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Ú ½ e�i~¯�pyg�¬Ûp�¾�tqeZi~«Zoqp>rji8sut%��h%tjp�s�g�¬�s�vZ¬�g;tjiÜtqe�i~«Bi�oqtqv�o,|�g;tq��pywZhÝw�i�i8xZi8xctjp¡supyw�tjoqpy¬�tqe�i~tjo,g�s,ÁÞg�wZx
«Bpyhqh,��|�¬� �tqe�iË��w�tji8wZhq��tß Kp�¾�g�e�vZoqo,��s�g�w�i�à/tjpÝx�i�tji�o,{K�Àw�ime�p!á_|���¯�g;oqimtqeZiz«Bi�oqtqvZoq|�g;tq��pywZhfg�wZx�á�eZg;tº��h
tqeZi�hjtjo,vZsutqvZoqi�p�¾�tqeZi8hjil«Bi�oqtqv�oq|�g;tq��pywZhEâ

Úcã v�oäg;«�«Zoqpyg�s,e���hftjp�v�hjimiuå���hjtq�Àw�¯ltjp/py¬�hfg�w�x#xZg;tqg�hqi�tqhº¾�oqpy{æi8g;o,¬���i�o dzç 	è«Zoqp>rji8sutqhätjp@«Bi�oq¾�p�o,{æsupywD�
®D��wZs��Àw�¯lhq��{�vZ¬�g;tq��pyw�iuåD«Bi�o,��{Ýi8w�tqh�xZvZo,��w�¯Ë��eZg�hqimé/Â ½ e�i8hjim��wZs�¬�vZxZiätqeZimê~i8hqpyhqs�g�¬�izê-pDx�i8¬�ëKìíê£ê£ëyî
g�w�xÜtqeZi�ï�i8g;tqvZoqi n g�¬���|ZoEg;tq��pyw-g�wZx d ¬���¯ywZ{Ýi8w�t�ì�ï nºd îmhj Dhjtji8{^á�eZ�Às,e£��x�i8w�tq��ðZi8h�g�w�x£sup�o,oqi8sutqhËtqe�i
«�eZg�hji�i�oqoqp�o,h�p�¾�tqeZi#|�g�s,Á�¯�o,pyvZwZx�ðZi8¬�x���w¡tqe�i¦xZg;tqg3g�hqhq��{K�À¬�g;tq��pyw�hq /hjtji8{~Â¨ñzvZo,��w�¯£��eZg�hji3�;à�áäi
supyw�xZvZsutji8x~«�oqp�tjp�t
 /«Bil«Zoqp/p�¾À�
p�¾��
supywZsui�«Zt�iuå/«Bi�o,��{Ki8w*tqh�Â

Ú ½ e�il{Kg���w�áäp�oqÁ�p�¾�tqe�i�«�oqp>r­i8sutmeZg�h¿|Bi�i8w¦g�{Ý«�¬� �x�pDs�vZ{Ýi8w�tji8x~��w�t
áäpËrjpyv�o,wZg�¬Bg;oqtq�Às�¬�i8h�ì
ò@ó­ôÛõKö;÷�ø
é;���yé/ù�ò�ójôÛõKö;÷¡i�tKg�¬
Âúømé;���yé ¼ ��à�é!Ã�îEÂ ½ eZi8hji~g;oqi~��wZs�¬ÀvZx�i8x���wûtqeZ��h�oqi�«Bp�oqtÝg�hKg;«�«0i8w�xZ��sui8h�Â ½ e�i
o,i8{Kg���wZx�i�omp�¾§tqe�i�|BpDx� �p�¾�tqeZ��h¿o,i�«0p�o,tm��hmg%hqvZ{%{Kg;oq ¦g�wZx-g�¬���hqtq��w�¯Ýp�¾�hjpy{Ýi�x�i�tqg���¬�h�p�¾§pyv�ozáfp�oqÁ
wZp�t���wZs�¬�v�x�i8x���w�tqe�i�t
áäp#g;«�«0i8w�xZ��sui8h�Â

ü ý_þ�ÿ�Õ�Ô��

Ú�� hji@tqe�i��yxD� � d 	\xZg;tqg#g�hqhq��{K�À¬�g;tq��pyw�hj Dhjtji8{Vp�¾�ê£êÜëK®�i�o,hq��pyw���tjp#x�i�tji�oE{K��w�i�tqe�i@{K��wZ��{�vZ{ «Bi�oj�
tqvZoq|�g;tq��pyw¡p�¾�{ÝpDx�i8¬ä��wZ��tq��g�¬fsupywZxZ��tq��pywZh�w�i�i8xZi8x¡tjp3i��Bi8sutÝg£h,v�|�hjtqg�w�tq��g�¬ftjo,g�sqÁ�{Ýp/x���ð�s�g;tq��pyw�p�¾mg
e/v�oqoE��s�g�w�i�Â

