB{|i�m�q�¥��dã É Ö Ë Â·ä!á�å	ä Ö���¾Hp�m �	p���jJs o�u	v'w�l.u�q�s m�i�kgr���m�l.u�k!r�l
Æ¨Â É�¿ å ¿ Ö Ë s jHkJp	��j�lnm�v u�k!m�q�k!rgkJp�m#kJl.u	i�j9}�r�l�xym�qgw�l.u�q�s m�i�kHr���m�l.u�k!r�l Æ à Â É�¿ å ¿ Ö�à Ë ¥���¤ ÆæÂ ã Æ à.�P��m�ky��jPo�u	v v�ÕgÖ�çkJp�mgxym�j�p�u�kHugv r�o�u�kNs r�i��Hp�m�lnm#ã Â Ê ���'m#p�u�~�m#ÕgÖ Â ÕgÖ�ç å ã���0r�i�jJs q	m�l.s i�w#kJp�mPm�x#��s l.s o�u	v�r�¥�jNm�ln~�u�kNs r�iyrY}|kJp�m���lnm�~�s r���j,jNm�o�kNs r�i�z�kJp�mP��s q	m�u	v ���,��r���m�l.u�k!r�l0�,s kJp�uPjNkJlnm�k!o�p�m�qgw	m�r�xym�kJln��z
s j0kJp�m,r�i�m��Hp�s o�p�p�u�j�m�~�m�ln���Hp�m�lnmPkJp�m�jJu	xym,��lnr���m�lnkNs m�j,u�j|}�r�l�uPi�r�i[�LjNkJlnm�k!o�p�m�q�w	m�r�xym�kJln�,�,s kJp,kJp�m,jJu	xym,v r�o�u	v�lnm�jNr�v ��kNs r�i��
��m�i�o�m	z0kJp�m�s q	m�u	v��,��r���m�l.u�k!r�l,x#��jNk��Hl.s k!m	¤

¿�À
¿CÁ Â£ÄPÙ ÕgÖ Ç Ñ�Ò Æ#Ç À Â£ÄPÙ ÕgÖ Ç Ñ�Òç ã ÒJÑ Ç�Æ#Ç Àdè É�é	Ë



�'m�i�m�l.u	v v ��zHkJp�m��,��r���m�l.u�k!r�lyrY}¢kJp�mdjNkJlnm�k!o�p�m�q£xyr�q	m�v�s j�l.u�kJp�m�lyj���m�o�s {Cm�q�s idk!m�l�xyjgrY}¢kJp�mdkJl.u	i�j9}�r�l�xym�q q	m�l.s ~�u�kNs ~�m
r���m�l.u�k!r�l Æ à!¤

¿�À
¿CÁÃÂ£ÄPÙ ÕgÖ Ç Ñ�Òç ã Æ à Ç Àdè É���Ë

h kys jy�'r�lnkJpdi�r	kNs i�wdkJp�u�k�s i����	��u	i�q ������z�kJp�m���u�l.u	xym�k!m�l Ù s j#¥��di�u�kJ�	lnm�s i�q	m���m�i�q	m	i�kgrY}«kJp�mgj���u�o�m	z,¥	��k�u	v jNr�rY}«kJp�mu	¥�jNr�v ��k!m#lnm�jNr�v ��kNs r�i#ÕgÖ Ñ�Òç �'��j,uyo�r�i�jNm�Î���m�i�o�m	z|}�r�l�uyw�s ~�m�i�kJl.u	i�j9}�r�l�x�u�kNs r�i á z Ù q	r�m�jPi�r	kPi�m�m�q�k!r�¥�myo�p�u	i�w	m�q��Hp�m�is i�o�lnm�u�jJs i�w�kJp�mglnm�jNr�v ��kNs r�i#rY}FkJp�mgxyr�q	m�v ��¾Hp�mg��u�l.u	xym�k!m�l Ù s jHjJu�s qgj���u�o�mB�Ïu	i�qdlnm�jNr�v ��kNs r�i[�9s i�q	m���m�i�q	m	i�k��

� ��³y`'_'f�ePc�Ü�³y`âeH³�´'²¯a#µ	�ge,¹�¼½f�b�_·_�`�³#^�´'µ	a�`,¼½³y_'f�ag^
¾Hp�myjNkJlnm�k!o�p�m�q��P�'�'���H�gxyr�q	m�v���jNm�jHu#��u�lnkNs o��	v u�l'u	i�u	v ��kNs o�u	v�jNkJlnm�k!o�p�s i�wgkJl.u	i�j9}�r�l�x�u�kNs r�i���lnr���r	jNm�q�¥�����o�p	x�s q	kH�J����
�
	�
�Hp�s o�p�u	v v r���j'u	iyu	v w	m�¥�l.u�s oHkJlnm�u�kJxym�i�k�rY}|kJp�mHm�Î���u�kNs r�i�j,s iPkJp�mHjNkJlnm�k!o�p�m�q#w	m�r�xym�kJln��z�o�r��	�	v m�q#�,s kJpHkJp�mHj���m�o�kJl.u	v�xym�kJp�r�q��
��m�k��¥�mPkJp�myv u�kNs kJ��q	mPr�iHkJp�m�i�r�i[�LjNkJlnm�k!o�p�m�qgj��	p�m�lnm	z�u	i�q��RkJp�myv u�kNs kJ��q	mPr�iPkJp�mHjNkJlnm�k!o�p�m�qgj��	p�m�lnm	��ßdmyi�r	k!m�� Â������ �#�¾Hp�m��P�'�'���H�#jNkJlnm�k!o�p�s i�w�kJl.u	i�j9}�r�l�x�u�kNs r�i�s jHq	mB{|i�m�q�¥���¤

� É � Ë Â	����������� ��� �! #"�  #"$�&% È É�'	Ë
�Hp�m�lnm � Â É�(�)  Ê�Ë å Ú�( u	i�q*" Â É�(�) Ä Ê�Ë å Ú�( u	i�q ( s j,kJp�m�jNkJlnm�k!o�p�s i�w×}Lu�o�k!r�l!�'¾Hp�mgv r�o�u	v�x�u	�¢}Lu�o�k!r�l's jHw�s ~�m�ig¥���¤

ã É � Ë Â ¿ �¿ ��Â �  #"$� è É�+	Ë
¾Hp�m�r�l.s w�s i�u	v��,��r���m�l.u�k!r�l�rY}F�P�'�'���H����jNm�m��¢���� ��'o�r�i�jJs jNk!m�q�s i#ugx�s §¡kJ�	lnmyrY}¦u#�	�	lnm Æ à Ç r���m�l.u�k!r�l'u	i�q�u	i#u	�	��lnr¡§Ys �x�u�k!m�q Æ�,�Â ã ,�Æ à , r���m�l.u�k!r�l!¤