Ú ½ e�i~|�g�hq�Às¦iuå/«Bi�o,�À{Ýi8w*tK�ÀhKg¨®;g;o,��g;tq��pywÞpyw	�yxD� � d 	�
 n pywZhq��x�i�oKhqpy{ÝiÜ��w���tq��g�¬¿êÜê£ë�¾�p�oqi8s�g�hqt%p�¾lg
e/v�oqoE��s�g�w�i�Â ½ eZ��hK��hKtqe�iÜvZwZ«0i�o,tqv�oq|Bi8x�o,vZw � ¾�oqpy{atq��{Ki-� tjp ½ á���tqechqtqg;tji8h � ì��*îÝg�w�x � ì ½ îEÂ
� v�«Z«BpyhjiÛáäimáäpyvZ¬�x�¬���Á�imtqe�iËe�v�o,o,��s�g�w�iÛ«Bpyhq��tq��pyw%g;t ½ tjp�|Bi��8ë;�@ÁD{æi8g�hjtºp�¾'tqe�iz«0pyh,��tq��pyw%�Àw � ì ½ îEÂ
� hji dzç 	�� h�ï nºd hj Dhjtji8{ tjp¦suoqi8g;tjiKg�¯�pyg�¬§hjtqg;tji
�Ýì ½ îEÂ'k�iuåDt�à'vZhji��yxD� � d 	Otjp¦ð�wZxÜg�«Bi�oqtqv�o,|0i8x
h,��{@v�¬�g;tq��pyw3�=hjp~g�hltjp-hq��{�vZ¬�tqg�w�i�pyv�hq¬� ~{K��w���{K����i@tqe�i%xZ���Bi�oqi8wZsui�¾�oqpy{ tqe�iÝ¯�pyg�¬f�mì ½ î
���Ýì ½ îËg�wZx
tqeZi���w���tq��g�¬'hjtqg;tjiÝ�zì��*î
� � ì��*îEÂ��zì��*î
� � ì��*îz�Àh�tqe�i�{K��w���{Kg�¬�«Bi�oqtqv�o,|�g;tq��pyw¦tjp�¯�i�tËá���tqeZ�Àw~�mì ½ î
���Kì ½ î
p�¾�tqe�i�¯�pyg�¬
Â

Ú ïZp�oÛ��eZg�hji��z|Bp�tqe%tqe�iz¯�pyg�¬�{K��h,{Kg;tqs,e�g�wZx�tqe�iËhq����izp�¾'tqe�iË��wZ��tq��g�¬�«Bi�oqtqv�oq|�g;tq��pywKá���¬À¬�|Biz{Ýi8g�h,v�oqi8x
ám��tqe¦gKhq��{K«�¬�i���vZg�xZo,g;tq��sËi8w�i�oq¯� ¦w�p�oE{¦Â

� �ÞÔ�Õ���Ô�ÿ������Oÿ���Õ�Ô0Ó

Ú! i@��x�i8w�tq��ðZi8x�g�w-ê£êÜë�®�i�o,h,��pyw#"�xZg;tqg�hji�t�¾�oqpy{ g�w~i8g;o,¬���i�o dzç 	 «�oqp>r­i8sutÛg�hÛtqe�il��wZ��tq�Àg�¬�supywZx���tq��pyw
ð�¬�i�¾�p�o�tqeZ��hº«Zoqp>rji8sut$
 ç g�hjtji�o,w-��g�s���ð�s&%mv�o,o,��s�g�w�i��­wZ��ÁD�§ì­�(')'�éyîÛg;t��+*+,b��� � i�«Ztji8{@|Bi�ol�(')'�é/Â

Ú! i3x�i�®D��hji8x¥g�{Ýi�tqe�pDxctjp�supyw*®�i�o,t¦ê£ê£ë ®�i�o,hq��pyw-"¨pyv�tj«�v�t%�Àw*tjpûêÜê£ë ®�i�o,h,��pyw �Ü��w�«�vZt�v�hq��w�¯
iuå���hjtq�Àw�¯%êÜê£ë�«Zo,iu��g�wZx¦«Bpyhjt­�
«ZoqpDsui8hqhjp�oEh�Â

Ú ê£ê£ë.�yxD� � d 	 s�v�oqoqi8w�tq¬� ���h�pyw�¬� ¡g�®>g���¬Àg;|�¬�i�¾�p�o%ê£ê£ë3®�i�o,hq��pyw �¦g�w�xû¾�p�oÝo,v�xZ��{Ýi8w�tqg;oq ¨«�e� Dhq��s�g�¬
«�g;o,g�{Ýi�tji�o,���8g;tq��pywZh�Â  i@ðZo,hjt¿x�i�tji�o,{%��w�i8x�á�e�i�tqeZi�o�g�oqp�|�vZhqtÛe�v�o,o,��s�g�w�i�s�g�w~|Bi�{Kg���w�tqg���w�i8x¦v�hq��w�¯
tqeZi8hji%x�i�¯�o,g�xZi8x «�g;o,g�{Ýi�tji�oE���8g;tq��pywZh�Â ½ p~tqe�g;tli8wZx�à'áäiK«Bi�oq¾�p�o,{Ýi8x hji8w�hq��tq��®D��t
 £hq��{�vZ¬�g;tq��pyw�hzv�hq��w�¯
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ê£ê£ë3®�i�o,hq��pywH"£á���tqeûtqe�i-ê£êÜë ®�i�o,hq��pyw ��«�e* Dhq��s�h�p�«Ztq��pywZh�ù¿tqe�i� �oqi8hqvZ¬�tji8xb��w�� wZ��Á/�B� h�hji8g>�
¬�i�®�i8¬
«�oqi8hqhqv�o,iz|Bi8��wZ¯Ýé�éJI3K�L�eZ��¯yeZi�o8Â