¿�À
¿CÁÃÂ£ÄPÅ ã Æ à Ç À Ä Å ,.-ã , Æ à , ÀdÈ É�/	Ë

�Hp�m�lnm -ã , s jHu�jNm�o�r�i�qY�Lq	m�w�lnm�m�u	�	��lnr¡§Ys x�u�kNs r�i�rY}Fã , w�s ~�m�ig¥���¤
-ã , Â � ç � Ò �0 � ) � ) è É�1	Ë

h k�u	�	��m�u�lnj,o�v m�u�l�v �«}9lnr�x���
	�'u	i�q#������kJp�u�k'q	r�s i�w ÅÝÂ�2 z�3 Â Í�z � ç Â � z � Ò Â ",u	i�q � ) Â	2 z�kJp�mHr�l.s w�s i�u	v��P�'�'���H�#�,�r���m�l.u�k!r�l'o�u	i�¥�m�kJl.u	i�j9}�r�l�xym�q�s i�k!r�kJp�m#s q	m�u	v��,�%r���m�l.u�k!r�l�q	mB{|i�m�q�s i#kJp�mg��lnm�~�s r���jyjNm�o�kNs r�i��H¾Hp�mgu�q	~�u	i�kNu�w	m�jPrY}¦kJp�s j
u	�	��lnr�u�o�p�u�lnm#x#�	v kNs �	v m	¤H�!s �HkJp�m��,��r���m�l.u�k!r�l,¥�m�o�r�xym�jPkJl.s �Lq�s u�w	r�i�u	v�s i#kJp�m�j���m�o�kJl.u	v�j���u�o�m#s i�jNk!m�u�q�rY}���m�i�kNu[�Lq�s u�w	r�i�u	v
��jNm�m×�¢���� ������!s s ��kJp�m�r�¥�kNu�s i�m�q%�,�£r���m�l.u�k!r�lPs j�mB§Yu�o�kJv ��kJp�m�s q	m�u	v�r�i�m	z�s i�jNk!m�u�q�rY}¢u	idu	�	��lnr¡§Ys x�u�kNs r�igrY}¢s k��,�!s s s �#¥��
�Hl.s kNs i�w Å , Â¶Ù ÕgÖ Ç Ñ�Òç kJp�m�r�¥�kNu�s i�m�q%�,�£o�r�mBÌ�o�s m�i�k Ù o�u	i�¥�m�j�p�r��Hi�k!r ¥�m�j���u�o�mB�Bz,lnm�jNr�v ��kNs r�i[�Bz�u	i�q�jNkJlnm�k!o�p�s i�wY�s i�q	m���m�i�q	m	i�k��#¾Hp�s j#v u�k!k!m�lH��lnr���m�lnk���s jys x#��r�lnkNu	i�kHjJs i�o�mgu	i��go�p�u	i�w	m�s i#kJp�mgw	m�r�xym�kJln��o�u	i�¥�mgq	r�i�m#�,s kJp�r���k�lnm�kJ�	i�s i�w
kJp�m��,��o�r�mBÌ�o�s m�i�k Ù z��Hp�s o�p#��u�jyi�r	k,kJl���m��,s kJp#kJp�myr�l.s w�s i�u	v��P�'�'���H���,��r���m�l.u�k!r�l'q	mB{|i�m�qds i��¢���� ��

4 5¨ag^�eHÜ�c�´'f�ag^
¾Hp�mH�'r�l�©P��lnm�jNm�i�k!m�q�p�m�lnmPu	v v r���j�k!r#l.u�kNs r�i�u	v s t�m,kJp�m�}�r�l�x#�	v u�kNs r�i,rY}F�,�dr���m�l.u�k!r�lnjF}�r�l�xyr�q	m�v j��,s kJpPjNkJlnm�k!o�p�m�q�p�r�l.s t�r�i�kNu	v
w	m�r�xym�kJl.s m�j�����r�l,u	i��drY}«kJp�m�jNm�xyr�q	m�v j�z�u	ids q	m�u	v,�,�£r���m�l.u�k!r�lHo�u	i�¥�mØ}�r��	i�q�z�u	v v r��,s i�w�kJp�m�q	mB{|i�s kNs r�idrY}¢u�j���u�o�mB�
u	i�qRlnm�jNr�v ��kNs r�i[�9s i�q	m���m�i�q�m�i�k���u�l.u	xym�k!m�l Ù ����r�lHkJp�mdj���m�o�s u	v,o�u�jNmdrY}¢kJp�m���o�p	x�s q	kgjNkJlnm�k!o�p�s i�w%kJl.u	i�j9}�r�l�x�u�kNs r�i�z�kJp�mu	v w	m�¥�l.u�s oPi�u�kJ�	lnmPrY};kJp�m,kJl.u	i�j9}�r�l�x�u�kNs r�iPx�u	©Jm�j's k���r	jNjJs ¥	v m,k!ryr�¥�kNu�s iPu��,�do�r�mBÌ�o�s m�i�k'�Hp�s o�pys j�u�q	q�s kNs r�i�u	v v �HjNkJlnm�k!o�p�s i�wY�
s i�q	m���m�i�q	m	i�k��H¾Hp�s jyi�m����,�%r���m�l.u�k!r�l�p�u�jy¥�m�m�i�s x#�	v m�xym�i�k!m�qgr���m�l.u�kNs r�i�u	v v �gs i��P�'�'���H�gjJs i�o�m�}�m�¥�l���u�ln�76�8�8����
9 ²Pµ	²H`�²y^�eH²P´
��o�p	x�s q	k�z0���nz0����
�
�¤;:�u�l.s u	¥	v m¢{|i�mB�=xym�j�p#s i#j���m�o�kJl.u	v�w�v r�¥�u	v�xyr�q	m�v=<?>A@�B�C�D�EFHGAI�D?JKB�L�M�IONPFHD.zHQSR�zH6��	�B�T6�6�
��
��m�jNjJu�q�zHU,�nz	u	i�q������P�m�i�u�lnq�z����	�� �¤�h i�kJlnr�q���o�kNs r�iyrY}|u�v r�o�u	v	x�u	�	��s i�w¢}Lu�o�k!r�l0s iHkJp�mPj���m�o�kJl.u	v���u�lnk'rY}|kJp�mWV��m�k	�m�rY�B��l.u	i�o�m

w�v r�¥�u	v	~�u�l.s u	¥	v mgxym�j�p#i	�	xym�l.s o�u	vC}�r�lnm�o�u�jNkPxyr�q	m�v �KXYD[Z=D;\YM�G�DY]^>AB�D?_SMA`AD.zSaHbSb�z0�A
�8��B�B�A
������
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Õ�Ö
Õ^×ÙØOÚ�Û Ö Û ÜhÝ�Þ

ÂY���J�«¬����!�h�"°�� ¤/�"�h� ·J�]¹f° � �h²�«¬�"�h� �d���h� ���J� ��°!�]Ã����"°Ï �� «��d���E� �¯��«3���h� ���J� ��°!�]Ä¾ß����a ���� � ��®/��Ô�º
�!À ³�À� �� «��JàY�h� ·J�]¹W� �"µ���� º¯à}¹fÂYÁ!»
° � �h²�«¬�"�h� �d���h� ����»"Ô