Ú! iËáäi�oqiËg;|�¬�i�tjpÝg�xZxZoqi8hqhftqe�imhqvZ|�hjtqg�w�tq��g�¬�áäi8g;Á�i8wZ��wZ¯@p�¾M%zv�oqoE��s�g�w�iÛ�­wZ��ÁD�ZtqeZg;täáºg�hä�Àw*tjoqpDxZvZsui8x%|� 
v�hq��w�¯KtqeZi�x�i�¯�oEg�x�i8x£«�e* Dhq��s�h�p�«Ztq��pywZhzg�wZxÜ¾�i�áäi�oË®�i�oqtq��s�g�¬�¬�i�®�i8¬�hmoqi(�/vZ��oqi8x-|� -tqe�iN�yx�� � d 	Ohj Dhjtji8{
p�¾�êÜê£ë¡®�i�o,hq��pyw\�;Â n p/x�iÜ¾�o,py{ pyw�i£p�¾ltqe�i ê£êÜë�«Zoqi�«Zo,p/sui8hqh,��w�¯¨«Zo,p�¯�o,g�{Kh�áäg�h�{ÝpDxZ��ð�i8xbtjp
�ÀwZsuoqi8g�hjizhji8g>�
hqv�oq¾�g�suiztji8{Ý«Bi�o,g;tqv�oqi8hËì �Z� ½ î�|� %ë)O n Â ½ e�izhqv�|�hji(�/v�i8w�t�hq��{�vZ¬�g;tq��pywK{Kg���w�tqg���w�i8x%� wZ��Á/�
g�hËg�{K��wZ�À{Kg�¬'e/v�oqo,��s�g�wZilá���tqe-á���wZxZhÛp�¾ä�>�>�P';��Á/w�p�tqhËg�wZx£g�{K��wZ��{�vZ{ sui8w�tjo,g�¬�hji8g>�
¬�i�®�i8¬(«Zoqi8h,hqv�oqi
p�¾�g;|Bpyv�tQ')';�JI3KJL�ù�tqeZiËhqtjp�o,{ ��h¿w�p!á hji�®�i�o,g�¬'{K�À¬�¬���|�g;oEh�x�i�i�«Bi�o¿tqeZg�w�tqe�i�hq��{�vZ¬�g;tq��pyw%á���tqe�pyv�tºtqe�i
��� ½ ��wZsuoqi8g�hqi�Â ½ eZ��hº��h�hqv@R%s���i8w�t¿¾�p�oÛpyv�o�w�i�i8x�h�Â

Ú � p�¾�tßáäg;oqi¦áºg�h�x�i�®�i8¬�p�«Bi8x�tjp supyw*®�i�oqtKgÜtqg;oq¯�i�tÝ¾�p�oqi8s�g�hjtÝtjp gÜð�¬�i�p�¾DSjxZ��oqi8sut�p�|�hji�o,®>g;tq��pyw�hUT3vZhji8x
�ÀwV�yxD� � d 	�Â ½ eZ�ÀhÝ��h%g¨suoE��tq��s�g�¬¿tji8sEeZwZ��s�g�¬zhjtji�«ÞámeZ��s,eÞsuoqi8g;tji8h�g�wÞ��{Ý«Bp�oqtqg�w�tK��w�«�v�t�tjpW�yxD� � d 	�Â
½ e�i@tqg;o,¯�i�t�¾�p�oqi8s�g�hqtË�ÀhzgX*!�
e3¾�p�oqi8s�g�hjt���wÜá�eZ��sEe-tqe�iÝe/v�oqo,�Às�g�w�i@eZg�hz|Bi�i8w£{Ýp�®�i8x |/ ~pyv�o�ï�i8g;tqvZoqi
n g�¬���|Zo,g;tq��pyw�g�w�x d ¬���¯ywZ{Ýi8w�t-ì�ï nºd î�tji8s,eZw��Y��vZi¦¾�oqpy{�tqeZi~s�v�oqoqi8w�tÝ¾�p�o,i8s�g�hjtK«Bpyhq��tq��pywûtjp¨g�{Ýp�oqi
xZi8hq��o,g;|�¬�iË¬�p/s�g;tq��pyw'Â

Ú � ¬���¯ye�t�{Kp/xZ��ð�s�g;tq��pywZh�p�¾�iuå���hjtq�Àw�¯bsup/x�i áäi�oqi oqi(�/vZ��o,i8x¥tjpbtqg��À¬�p�o¦tqe�i¨ï�i8g;tqv�o,i n g�¬���|�o,g;tq��pyw_g�wZx
d ¬���¯yw�{Ýi8w*t �  /hjtji8{ ì�ï nºd î¿hj Dhjtji8{ ¾�p�oÛtqeZ��hº«�oqp>r­i8sut�Â

Ú d w%ê£êÜëz®�i�oEhq��pyw¦�Z�yxD� � d 	cg�wZg�¬� Dhq��h�áºg�h�suoqi8g;tji8xÝ¾�p�o�%zv�oqo,�Às�g�w�if�­wZ��ÁD�íÂ ½ e�i¿g�hqhq��{%��¬�g;tq��pyw@á���wZxZp�á
áºg�hD*3e�àfg�wZx�áfi~hj«Bi8s���ð�i8x�x���oqi8sut�p�|�hji�oq®;g;tq��pywZh~ì�[B\^]6\�àftqe�i�tqg;oq¯�i�t%g�wZg�¬� /hq�ÀhEî�®;g�¬���xûg;tD*3e�Â ½ e�i
x���oqi8sut§p�|�hji�o,®>g;tq��pyw�h§p�¾B� wZ��Á/�Ds�g�{ÝiÛ¾�oqpy{ gl¾�vZ¬À¬ú�
«�e� /hq�Às�h�à>e���¯ye�®�i�oqtq��s�g�¬�oqi8hjpy¬�v�tq��pyw_*!�
e�êÜê£ëË®�i�o,h,��pyw
"-¾�p�oqi8s�g�hjt�Â ½ p£«ZoqpDxZvZsui%tqe�i�x���oqi8sut�p�|�hji�oq®;g;tq��pywZh�à�áäi���w�tji�oq«Bpy¬�g;tji8x�tqe�i�ê£ê£ë-ð�i8¬�xZhltjp3g£¬�p�áäi�o
®�i�o,tq��s�g�¬(oqi8hjpy¬�v�tq��pyw�ì�g�hzoqi(��v���oqi8x¦|/ `�yxD� � d 	ËîEà0g�wZxÜ�­wZ��ÁD��áäg�hz{Ýp!®�i8x3áfi8hjtßáäg;oExÜ|/ ~ï nºd Â0� w-tqeZ��h
s�g�hqi�à�áäiK{Ýp�®�i8x�� wZ��Á/�(áäi8hjt�p�¾ä��tqh�*!�
e ¾�p�o,i8s�g�hjtl«Bpyhq��tq��pywÜ|/ ����8é�ÁD{¦Â d h,v�|�hji(�/v�i8w�tztjoE��g�¬�eZg�x¨g
x���hj«�¬�g�sui8{Ki8w*t¿p�¾º�(a�ÁD{ tjp%tqe�i�áäi8hjt�Â

Ú! i���wZs�¬�v�x�izgb� |�g�sqÁ/¯�oqpyvZwZx~ðZi8¬�xc��g;tÛtq��{Ki���i�oqp%g�h¿«�g;oqtÛp�¾(tqe�i�supyhjtÛ¾�vZwZsutq��pyw¦��wX�yxD� � d 	�Â
Ú ½ p�¯�i�tËtqe�iKêÜê£ë#®�i�o,hq��pywû���yxD� � d 	OsupDx�iÝ��w�tjp�g�w£p�«Bi�o,g;|�¬�i�supywZxZ��tq��pyw�à0supyw�hq��x�i�o,g;|�¬�i@x�i�|�v�¯�¯y��w�¯
áºg�häw�i8sui8hqhqg;oq �à/|Bi8s�g�vZhjimtqe�i�supDx�im��h�oqi8hji8g;o,sEeD�
¯�o,g�x�iËg�wZxKám��oqi8xKhj«Bi8s���ð�s�g�¬�¬� @�ÀwKg�w/vZ{@|0i�o�p�¾0«�¬�g�sui8h
tjp hjpy¬�®�i#«Zo,p�|�¬�i8{Kh�xZ���Bi�oqi8w�t�¾�oqpy{ pyvZo,h�Â d ¬�hqp�à�x�i�|�v�¯�¯y��wZ¯-p�¾Ûtqe�i�supyw�®�i�oqtji�o%v�tq��¬À��t
 3tjp suoqi8g;tji~g
x���oqi8sut§p�|�hji�o,®>g;tq��pyw%ð�¬�i¿áºg�h�w�i8sui8h,hqg;oq �tjp���wZh,v�oqiºtqeZg;t�áäiÛ«Zoqp!®/�Àx�iZ�yxD� � d 	¥«Zoqp�«Bi�o�S­p�|�hji�o,®>g;tq��pyw�hUTDÂ

Ú d t�tqe�iäi8wZx�p�¾��feZg�hjiä�Eà>áfiºeZg�x�hqvZs�sui8h,hj¾�v�¬�¬� Ësupy{Ý«�¬�i�tji8x�t
áäp&�yxD� � d 	bg�w�g�¬� /hqi8h(g�w�x@g;oqiäi8wZsupyv�oEg;¯�i8x
|/ ètqe�i¨oqi8hqv�¬�tqh�Â ½ e�iW*!�
e tqg;o,¯�i�tqhÜvZhqi8x tjpÞsuoqi8g;tji8x=tqe�i8hji¨tßáfpÞg�w�g�¬� /hqi8h~eZg�xd%zv�oqo,�Às�g�w�i3� wZ��Á/�
x���hj«�¬�g�sui8xÜtjp�tqe�i�áfi8hjtË|/ Üg;|Bpyv�t��(a#Á/{ g�wZxû���8é#Á/{~à0o,i8hj«Bi8sutq��®�i8¬� �Â&�yxD� � d 	Q«�oqp�®D��x�i8x£{ÝpDxZ��ðZi8x
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2 HOFFMAN ET AL.: MOVING A SIMULATED HURRICANE