Ö D.á â ã�ä Ö�å
æ × Ø Ú�Û Ö D.á â�ç.èhã é Ú�Û Ö�å

ê éÎë ; Û Ö D.á â ã�ä ë ; Û Ö D.á â�ç.èhã
ê Ü ê Þ

 �� «�ß ØÎÝ!ì ê ì�Û¬Û¬Û¬ìdíJî ï3ð¯ñ ±!®Y����«¬� ë ; � �)�B� � ������«������«3���¯� «¯±��!��°��d���Y�d«3��° � �h� �����!�!�"�!���«¬�h²�«3� ��J©.§Hò����!�h���h� ���� �� «��h� ·J�E� �"µ���� �
� ����°!����¯�"°Hº é  �� «)�h� ·J� Ü × é æ × Þ ±/�!��°$óô �� «/�h� ·J� × »"À$� ���d��� �B³!������«3�!� � �h�"°õÃ Ä}�"°q¹W�� � �����!� ³!� «3� �d�!·Ð²"����° � �h� �����"°O¸"´
ë ; ± �d����� ��� �h� �!� ³����"�h� Ö D.á å ã � �E��«
¸�� �d«3��«¬´����Y®���� �����Y�d��� ë ; �����«3���¯� «¯ÀJÅ.��®��"µ���«¯±��d� ��²"� ë ; ��²"�¯�J���E�B²"����° � �h� ������«¯±.�!�
� ���!!�«¬���«3� ���¯��²���� � ²"���q  ë ; ·B�"´��«¬�"µ������J�d���B²"����µ���«¬³!����²"���q ��d�����!� ³!� «3� �d�!·�À)ÂY����²���� � ²"���q  Ö D.á å ã � �B� �"�h�E²�«
��²�� �!� ±
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¸�� �d«3��«¬´��!�!·�¸���«¯À�§��������d���
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	 ²�� ����²"´�ÀB§������h���d���Ï ���� � ��®)� ��³�²���� � ²"�"��Ô
Ö D.á å ã Ø Ö�å ± íJî ï3ð¯ñEØ ê ±��!��° ë ; � �E�d�����d�!·J�B�����«3���¯� «)���� �� «��d����²�� ���h�d� ²��!��£����!� ³!� «3� �d�!·Ðº
°!�]Ã����"°�¸"´ íJî ï3ð¯ñYØ Ý »"À£�� ��²"�����!� ´���������°!° � �h� �����!�/� �¯��«3���h� ����� �����«  �� «
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«¬�"°��¯�7���
¶��«¬�"° � ²"�¯� «3¥�²"� «
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Semi-lagrangian methods for passive advection problems have the advantage that accuracy is
maintained over a full timestep; since the equations are integrated along characteristics. The same
applies to characteristic-based upwind Eulerian methods. In Riemann-solver based methods for
compressible flows, accuracy is again maintained by transporting appropriate variables along the
characteristics of the system.

In incompressible flows, this property will only be maintained if the trajectories describe a
volume-preserving mapping from particle positions at departure points to their positions at arrival
points, (Cullen 2002 section 3). No attempt is normally made to enforce this, since it requires
implicit calculation of the departure points. The errors resulting from this can be calculated by
diagnosing the flow Jacobian:

J = det
∂(xd, yd, zd)
∂(xa, ya, za)

(1)

where suffices a and d refer to arrival and departure points respectively. Experiments in the
model of Smolarkiewicz et al. (1999), reported by Cullen et al. (2001), showed that there could
be substantial errors of up to 28% in a single time-step where the trajectories were deflected by
orography.

In an incompressible problem, the errors can be reduced by iterative recalculation of the de-
parture points. For a slightly compressible problem, the relevant case for the atmosphere, the
equivalent procedure is to solve the continuity equation in Lagrangian form as

ρa = ρdJ (2)

where J is given by (1). This can be proved by arguments simlar to Cullen and Maroofi (2001).
This equation has to be solved implicitly for numerical stability. We achieve this by using a
predictor-corrector method, Cullen (2001). For example, for the calculation of the x-coordinate of
the departure points, this gives

xa = x∗d + (ut
d) + ut

a)δt; xa = xd + (ut
d∗ + u∗a)δt (3)

In our implementation, J is approximated by finite differences. This is straightfoward in either
two or three dimensions. In schemes designed to ensure formal conservation, e.g. Zerroukat et al.
(2002), J has to be calculated by defining a departure-point control volume and integrating all
variables over it. This is much harder in three dimensions than in two.

We demonstrate the viability of the method by using a slice version of the Met Office non-
hydrostatic Unified Model (Cullen et al. 1997). The approximation to J is chosen so that the
scheme is equivalent to the standard scheme in the limit of small timesteps. We solve a problem
of flow at 10ms−1 over periodic hills of height 2000m and wavelength 5km. A 40×40 mesh is
used. Since the scheme is equivalent to the standard scheme for short timesteps, we assess the
relative performance by calculating the sensitivity to time step length. The table shows the r.m.s
differences between various quantities between Courant numbers of 0.2 and 0.4; and between 0.4
and 0.8. Two versions of the model are compared:
A: Standard scheme with semi-Lagrangian advection of density and Ritchie method of calculating
departure points.
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B: Predictor-corrector scheme with solution of (2).
The table shows r.m.s differences calculated at two times. The first time is during the transient
stage when the flow is being set up. The later time is when the steady state is being approached.

Table 1: Test of integration schemes.

Scheme/test r.m.s. θ rms u rms w r.m.s. θ rms u rms w
A .2/.4 .0180 .0142 .1324 .0343 .0212 .0408
B .2/.4 .0030 .0043 .0689 .0053 .0188 .0291
A .2/.8 .0283 .1535 .2477 .0855 .1099 .0951
B .2/.8 .0292 .0502 .2019 .0256 .0817 .1257

The results comparing the shorter timesteps show that the predictor-corrector scheme B gives
much less timestep sensitivity than scheme A especially with shorter timesteps and integration
periods. Plots of the results show that the results change substantially between Courant numbers
of 0.4 and 0.8, so the differences may be less reliable than for the shorter timestep comparison.
Experiemnts were also carried out with the predictor-corrector scheme using the standard form of
the continuity equation and semi-lagrangian advection of density. This combination was found to
be unstable, suggesting that (2) may be more robust than the standard formulation..

As used here, scheme B is twice as expensive as A. It is, however, likely that the cost of B could
be substantially reduced by rationalising the iterations in the Helmholz solver and the departure
point calculations. Cullen (2001) showed that the predictor-corrector scheme (without the use
of the Lagrangian continuity equation (2)) could be cost-effective in the ECMWF model. These
results suggest that the same may apply to the Met Office model.
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The nonhydrostatic model (NHM) of JMA, which has been developed for the very short-range
prediction of rainfall, has been used mainly with a second-order finite difference scheme (Ishida 2001;
Fujita et al. 2002).  Two types of higher-order accurate schemes are implemented and tested.  Since
flux form equations are employed in NHM (Saito et al. 2001), the straightforward second order stencil
is defined as
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where overbars denote horizontal interpolation.  Higher-order schemes are derived referring wider
range in the same direction.  A fourth-order scheme is written as follows.
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In the above equation interpolation processes should be done with high-order accuracy to guarantee
the accuracy of the stencil, and the divergence term should be also computed accurately to keep
conservation property in the isentropic case.  Third- and fifth-order schemes require interpolation for
not only θ , but also U .  The third-order scheme is defined as follows.
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Truncation errors of the schemes above are smaller than the counterparts of the schemes in
unstaggered coordinate, and subsequently the dispersive and diffusive effect of the staggered schemes
is smaller.

Alternative schemes, which are used in WRF (Wicker and Skamarock 2002), are derived by
considering numerical fluxes through the cell interfaces.  A fourth-order scheme is defined as
follows.
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The accuracy of this scheme is guaranteed when the flow field is uniform.  Schemes of different
accuracy are constructed in a similar manner.  These schemes will be called 'Cell Interface
Difference' (CID) in this manuscript.