Abstract.�
Four-dimensionalvariationalanalysis(4d-VAR) is a dataassimilationtech-

niquethat haspromisefor calculatingoptimal perturbationsfor weathercon-

trol. The MesoscaleModel 5 (MM5) 4d-VAR systemis usedto calculate“op-

timal” perturbationsto shift the simulatedforecasttrack of HurricaneIniki
���������

westward,during the six hoursbeginning 06 UTC 10 September1992.The con-

trolled forecastcloselymatchesthe target.The perturbationof the initial con-

ditions aresmall, but concentratedin the lowest layer temperaturefield, in a pat-

tern consistentwith enhancedheatingwestof the hurricane.

D R A F T January 7, 2002, 3:21pm D R A F T



HOFFMAN ET AL.: MOVING A SIMULATED HURRICANE 3

1. Intr
	

oduction

Hoffman[2002]hasdiscussedthepossibilityof controllingtheglobalweatherby introducing

a seriesof small, preciselycalculatedperturbations. In brief: If the earth’s atmosphereis

chaotic, it is extremely sensitive to small perturbations. Certainly most realistic numerical

weatherprediction(NWP) modelsarevery sensitive to initial conditions. It is thereforevery

likely that theatmosphereis alsoextremelysensitive to small perturbations.It is our purpose

hereto testa methodto calculate“optimal” perturbations,and to estimatethe magnitudeof

suchperturbations.As a specificapplication,we take HurricaneIniki asa caseof interest,and

determinea pertubationto shift its trackwestward. While thecurrentwork is very preliminary

in many aspects,theresultsaresensibleandpoint theway for furtherwork.

HurricaneIniki at06UTC10September1992providesourinitial state.Iniki madelandfall on

Kauaiat0130UTC 12September1992,with acentralpressureof 
��
������� (Fig. 1). Maximum

sustainedwindsover landwereestimatedat 140milesperhourwith gustsashighas175miles

perhour. Six peoplelost their lives.Damageto propertyandvegetationwasextensive [CPHC,

1992].

2. Mesoscale Model Simulations of Hurricane Iniki

The MesoscaleModel 5 (MM5) is usedto simulateHurricaneIniki. The MM5 is desribed

by Grell et al. [1994] andby Dudhia [1993]. In our experimentsthe MM5 computationgrid

is a 
�������
���� ��� horizontalmesh,andten “sigma” layersin the vertical from the surface

to ��������� . Thesigmacoordinatesystemis a terrainfollowing normalizedpressurecoordinate

system[Holton, 1992, section10.3.1]. Simple parameterizationsof surfacefluxes,cumulus

convection,andradiative transferareused.Theobservedseasurfacetemperatureis increased

by ����� everywherein our simulations.We find this is enoughto maintainthehurricanewhen
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4 HOFFMAN ET AL.: MOVING A SIMULATED HURRICANE

using� thesimpleparameterizations.Only thesimpleparameterizationsarecurrentlyavailablein

theMM5 four-dimensionalvariationalanalysis(4d-VAR) system.However, MM5 producesvery

detailedandaccuratesimulationsof hurricaneswhenincreasedresolutionandbetterphysical

parameterizationsareused[e.g., Liu et al., 1999;Tenerelli andChen, 2001].

Fig. 2 shows the(unperturbedandcontrolled)lowestlayerwindsandpressurerelative to the

referencestateat theinitial time. With no perturbations,aftera ��� forecastIniki hastravelled

NNW  � �!� ��� and strengthenedslightly. The besttrack, unperturbedforecasttrack, and

controlledforecasttrackareplottedin Fig. 3. Thebesttrackis theofficial descriptionof Iniki

by theCentralPacific HurricaneCenter(CPHC)basedon all availableinformation,collected

eitherin real-timeor later. Comparingthebesttrackandunperturbedforecasttrackweseethat

themodelsimulationof Iniki over thefirst
��� � movesfasterandmoreto thenorth. Also the

forecastsdo notstrengthenasmuchastherealhurricane.

3. Methodology to Calculate Perturbations

Four-dimensionalvariationalanalysis(4d-VAR) is adataassimilationmethodwhichfindsthe

smallestperturbationat thestartof eachdataassimilationperiodsothatthecontrolledsolution

bestfits all theavailabledata.4d-VAR is usedoperationallyatECMWFandMét́eoFrance.This

demonstratesthepracticalcontrolof realisticsimulationsof theatmosphere.Current4d-VAR

practicefindsthesmallestglobalperturbation,asmeasuredby thea priori or backgrounderror

covariances,but it shouldbepossibleto modify 4d-VAR to find thesmallestlocalperturbationor

thesmallestperturbationof aparticulartype.TheMM5 4d-VAR isdescribedbyZouetal. [1997].

It hasbeenappliedrecentlyto assimilatezenith delay observationsfrom global positioning

system(GPS)satellites[DePondecaandZou, 2001],andto assimilatecloud-clearedbrightness
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HOFFMAN ET AL.: MOVING A SIMULATED HURRICANE 5

temperatures" fromgeostationaryoperationalenvironmentalsatellite(GOES)sounders[Zouetal.,

2001].

The basicexperimentreportedhereis simply a variationon 4d-VAR: Considersomeinitial

forecastof a hurricane. This is the unperturbedsimulation # , from time 0 to $ ( ��� ), with

correspondingstates#&%'��( and #&%)$*( . From #&%+$,( wecreateagoalstate-.%+$,( with thehurricane

positioned
�!�������

west of the position in #&%)$*( . We then use4d-VAR to find an optimal

controlledsimulation� . Thissimulationsimultaneouslyminimizesthedifferencefrom thegoal

(i.e., �/%)$*(102-/%)$*( ) andtheinitial state(i.e., �.%3��(405#&%3��( ). In otherwords �.%3��(40�#6%3��( is the

minimalperturbationto getwithin �/%)$*(702-.%+$,( of thegoal.

In thesepreliminaryexperimentsboththegoalmismatchandthesizeof theinitial perturbation

aremeasuredwith asimplequadraticnorm:

8:9<;=?> @A> B
�CED=FB

GH ;JI > K4L � =
I KMB %+NO(P0Q- = I KOB %)NO(FR DTSU6V (1)

Here W rangesover temperatureandtheeastwardandnorthwardwind components,XOY[Z!Y � range

over all the grid points, and N over 0 and $ . Note that the other model variables—specific

humidity, verticalvelocity, andpressurerelative to thereferencestate—arenot includedin this

definitionof
8

. For conveniencein writting (1), we define -.%3��( 9 #&%'�!( , i.e., thegoalat N 9 �
is to staycloseto the unperturbedinitial conditions. In (1), the modelvariablesarepressure

weighted(or “coupled”) variables.For example,\^]O_ is thecoupledeastwardwind component,

where \^] is the referencepressuredifferencebetweenthe bottomandtop modelboundaries.

Thus \�] dependsonly on themodelsurfacetopography. Below we presentthecomponentsof8
for temperatureatdifferenttimesandlevelsasthesquarerootof thetermsin squarebrackets

in (1) for temperature,normalizedby thenumberof grid points,anddimensionalizedassuming
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6 HOFFMAN ET AL.: MOVING A SIMULATED HURRICANE

\^] 9 
���������� , thevalueover theocean.Thecomponentsof
8

for vectorwindsarecalculated

in thesameway from thesumof thetermsin squarebracketsin (1) for thewind components.

Thescaling
C =FB dependsonly onvariableandlevel. It is calculatedasthemaximumabsolute

differencebetween#&%3��( and #&%'`aNO( for eachvariableateachlevel,with `aN takentobe40minutes.

Fig. 4 shows the verticalprofilesof the
C =FB , againdimensionalizedassuming\^] 9 
���������� .

Thescalesarelargestat levels1, 3, and9.

As a practicalmatter, whenusingthe currentversionof MM5 4d-VAR, therearesomedif-

ferencesin how the gridsarespecifiedfor the “observations”,denoted-.%3��( here,andfor the

initial estimateof thesolution,denoted�.%3��( here.As aresulttherearedifferencesbetweenthe

solutionandthegoal (or observations)at N 9 � at thestartof theminimizationin our experi-

ments. Also, to createthe goal statewe did not simply move the entiregrid sincethis would

havecreateddiscontinuitiesatthelateralboundaries.Insteadweusedasmoothlyvaryingvector

field of displacementsto adjusttheunperturbedforecast.Themethodologyis analogousto the

featurecalibrationandalignmenttechniquedescribedby HoffmanandGrassotti[1996],except

thatheretheadjustmentis foundby fitting anumberof prescribeddisplacementvectors.

4. Results

TheMM5 4d-VAR systempositionsHurricaneIniki in thecontrolledforecastat ��� ( N 9 $ )

duewestof theunperturbedforecastby just theright amountto matchthetarget(Fig. 3). Note

that the differencein positionsappearsto grow exponentiallyover the ��� period. The MM5

4d-VAR systemusesa generalpurposeminimizer thatsolvestheminimizationiteratively. We

requiredten iterates. Fig. 5 shows the total objective function and the contributions to the

objectivefunctionat N 9 � and �b� , denoted
8�c

and
8�d

, for eachof iteration.Notethat
8
,
8�c

, and8�d
all seemto beapproachingasymptotesat theendof this process.Becauseof thesensitivity
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of thee modelatmosphereto changesin initial conditions,a largedecreasein
8�d

requiresonly a

small increasein
8�c

.

Individual componentsof
8

for temperatureand wind are plotted as rms differencesas a

functionof modellayer in Fig. 6 andFig. 7, beforeandaftertheminimization,andat ��� and

��� . Note the large decrease(by a factorof  �
) in differencesat ��� after the minimization

in bothwind andtemperature.Therearelargerdifferencesfor temperaturenearthetropopause

(modellayer2), andfor lowestlayertemperature.At �b� , notetheincreasein wind differences

throughmuch of the troposphereafter the minimization, while temperatureis little changed

exceptin thelowestlayer. After theminimizationthereareapproximatelyequaldifferencesin

windsat bothtimes,but this doesnot hold for temperature,wheretheperturbationat theinitial

time is generallyverysmall,exceptin thelowestmodellayer.