Figure 1 shows results of a comparison experiment of realistic simulations by NHM.  The model is
initialized at 00 UTC December 4, 2002, and run with 10 km horizontal resolution over the eastern
part of Japan.  The second-order scheme produces short-wave structures in the accumulated rainfall
field, while the third-order scheme gives a smooth distribution mainly due to the numerical diffusion
implied in the difference scheme.  The fourth-order staggered scheme also yields a smoother field
than the second-order, which suggests the higher-order scheme affects the prediction by the less
dispersive characteristic.  The high-order interpolation implied in the stencils may also have an effect
on the fields to some extent.  In the meantime, large-scale fields such as the sea level pressure field



are not distinctively different.  The results of the CID schemes hold similar property, however, the
fourth-order CID yields not as smooth an accumulated rainfall field as the counterpart of the staggered
scheme.  The reason of the difference may be attributed to the difference of the actual order of
accuracy between the two schemes and the effect of interpolation implied in the staggered scheme.

The computational costs of the higher-order schemes in elapse time were compared, and the results
almost justified elimination of the third-order staggered scheme from the choices since it was more
costly than the fourth-order staggered scheme, and as costly as the fifth-order staggered scheme.  The
larger cost of the third-order staggered scheme perhaps comes from the extra interpolation cost for U .
The CID schemes work economically since interpolation cost is minimized in the stencil and high-
order treatment for the divergence term is unnecessary.

Overall, the fourth-order staggered scheme is favored for the coming operational run of NHM, and
the fourth-order CID may be an alternative.
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Figure 1  Sea level pressure fields and 12-
hour accumulated rainfall fields of 12-hour
NHM prediction initialized at 00 UTC
December 4, 2002.  Upper left panel
shows the result of the second-order
staggered scheme, upper middle the third-
order, upper right the fourth-order. Lower
panels show the result of third- (left) and
fourth-order (right) CID schemes.
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1) Introduction 
The Japan Meteorological Agency (JMA) has been operating a MPI parallel version of a 

T213L40 global spectral model (GSM) which corresponds to a 60 km mesh model. GSM supports 
the official one-week forecast and provides the lateral boundary condition for the JMA Regional 
models. In order to provide finer scale forecast, we are developing a very high resolution GSM 
which corresponds to a 20 km mesh global model.  

In the summer of 2002, the researcher groups of the Numerical Prediction Division (NPD/JMA) 
and the Meteorological Research Institute (MRI) got computer accounts from the Earth Simulator 
Center to study the global warming with super high resolution atmospheric models on the world 
fastest supercomputer “Earth Simulator” (ES). 

The global modeling groups of NPD/JMA and the Climate Research Department of MRI have 
developed a new global model which is called “JMA-MRI unified global model”. The  features 
of this model are Fortran90 coding style, a new semi-Lagrangian scheme and some new physical 
schemes. We are testing this new model as the next JMA operational global model (TL319L40). 
We are also trying to execute a very high resolution global model such as TL1023L40 20 km mesh 
model on the ES. 

 
2) Development on the ES 

The ES is the world’s fastest supercomputer. Its peak performance is 40Tflops. The ES is a 
distributed memory parallel computer system which consists of 640 processor nodes. Each 
processor node is a shared memory system which contains 8 vector processors. Its 
operating system software and compilers are almost same as NEC-SX series 
supercomputers. The MPI library is used for inter-node parallelization, and microtasking, 
which is shared memory parallel programming, is used for intra-node parallelization in 
our global model. In order to get a high performance, it is necessary to make some 
program tuning both for vector processing and for microtasking. Automatic vectorization 
and parallelization are applied by the Fortran90 compiler, but we need to rewrite some 
codes and/or insert some directive lines manually for full optimization. Current 
performance of our global model is 18% of the peak performance. 

 

 



3) 20km mesh global model 
Several experimental runs of T682L40 20km mesh global model was executed on the JMA 

supercomputer system (Hitachi SR8000E1). We have been trying to run TL1023L40 
semi-Lagrangian 20km mesh global model on the ES. The horizontal grid space of TL1023L40 is 
2048x1024. The elapse time of 1 day forecast is about 2 hours on 8 nodes of the ES. We are trying 
to execute the TL1023L40 model on 100-200 nodes. Figure 1 shows a forecast example of 
TL1023L40. The spiral cloud patterns around typhoons and the small scale clouds on the Tibetan 
plateau are well simulated in the TL1023L40 20 km mesh model. 

 

4) Future plans 
We will continue to optimize the JMA-MRI unified global model to get the best performance on 

the ES. The JMA operational global model will change to TL319L40 semi-Lagrangian model in 
2003. It is expected that the semi-Lagrangian GSM which corresponds to 20 km mesh resolution 
will be executed on the next JMA supercomputer system in 2006. 

 

 

 
 

 

 

Fig.1 Forecast cloud images of T213L40 (upper left), TL1023L40 (upper right)
and observation by GMS-5 (lower).  
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Time-splitting of advection in the JMA Nonhydrostatic Model 
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The Japan Meteorological Agency (JMA) started an operational run of a 10 km horizontal 
resolution mesoscale NWP model in March 2001. The model, MSM, is a high-resolution version 
of the JMA’s operational regional spectral model, where the hydrostatic equilibrium is assumed. 
As for its initialization, mesoscale 4DVAR has been introduced in March 2002. Meanwhile, 
JMA will replace MSM with a nonhydrostatic model in March 2004. Development of an 
operational nonhydrostatic model for regional NWP (NHM) has been underway, based on the 
Meteorological Research Institute/Numerical Prediction Division unified nonhydrostatic model 
(MRI/NPD-NHM; Saito et al., 2001; http://www.mri-jma.go.jp/Dep/fo/mrinpd/INDEXE.htm).  

Among the three dynamical cores of MRI/NPD-NHM, the split-explicit time integration 
scheme (HE-VI scheme) is used for operation, considering the computational efficiency on the 
distributed memory parallel computer in the JMA’s NWP system. The HE-VI scheme of 
MRI/NPD-NHM treats sound waves in the short time step, but has no special treatment for 
gravity waves. For operational purpose, it is crucial to stabilize the gravity wave modes and 
remove the dependency of the maximum time step on the atmospheric static stabilities.  

Saito (2002) proposed a time splitting scheme of gravity waves for NHM where the 
computation of the buoyancy terms and vertical advection of the reference potential temperature 
are treated in the short time step in the HE-VI scheme. This scheme stabilizes the gravity waves, 
however, in case horizontal wind is strong, it is not necessarily effective to use a large time step 
in the leap-frog time integration. A new time splitting scheme of advection has been developed 
to improve the computational stability of NHM.  

 
In the HE-VI scheme of NHM, the forward time integration  
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are used for horizontal momentums, and the backward time integration  
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are employed for vertical momentum and pressure. In NHM, advection terms are originally computed 
in the long time step ∆t. It is expected that computing advection terms in short time step ∆τ contributes 
to improve the computational stability. However, this choice is not acceptable because the higher order 

http://www.mri-jma.go.jp/Dep/fo/mrinpd/INDEXE.htm


advection scheme with the modified scheme is expensive and spoils the merit of HE-VI scheme.  
In the new splitting scheme, we fully evaluate higher-order advection terms with the 

modified scheme at the center of the leap-frog time step, and then adjust the lower-order (second-
order) components at each short time step in the later half of the Leap-frog time integration as 

 
)5(.)()( τADVLktADVLktADVADV +−=  

 
Here, ADV(kt) is the higher order advection with the modified scheme at time step kt, 

ADVL(kt) and ADVL is the lower-order advection component at kt and each short time step ∆τ, 
respectively. This adjustment is done from (ns-1)/2+1 to ns-1, where ns is the ratio of 2∆t and ∆τ.  
 