Thelowestlayer temperatureandwind perturbationsareplottedin Fig. 8. Thetemperature

perturbationscorrespondto a warmingto thewestof thehurricane(i.e., in thedirectionof the

target)anda slight coolingat thecenterof thehurricaneandto theNE. It is asif thehurricane

is attractedto warmth.This is consistentwith empiricalandtheoreticalresultsthata warmsea

surfacesuppliesahurricanewith sensibleandlatentheatenergy.

5. Conclusions

Theverypreliminarystudydescribedhereshowsthat4d-VAR canbeusedto calculate“opti-

mal” perturbationsto controlthetrackof ahurricanein simulation.Clearlyit will bealongtime

beforeit is possibleto controlthetrackof ahurricanein reality. Thisgoalrequiresovercoming

severalcomplicatingtechnicalfactorsincluding:
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8 HOFFMAN ET AL.: MOVING A SIMULATED HURRICANEf Solving for the optimal perturbationusinga more realisticmodel is difficult due to the

numberof degreesof freedomrequiredto representtheatmosphereadequately, andthenonlinear

andsometimesdiscontinuousnatureof thephysicsgoverningtheatmosphere.

f Thepaucityandinaccuracy of observationsof theatmosphere.Satellitesprovide a huge

volume of information. However this information is not always in the right place,accurate

enough,or of theright type.

f Thecontrolmustbeeffectedatsignificanttimelagstominimizethesizeof theperturbations,

yet thesystemis inherentlyunpredictableat long leadtimes.

f The difficulty of effecting control. The control mechanismsdo not yet exist. The ideal

perturbations,while small in amplitude,maybelargein scale.

In additionthereareanumberof “sideissues”in thepolitical,economic,andlegalrealms.For

example,considertheambiguousnatureof thefigureof merit: For inhabitantsof New Orleans,

eliminatingahurricanethreatto thatcity maytakeprecedenceoverall else.Evenso,farmersin

theMid-Westmight suffer without the resultingrain. Thereforeattemptingto satisfymultiple

objectiveswill usuallyresultin conflicts.

Furtherprogresson someof thetechnicalissuesmaybemadeby refiningthe4d-VAR study

presentedhere.In futureexperiments,wewouldf Usehigherresolution,andamoreaccurateversionof MM5.

f Examinetheeffectof differentleadtimeson thesizeof theperturbations.

f At thetargettime, includeonly theenergy of themismatchin someregion.

f Modify thecontrolvectorsothatonly certaintypesof “feasible”perturbations,continuous

in time,areallowed.
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W
g

e shouldalsostudythe effect of modelandperturbationerror. The resultsof a seriesof

experimentswith arefined4d-VAR setupshouldallow accurateenoughestimatesof therequired

perturbationto allow a top level systemdesignandtradestudiesfor a weathercontrolsystem.

Onepossibilitylistedby Hoffman[2002] is to useorbitingsolarreflectors.Thenumberandsize

of thesereflectorscouldbeestimatedbasedon theenergiesestimatedby the4d-VAR studies.

Acknowledgments. Thiswork wassupportedby theNASA Institutefor AdvancedConcepts

(NIAC) throughagrantfrom theUniversitiesSpaceResearchAssociation(USRA).

References

CPHC, Tropical cyclones report for the central pacific, Technical Memorandum

NWS-PR-38, Central Pacific Hurricane Center, NOAA, Washington, DC, 1992,

[http://205.156.54.206/pr/hnl/cphc/pages/hurrclimate.html].

De Pondeca,M. F. V., andX. Zou, A casestudyof thevariationalassimilationof GPSzenith

delayobservationsinto amesoscalemodel,J. AppliedMeteorol., 40, 1559–1576,2001.

Dudhia,J.,A nonhydrostaticversionof thePennState-NCARmesoscalemodel:Validationtests

andsimulationof an Atlantic cycloneandcold front, Mon. WeatherRev., 121, 1493–1513,

1993.

Grell,G.A., J.Dudhia,andD.R.Stauffer,A descriptionof thefifth-generationPennState/NCAR

mesoscalemodel(MM5), Technical Note398+1A, NCAR, 1994.

Hoffman,R. N., Controllingtheglobalweather, Bull. Am.Meteorol. Soc., 83, February, 2002.

Hoffman,R. N., andC. Grassotti,A techniquefor assimilatingSSM/I observationsof marine

atmosphericstorms,J. AppliedMeteorol., 35, 1177–1188,1996.

Holton,J.R.,An Introductionto DynamicMeteorology, third ed.,Academic,New York, 1992.

D R A F T January 7, 2002, 3:21pm D R A F T



10 HOFFMAN ET AL.: MOVING A SIMULATED HURRICANE

Liu, Y., D.-L. Zhang,andM. K. Yau,A multiscalenumericalstudyof HurricaneAndrew (1992).

PartII: Kinematicsandinner-corestructures,Mon.WeatherRev., 127, 2597–2616,1999.

Tenerelli,J.E.,andS.S.Chen,High-resolutionsimulationsof HurricaneFloydusingMM5 with

vortex-following meshrefinement,in 14thConferenceonNumericalWeatherPrediction, pp.