 

 

 

 

 

 

 

 

kt+1 small time step 
∆τ 
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ns/2+1 ns-1 

ADV(kt) 

 
 large time step 2∆t 

Time splitting of advection terms. Case of ns = 7.  
 
In order to split the gravity waves, equations for the potential temperature and vertical momentum are 
rewritten as  
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As in Saito (2002), the third term of r.h.s. of (6) is given by a tentative time integration in the 
cloud microphysical process.  

This time splitting scheme enables the model to use 40 sec. for ∆t of the leap-frog scheme in 
the simulation of 10 km horizontal resolution, which (roughly speaking) corresponds to 80 sec. 
in the second order Runge-Kutta time integration scheme. Additional computational cost for time 
splitting of advection is less than 10 % of the total computation time when the model includes 
cloud microphysics.  

 
References. 
Saito, K., 2002: Time-splitting of gravity waves in the Meteorological Research 

Institute/Numerical Prediction Division unified Nonhydrostatic Model. CAS/JSC WGNE 
Research Activities in Atmospheric and Oceanic Modelling, 32, 0321-0322.  

Saito, K., T. Kato, H. Eito and C. Muroi, 2001: Documentation of the Meteorological Research 
Institute/Numerical Prediction Division unified nonhydrostatic model. Tech. Rep. MRI, 42, 
133pp. 



�����������
	����������	������������������������������ !�#"�$&%(')� *�	����+�,	
-/. 0 12�43+�5	
687:9<;�=(7?>A@CBD>?E�FHG<9<;

IKJMLONQPQNQRMNTSVU?W�XYR[Z5SO\]P_^K`�acbd`�NfeMSOZ�`�NQP_^OLKgDh�RiLKL]P_`�J�j�^K`lkmSOZVn�U?W�oc^pPqSOJr^]S]LKg
`�Jrk�h�RiLKL]P_`�J�sYnlk�\tU�Z5SpNTSuU�\tU�avUuw�P_^K`�a(h�S]LxSu`�\t^OezyDSOJ{NTSO\
|]}c~��5���� \uSuk�NTSu^]SOJMLK�HPfPc��SO\ � g ~��m�����M� bdUHLp^KU��+h���o�oMItj

�����i�_���f�t�m� ���T���������O�{�����f���p�p�m���f�x�
�¡ m¢:¢T£¥¤�£¥¢(¢q¦:§:¨u¦?©?ªl¨]«¬¤x ®�¯l° ®�¯l°�£ ¦: m«�¨�±l¤x¯m«A²�®H¢q¦¡³m¤x§T¦(®x´{£ ¦¡£¥¢( ®�©K¤p¦:¨]«A¯l®�§T¦:ª¬´µ§:®�²¶¦:ªl¨�·x¸«�¨K°�§:¨K¨¹¥¤p¦:£ ¦: m«�¨�º» ¢A¦:ªl¨5²�¨K§:£¥«�£¥¤x¯m¢Y®x´�¦:ªl¨¼¢T³lªl¨K§:£¥©K¤x¹©u®�®�§?«�£ ¯m¤p¦:¨�©u®�¯�½�¨K§:°�¨¾¦:®p¿(¤x§?«l¢�¦:ªl¨5³i®� ¨]¢K±(¦:ªl¨5 ®�¯l°�£ ¦: m«�£ ¯m¤x¹§:¨]¢T®�  �¦:£ ®�¯

£ ¯m©u§:¨]¤�¢T¨]¢�¿¡ªl£  ¨�¤x³l³l§:®H¤�©?ªl£ ¯l°�¦:ªl¨�³i®� ¨�º » ²�®�«�¨K�®�¯¬¦:ªl¨�¥¤p¦:£ ¦: m«�¨uÀQ ®�¯l°�£ ¦: m«�¨<°�§:£¥«¬¿¡£ ¦:ªV½p¤x§:£¥¤xÁl ¨<§:¨]¢T®�  �¦:£ ®�¯¾£ ¯
¥¤p¦:£ ¦: m«�¨¹©K¤x¯�³l§:®p½�£¥«�¨( ®�©K¤xl£ ¯m©u§:¨]¤�¢T¨(®x´M§:¨]¢T®�  �¦:£ ®�¯£ ¯¦:ªl£¥¢�¤x§:¨]¤ÂÁ�Ã¤Â´�¤�©t¦:®�§Ä®x´�Å�º ÅÂ¿¡£ ¦:ª�§:¨]¢T³i¨]©t¦Ä¦:®<¦:ªl¨¹©u®�¯m¢q¦?¤x¯H¦
§:¨]¢T®�  �¦:£ ®�¯C½�¨K§?¢T£ ®�¯C¿¡£ ¦:ªl®� �¦�¢T£ °�¯l£ Æi©K¤x¯H¦Â«�¨u´µ®�§:²Y¤p¦:£ ®�¯�®x´Ç¦:ªl¨ªl®�§:£ ÈK®�¯H¦?¤x�°�§:£¥«MºÂÉ(ªl£¥¢Â£ ¯m©u§:¨]¤�¢T¨�©K¤x¯CÁi¨�¤�©?ªl£ ¨K½�¨]«
¤p¦D½�£ §T¦: m¤x  ÃA¯l®Y©u®H¢q¦]º

É(ªl¨�Ê�ËMÀ »[Ì £¥¢Y¤¼°� ®�Ám¤xD¢T¨K²�£ À_Ë{¤x°�§?¤x¯l°�£¥¤x¯,ÍDÎdÏ¶²�®�«�¨K�Ð ÑtÒQº4É(ªl£¥¢�²�®�«�¨KD m¢T¨]¢¦:ªl¨�¤xÁm¢T®�  �¦:¨V½�®�§T¦:£¥©u£ ¦qÃ
¤�¢�¤V³l§:®�°�¯l®H¢q¦:£¥©�½p¤x§:£¥¤xÁl ¨Y¤x¯m«Ó©u®�²�³m¤�©t¦�ªl£ °�ª�ÀQ®�§?«�¨K§ÂÆm¯l£ ¦:¨A«�£ Ô[¨K§:¨K¯m©u¨]¢�®�¯5¦:ªl¨A l¯m¢q¦?¤x°�°�¨K§:¨]«�°�§:£¥«Mº » «�¨u¦?¤x£  ¨]«
«�¨]¢:©u§:£ ³�¦:£ ®�¯�®x´Â¦:ªl¨C¯� l²�¨K§:£¥©K¢´µ®�§Y¦:ªl¨5ÅxÕÖ½�¨K§?¢T£ ®�¯�®x´¹¦:ªl¨C²�®�«�¨KD£¥¢Y°�£ ½�¨K¯�£ ¯×Ð Å]ÒQº4É(ªl¨C²�®�«�¨KD£ ¯m©u  m«�¨]¢¦:ªl¨
³m¤x§?¤x²�¨u¦:¨K§:£ È]¤p¦:£ ®�¯¼³m¤�©?Øp¤x°�¨®x´D¢T lÁl°�§:£¥«�À_¢:©K¤x ¨³l§:®�©u¨]¢:¢T¨]¢Â´µ§:®�²Ù¦:ªl¨¬Úl§:¨K¯m©?ªÓ®�³i¨K§?¤p¦:£ ®�¯m¤xc²�®�«�¨K » �DÏ�Û�Ü<Û(ÝOÞqÚÇÊ
Ð ßpÒQº

É(ªl¨d½p¤x§:£¥¤xÁl ¨à§:¨]¢T®�  �¦:£ ®�¯¶£ ¯á¥¤p¦:£ ¦: m«�¨d£¥¢,£ ²�³l ¨K²�¨K¯H¦:¨]«&Á�Ã
£ ¯H¦:§:®�«� m©t¦:£ ®�¯&®x´�¤x¯á¤x �â�£  £¥¤x§:Ã
©u®�®�§?«�£ ¯m¤p¦:¨ã ³m¢T¨K m«�®�¥¤p¦:£ ¦: m«�¨OäD¿¡£ ¦:ª¼©u®�¯m¢q¦?¤x¯H¦Â¢q¦:¨K³�º�É(ªl¨�³m¤x§T¦:£¥¤xr«�¨K§:£ ½p¤p¦:£ ½�¨�£ ¯�¥¤p¦:£ ¦: m«�¨®x´�¢T®�²�¨�´µ l¯m©t¦:£ ®�¯¼©K¤x¯�Ái¨¿¡§:£ ¦T¦:¨K¯
¤�¢ åMæ

å[ç�è
å[çcé
å[ç

åMæ
å[ç é]ê

¿¡ªl¨K§:¨ çcé £¥¢�³m¢T¨K m«�®�¥¤p¦:£ ¦: m«�¨�±l¤x¯m«áëOìëOíHî £¥¢(«�£¥¢:©u§:¨u¦:£ ÈK¨]«¬¤�¢�£ ¯A¦:ªl¨�©K¤�¢T¨Â®x´r©u®�¯m¢q¦?¤x¯H¦�§:¨]¢T®�  �¦:£ ®�¯�º »  M«�¨K§:£ ½p¤p¦:£ ½�¨]¢�£ ¯¦:ªl£¥¢¡¨uâ�³l§:¨]¢:¢T£ ®�¯¾¤x§:¨�«�£¥¢:©u§:¨u¦:£ ÈK¨]«¬¿¡£ ¦:ª¾¦:ªl¨<´µ®� l§T¦:ªV®�§?«�¨K§¡¤�©K©u l§?¤�©uÃ�º
É(ªl£¥¢¹¤x³l³l§:®H¤�©?ªV¿(¤�¢(¦:¨]¢q¦:¨]«C¿¡£ ¦:ªC¦:ªl¨¢T¨u¦Â®x´Ç¦q¿�¨K ½�¨�·OÀ_«l¤OÃA´µ®�§:¨]©K¤�¢q¦?¢D¢q¦?¤x§T¦:£ ¯l°¬¤p¦ÑO·O¦:ª�«l¤OÃ¬®x´Ä¨]¤�©?ªC²�®�¯H¦:ª

Ñ]ï�ï�ðl±¹¸�¸�¸�¸�ñ¹É¹ò¹ºDÉ(ªl¨¼£ ¯l£ ¦:£¥¤x�«l¤p¦?¤,¿�¨K§:¨5 l¯l£ ¯l£ ¦:£¥¤x £ ÈK¨]«4Û(ò�óCÎdÚ&¤x¯m¤x Ã�¢T¨]¢ ã ¦:§: l¯m©K¤p¦:¨]«à¦:®ôÉ<Ñ�Ñ]ï,¢T³i¨]©t¦:§?¤x
§:¨]¢T®�  �¦:£ ®�¯iätº(Õ¹£ °�£ ¦?¤xMÆm ¦:¨K§¹£ ¯l£ ¦:£¥¤x £ È]¤p¦:£ ®�¯V¿(¤�¢D¤x³l³l £ ¨]«Mº(É(ªl¨�§:¨]¢T®�  �¦:£ ®�¯¾¿(¤�¢�Ñ�º õH¸�ðHÅ�·�«�¨K°�§:¨K¨]¢(£ ¯C ®�¯l°�£ ¦: m«�¨�±[Åxö
£ §:§:¨K°� l¥¤x§: Ã�¢T³m¤�©u¨]«÷iÀQ ¨K½�¨K¥¢Ä¤x¯m«�¦:ªl¨¡¦:£ ²�¨D¢q¦:¨K³�¿(¤�¢c¨]øH m¤x�¦:®�ß�ðÂ²�£ ¯�ºÇÉ(ªl¨¡§:¨]¢T®�  �¦:£ ®�¯£ ¯�¥¤p¦:£ ¦: m«�¨D¤�¢Ä¤¹´µ l¯m©t¦:£ ®�¯
®x´{°�§:£¥«�³i®�£ ¯H¦(¯� l²�Ái¨K§�£¥¢�«�¨K³l£¥©t¦:¨]«A£ ¯¾Úr£ °mº(Ñ�ºÇÉ(ªl¨¹ªl£ °�ª¬§:¨]¢T®�  �¦:£ ®�¯ ãQù×ú ·�Ø�²AäÄÈK®�¯l¨¹£¥¢�³l¥¤�©u¨]«YÁi¨u¦q¿�¨K¨K¯¬ß�¸�¤x¯m«
ï�¸�Í�ºmÉ(ªl¨�§?¤p¦:£ ®Ái¨u¦q¿�¨K¨K¯¾¦:ªl¨�¤�«OûT¤�©u¨K¯H¦¡²�¨]¢Tª¾£ ¯H¦:¨K§:½p¤x¥¢¡«�®�¨]¢(¯l®x¦D¨uâl©u¨K¨]«5Ñ�º ¸�ðH·�º

ü ¯AÚr£ °mºÄÅ�¿�¨¹³l§:¨]¢T¨K¯H¦�¤O½�¨K§?¤x°�¨]«�®p½�¨K§¹ÑOÅ�©K¤�¢T¨]¢��Dó5Ê�¨K§:§:®�§?¢c´µ®�§(·x¸�¸l±�öH·x¸<ªmÏÇ¤�ªl¨K£ °�ªH¦?¢�¤x¯m«Y²�¨]¤x¯¬¢T¨]¤pÀQ ¨K½�¨K
³l§:¨]¢:¢T l§:¨ ã ó5Ê�Ë{Ï�ä¹´µ®�§<¦:ªl¨A·x¸�Í¡À_ï�¸�Í+Ám¤x¯m«�´µ®�§�©u®�¯m¢q¦?¤x¯H¦�§:¨]¢T®�  �¦:£ ®�¯ ã Ñ�º ÑOÅ�·¬«�¨K°�§:¨K¨]¢?ä¹¤x¯m«¼½p¤x§:£¥¤xÁl ¨§:¨]¢T®�  �¦:£ ®�¯
½�¨K§?¢T£ ®�¯m¢�®x´r¦:ªl¨�²�®�«�¨Kfº