J52–J54,AmericanMeteorologicalSociety, Boston,MA, Fort Lauderdale,Florida,2001.

Zou, X., F. Vandenberghe,M. Pondeca,andY.-H. Kuo, Introductionto adjoint techniquesand

theMM5 adjointmodelingsystem,TechnicalNote435-STR, NCAR, Boulder, CO,1997.

Zou, X., Q. Xiao, A. E. Lipton, andG. D. Modica,A numericalstudyof the effect of GOES

soundercloud-clearedbrightnesstemperaturesonthepredictionof HurricaneFelix,J. Applied

Meteorol., 40, 34–55,2001.

D R A F T January 7, 2002, 3:21pm D R A F T



HOFFMAN ET AL.: MOVING A SIMULATED HURRICANE 11

FIGURELEGENDS

Fig. 1: Hurricane Iniki makes landfall on Kauai. Image from the CPHC web page.

[http://205.156.54.206/pr/hnl/graphics/iniki.gif]

Fig. 2: Unperturbedandcontrolledinitial conditionsin thelowestmodellayerplottedin light and

heavy linesrespectively. Windsplottedwith barbsin
�ihkj�l

with eachfull barbcorresponding

to
� � �ih j�l andpressurerelative to thereferencestatein ����� . Thewind barbsareplotted

at everyothergrid point.

Fig. 3: Thebesttrack,unperturbedforecasttrack,andcontrolledforecasttracksfor HurricaneIniki

areplottedasdiamonds,triangles,andoctagons,respectively, every six hours. The best

trackstartsat 18UTC 9 September1992,twelvehoursbeforetheforecasttracks.

Fig. 4: Profilesof scalingfactorsfor temperature( $ ), eastwardwind component( _ ) andnorthward

wind component( m ) areplotted assolid, dotted,anddashedlines, respectively. Values

arecalculatedfrom thecoupledvariables,andthendimensionalizedfor this plot assuming\^] 9 
���������� . Thehorizontalscaleis degreesCelsiusfor temperatureand
�ihkj�l

for the

wind components.

Fig. 5: Costfunctionvs.iteration.Thetotalcostfunction(in thousands)andtheindividualpartsof

thecostfunctionat N 9 � and �b� areshown assolid,dotted,anddashedlinesrespectively.

Fig. 6: The rmsdifferenceprofilesfor temperature.Thecomponentsof
8

areconvertedinto rms

differencesasdescribedin the text. The rms differencesafter theminimization,at N 9 �
and ��� aredrawn with heavy dottedanddashedlinesrespectively. Thermsdifferencesat

thestartof theminimizationaredrawn with light lines.

Fig. 7: Thermsdifferenceprofilesfor vectorwinds. As in Fig. 6.
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Fig. 8: Lo
n

westlayerwindandtemperatureoptimalperturbationattheinitial time. Winddifferences

areplottedusingthebarbandthinningconventionsof Fig. 2. Thescalefor temperatureis

in degreesCelsius.
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FIGURES

Fig. 1: Hurricane Iniki makes landfall on Kauai. Image from the CPHC web page.
[http://205.156.54.206/pr/hnl/graphics/iniki.gif]
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Fig. 2: Unperturbedo andcontrolledinitial conditionsin thelowestmodellayerplottedin light and
heavylinesrespectively. Windsplottedwithbarbsin

�ihkj�l
witheachfull barbcorresponding

to
� � �ih j�l andpressure relativeto thereferencestatein ����� . Thewindbarbsareplotted

at everyothergrid point.
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Fig. 3: Thebesttrack, unperturbedforecasttrack, and controlled forecasttracks for Hurricane
Iniki are plottedasdiamonds,triangles,andoctagons,respectively, everysix hours. The
besttrack startsat 18 UTC9 September1992,twelvehoursbefore theforecasttracks.
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Fig. 4: Pr
q

ofilesofscalingfactorsfor temperature( $ ), eastwardwindcomponent( _ ) andnorthward
wind component( m ) areplottedassolid,dotted,anddashedlines,respectively. Valuesare
calculatedfrom the coupledvariables,and then dimensionalizedfor this plot assuming\^] 9 
���������� . Thehorizontalscaleis degreesCelsiusfor temperature and

�ih j�l
for the

wind components.
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Fig. 5: Costfunctionvs.iteration. Thetotal costfunction(in thousands)andtheindividualpartsof
thecostfunctionat N 9 � and �b� areshownassolid,dotted,anddashedlinesrespectively.
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Fig. 6: Ther rmsdifferenceprofilesfor temperature. Thecomponentsof
8

are convertedinto rms
differencesasdescribedin the text. Therms differencesafter the minimization,at N 9 �
and ��� are drawnwith heavydottedanddashedlinesrespectively. Thermsdifferencesat
thestartof theminimizationaredrawnwith light lines.
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Fig. 7: Thermsdifferenceprofilesfor vectorwinds.Asin Fig. 6.
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Fig. 8: Lowest
s

layerwindandtemperatureoptimalperturbationat theinitial time. Winddifferences
areplottedusingthebarbandthinningconventionsof Fig. 2. Thescalefor temperature is
in degreesCelsius.
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