ÞQ¦¡£¥¢(Ø�¯l®p¿¡¯¬¦:ªm¤p¦(¦:ªl¨�½p¤x§:£¥¤xÁl ¨Â°�§:£¥«¬¢q¦:§?¤p¦:¨K°�ÃY£¥¢( £ ²�£ ¦:¨]«¬¦:®¦:ªl¨�§:¨K¥¤p¦:£ ½�¨K ÃA¢Tªl®�§T¦TÀQ§?¤x¯l°�¨¡´µ®�§:¨]©K¤�¢q¦?¢K±�¢T£ ¯m©u¨Â´µ®�§
²�¨]«�£  l²ÀQ§?¤x¯l°�¨¹´µ®�§:¨]©K¤�¢q¦?¢K±H¦:ªl¨�ªl£ °�ª¾§:¨]¢T®�  �¦:£ ®�¯¬§:¨K°�£ ®�¯A¿¡£  {©u®�²�¨Â l¯m«�¨K§¡£ ¯�ým l¨K¯m©u¨�®x´r¿�¨]¤p¦:ªl¨K§¡¢TÃ�¢q¦:¨K²Y¢�¦:ªm¤p¦D¤p¦
£ ¯l£ ¦:£¥¤x�¦:£ ²�¨¾¤x§:¨�´�¤x§¤O¿(¤OÃ�±r¤x¯m«�ªl¨K¯m©u¨¬¤x§:¨Y³i®�®�§: Ã¼§:¨]¢T®� ½�¨]«¼£ ¯�¦:ªl¨¬¤x¯m¤x Ã�¢T£¥¢KºVÞ_¯m«�¨K¨]«M±Ç®�¯l¨¬©K¤x¯,¢T¨K¨Y¦:ªm¤p¦�¦:ªl¨
½p¤x§:£¥¤xÁl ¨�§:¨]¢T®�  �¦:£ ®�¯�½�¨K§?¢T£ ®�¯V£¥¢¹²�®�§:¨¤�©K©u l§?¤p¦:¨�¦:ªm¤x¯5©u®�¯m¢q¦?¤x¯H¦¹§:¨]¢T®�  �¦:£ ®�¯�®�¯l¨� l³�¦:®¾¤x³l³l§:®Oâ�£ ²Y¤p¦:¨K Ã¾öxõ¬ªl®� l§?¢
§?¤x¯l°�¨�º » ¦c¦:ªl¨¡¢:¤x²�¨�¦:£ ²�¨�±x¦:ªl¨¡�Dó5Ê�¨K§:§:®�§?¢�´µ®�§c§?¤x¯l°�¨]¢{ l³�¦:® ú ÅDªl®� l§?¢c¤x§:¨�Ái¨u¦T¦:¨K§ÇÁ�ÃYÑuÀqÅD²VºcÉ(ªl¨(£ ²�³l§:®p½�¨K²�¨K¯H¦
£¥¢¡²�®�§:¨<½�£¥¢T£ Ál ¨<£ ¯C¢TØ�£  �¢:©u®�§:¨�Ê[Ñ ã ¯l®x¦¹¢Tªl®p¿¡¯iätº

É(ªl¨�³l¥¤x¯m¢(£ ¯m©u  m«�¨�¦:ªl¨�£ ¯m©u§:¨]¤�¢T¨<£ ¯Vªl®�§:£ ÈK®�¯H¦?¤xM§:¨]¢T®�  �¦:£ ®�¯V¤x¯m«V¤x¥¢T®¦:¨]¢q¦:£ ¯l°A¤Y©u®�¯�Æm°� l§?¤p¦:£ ®�¯¬¿¡£ ¦:ªC§:®x¦?¤p¦:¨]«
³i®� ¨]¢D¤x¯m«¬½p¤x§:£¥¤xÁl ¨<§:¨]¢T®�  �¦:£ ®�¯�º

É(ªl£¥¢(¿�®�§:ØY¿(¤�¢¡¢T l³l³i®�§T¦:¨]«¬Á�ÃA¦:ªl¨��DÚcþ(�z°�§?¤x¯H¦¡¸lÑuÀ_¸H·OÀ_ðxõ�·xöHÅ�º

ÿ ���M����5� � ���
Ð ÑuÒ�ó�º » º�É{®�¥¢q¦qÃ�Ø�ª�±�Ê�¨K²�£ À_Ë{¤x°�§?¤x¯l°�£¥¤x¯Vªl£ °�ª5§:¨]¢T®�  �¦:£ ®�¯C²�®�«�¨Kc®x´Ä¦:ªl¨Y¤p¦:²�®H¢T³lªl¨K§:¨�´µ®�§<¯� l²�¨K§:£¥©K¤xr¿�¨]¤p¦:ªl¨K§
³l§:¨]«�£¥©t¦:£ ®�¯�±��������
	������������������� ����������! "�#������� �����p±[ÍDõm±MÑuÀ_ï ã Åx¸�¸lÑOätº ã �¡ m¢:¢T£¥¤x¯V¤x¯m«VÛÄ¯l°� £¥¢Tªiä

Ð ÅOÒ ó�ºdÉ{®�¥¢q¦qÃ�Ø�ª�± Ì ®�§T¦:£¥©u£ ¦qÃHÀ_«�£ ½�¨K§:°�¨K¯m©u¨�¢T¨K²�£ À_Ë{¤x°�§?¤x¯l°�£¥¤x¯5¢Tªm¤x  ®p¿(ÀQ¿(¤p¦:¨K§<²�®�«�¨K�®�¯¼¦:ªl¨¬¢T³lªl¨K§:¨YÁm¤�¢T¨]«¼®�¯
©u®�²�³m¤�©t¦(Æm¯l£ ¦:¨�«�£ Ô[¨K§:¨K¯m©u¨]¢K±%$'&)(*��+-,��'��&/.*0��1�2&%35476 ã Åx¸�¸HÅ�ät±[Ñ]ö�¸pÀqÅx¸�¸lº



Ð ßpÒ��mº À_Ú�ºÄÜÂ¨K ¨KÃ�¯�±&ÛDºÇþ(¤xÈK£  ¨�±¶ÏcºÄþ�®� l°�¨]¤x l ¦���� ��� ± » ¦:²�®H¢T³lªl¨K§:£¥©¬³m¤x§?¤x²�¨u¦:¨K§:£ È]¤p¦:£ ®�¯�¢:©?ªl¨K²�¨]¢�£ ¯ôóC¨u¦:¨K®xÀ
Úl§?¤x¯m©u¨�� ¢ » �DÏ�Û�Ü<Û,Í�º Î×º ÏcºH²�®�«�¨KfºHÞ_¯ . ������+ �������
	 � ��� 	��� ��� �
��� ���
	��
	 ������� � ,70��1�
	������,��������
���2�
�t±�Û(ò�óCÎdÚ
Ê�¨K²�£ ¯m¤x§¡³l§:®�©u¨K¨]«�£ ¯l°H¢ ã Ñ]ï�ïxõ�ät±�ß�öH·OÀQõH¸HÅ�º

km

Grid point

80.

90.

100.

110.

120.

130.

140.

150.

160.

170.

0 50 100 150

���������������������! #"�$%�$%��&���'(") *���,+�-� ��.$%��-�'/")+0"21���'�3�$%��-�'4-)15������&�67-���'8$9':��;=<7�,�,>@?A1���-�;CBD-��.$%���,��'
67-� ��9$%-FEG-���$%���,��'H67-� ��JI

RMS errors 50-90N

H500 const
H850 const
H500 var
H850 var

m

Hours

20.

30.

40.

50.

60.

70.

80.

24 48 72 96 120

RMS errors 50-90N

MSLP const
MSLP var

mb

Hours

2.0

3.0

4.0

5.0

6.0

7.0

24 48 72 96 120

�����������0KD�L�����M"ON��,�%")���,&HP�QRB��,����-���+�-)1LS)T�T=")'�&HU8S)TV�(W�"X���,�����8$%+M?� ���1A$YI5")'�&@;F�O")'Z+��O"\[] ���N��, 
6����,+�+������Z?��������8$YI^")+�1���'�3�$%��-�'�+_-)1`$%���a1�-����,3O")+�$_$%��;F�)>



A Semi-Lagrangian Scheme Conservative
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Hiromasa Yoshimura
Climate Department, Meteorological Research Institute, Japan Meteorological Agency

E-mail: hyoshimu@mri-jma.go.jp

Takayuki Matsumura
Numerical Prediction Division, Japan Meteorological Agency

1. Introduction
  The conservation of a semi-Lagrangian advection scheme is a considerable issue for a climate model.
We develop a new semi-Lagrangian scheme for a climate model with a conserving property in vertical
advection.

2. The semi-Lagrangian advection scheme conservative in the vertical direction
  In the new semi-Lagrangian advection scheme, computation of the advection terms is split into the
horizontal and vertical directions and the both terms are computed separately.  The flux in the vertical
direction is evaluated with a one-dimensional conservative semi-Lagrangian scheme, while the horizontal
advection is calculated with a conventional non-conservative 2-dimensional semi-Lagrangian scheme.
Note that we can conserve mass and water vapor when we adopt a correction method such as Gravel et al.
(1994).  The new advection scheme also has the advantage of computational efficiency, since it reduces the
number of spatial interpolation.
  The continuity equation is
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and the moisture equation is
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where p is the pressure, q is the mixing ration of water vapor, vH is the horizontal wind vector and h is the
hybrid vertical coordinate of p and s( = p/ps ).
  From (2.1) and (2.2) we obtain
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  In (2.3) and (2.4), the term on the left hand side —⋅+≡ HHH tdtd v∂∂  is the horizontal part of the
advection, the first term on the right hand side is the divergence and the second term on the right hand side is
the vertical flux.
  The discrete analogs of (2.3) and (2.4) are
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where k is the vertical level.
  We integrate (2.3) and (2.4) in time in the order as follows:



• The divergence at the departure point at time (t-Dt)
• The vertical flux at the departure point at time (t-Dt)
• The horizontal advection (with a conventional 2-dimensional semi-Lagrangian scheme)
• The vertical flux at the arrival point at time (t+Dt)
• The divergence at the arrival point at time (t+Dt)
  The flux of the water vapor in the vertical direction is evaluated with a one-dimensional conservative
semi-Lagrangian scheme.
  The advection terms of the moisture equation should be computed consistently with that of the continuity
equation.  In normal semi-Lagrangian schemes, only the continuity equation is split to compute its
advection terms and this may cause inconsistency between mass and other non-split variables such as water
vapor.  In this report we split the advection terms of the moisture equation and compute them in a similar
manner to the continuity equation, ensuring the consistency on treatment of advection between the continuity
and the moisture equations.  The advections of the temperature and the horizontal wind components are
also computed in the same way as the water vapor.
 
3. 3-years runs at the resolution T42L40
  We performed three 3-years runs at the resolution T42L40 and compared the results.  One of three was
an Eulerian advection scheme, another one was a conventional semi-Lagrangian advection scheme
(Matsumura 2002), and the last one was the vertically conservative semi-Lagrangian advection scheme
proposed here.
  In both semi-Lagrangian schemes, a time step 

† 

Dt  is set to 45 min, which is about twice as long as that
determined by the Courant number.
  Results of the 3-years runs are summarized as follows:
•  With respect to the 3-years average (i.e. climate), cooling bias appears around the tropical tropopause in

the conventional semi-Lagrangian scheme (Fig. 1), while it does not in the vertically conservative semi-
Lagrangian scheme (Fig. 2).

•  The amount of the false heat source in the atmosphere, which is calculated from the difference between
the 3-years average of the total energy flux at the top and the one at the bottom, is smallest in the vertically
conservative semi-Lagrangian scheme.  This means that the vertically conservative semi-Lagrangian
scheme is best among the three with respect to the conserving property of energy.

•  In the 24-hours forecast, the difference of sea level pressure between the two semi-Lagrangian schemes
is small.

  These results show that the vertically conservative semi-Lagrangian scheme is better than the
conventional semi-Lagrangian scheme for a long-term integration.

  
Fig. 1. The zonal mean temperature difference Fig. 2. The same as Fig. 1 except between
  between the conventional semi-Lagrangian     vertically conservative semi-Lagrangian
  scheme and the Eulerian scheme.        scheme and the Eulerian scheme.



A new interpolation method for high frequency forcing fields 
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A new generation of very high-resolution ocean numerical models allows the study of 
processes close to the inertial frequency and even in superinertial frequencies. These 
processes require that the models be forced by high frequency forcing fields, which in 
many cases are obtained from atmospheric numerical models, typically in 6 hourly fields. 
These fields commonly represent the values of surface fluxes of wind stress, evaporation, 
precipitation, and heat fluxes at the specified date and time instead of averages for a 
given period. Oceanographers usually linearly interpolate these fields in time to the 
model time step. This is a good approximation for features that behave like standing 
waves, i.e., change their amplitude without displacement When there are strong moving 
features, such as fronts, the interpolated fields behave like duplicated standing fronts 
changing their amplitude instead of moving. Here, a new technique for the interpolation 
of the forcing fields in time that recovers the movement of features is tested in a simple 
case. This method decomposes the fields into their complex empirical orthogonal 
functions, then the information from each mode is used to interpolate in time and finally 
the significant modes are added. This technique is a particular case of the time and space 
interpolation that is currently applied to altimetry data at the Center for 
Ocean-Atmospheric prediction Studies (Yu et al., 2003). 
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Figure 1.  Position of the synthetic feature at time t = 0 (continue line), and at time t = 1 
(dotted line). The abscissa axis is the distance in arbitrary units and the 
ordinate axis is the amplitude. 

 
A moving feature defined by a cosine shape moving to the right illustrates the technique 
(Fig. 1). A standard weighted linear interpolation between two sampled fields shows that 
the feature in the interpolated field changes its amplitude, duplicates, and does not 
translate in space. In contrast, with the new technique, the amplitude has a smaller 
variation, and the feature translates (Fig. 2). 
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Figure 2. Position of the feature between two sampled times interpolated by a) weighted 
linear interpolation and b) the complex empirical orthogonal function 
interpolation method. The thick and dotted lines represent the position of the 
wave at time t = 0 and t = 1 respectively, and the thin lines represent the 
estimated positions at times t = 1/4, t = 1/2, and t = 3/4. 

 
A generalization of this technique is being developed and applied to the high frequency 
forcing fields used to force the COAPS/Florida State University Gulf of Mexico 
simulation (Morey et al., 2003).  
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