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

)+*	,.-/,�0�1/243#56,7)�-8,90;:�<>= ?@*/A
5CB -ED!D&FG*	565CHCI 1EJKB H	<L)�-/5.I�B M/,N*	,90POQ5 R.S T�U VXW
OYI OLDZ*[1L<8\]-K1/,�0POYI OLD^*@1X< -85.I�B B <Q,7)_0P<Q5

` acbed9fhghi�j�bYk7l m+nKoXp gqb.rtsqu n>r_b.rwvyx
` z{s�j|l}v$n]~����Cf�j�m��4z	�&� ���iC�}�Qf�j�x
` �Kl}�7s �X�7r(iQ~C~9� m��4z	�&� �	��iC���Cf�j�x
` �4j�f.� �@bYk7l�� m�p@~Ql�d������ b6v(sQl^~9�7r��~�x

�



� �������	� 
 ���� � ���	������� �

� <C,N56,�)�<>-EB U �&)�<Q565�JK)�< ��<LD!DZ5   � <Q, ¡ <>-E1L=E<L)+5
` ¢C£�£¤s�¥/b¦d9�>j!r(l��7l�r§�¦���>j@~���j!rts9f�j|~¨s9f��©l}v«ªYs9fYj�f¬m+Y®�v�f�ª¯£�£Qx
` s9f7l���s�r°�e��~�rw�i�j�v�m_±Y�²b6�³k9x«´$�¦l��/�²b.rtl�rti9�CfGµ+f«r
` �«���7�}�~9f.v ´Gl^~�rwf7~9v�fY¶	�}�>��b��^l}·Nf.� �}�6¸Gvº¹ »�¼�½�¾7¿YÀCÁ
` bY~6r(l}�N�9�³�}��~�f.v ´'±7j���bÂ�X¶>¸�f�b�k¨sCl}�s9v�¹ ¼(Ã�Ä�¿>ÅNÁ

Æ



� ����� ��Ç#�!�9� È ���#��� ��ÇÉ�

Ê 1856,Â-KH	0�DË0^,_I   Ì�-])_0P-KH	0�DË0^,yI Í Î <>-/,7ÏX<L)
` ¢C£�£¤s�¥/b¦d9�>j!r(l��7l�r§�e¶�ÐC®�Ñ_s�j	���>j�f.��b6v�rÒmÓY®�v�f�ª¯£Y£Cx
` d���j!rtl}�.f.v$b6�Yd9fe�«r�fe�Ôf�bÂv�r§¸#b7j�� ±(�$µÕf«r�v�r«j�f�bQ�
` ·N��~�b���µ+fNr&iC~9v�rÖbQ±Y�}f×rw�qd���j!rtl}�.f.vº¹ ØÚÙ�¼w½�Û.Ü�Ã�Ý/Ã�ÛqÃÞÝ/Á(»§Ù>Ø«ÃÞÜPÃß»áà
` d���j!rwfãâä�Cf«d�f7�}�/ªC�&f7~6r$u �8l}v�v(lPª�b.rtl}��~

å



æ ����ç¦��� �°è éê�ë���N�����(��%ì��Ç{���îíÔ�GÇG�!�������

ï S JL<Q5�,�0^*@1 * ð¯ñÉI�B B <Q,�)|I/ò�óÒ)�<>-EôL0�182
` �^l^~�f�b7j ±�b7j��>�7�^l^~Cl��ql^~�v�rÖbQ±Yl^�^lõr§� ¹ Û.àYÛ.Üö½y¿>ÅNÝ ÅNÁyÃ�Á
` ÷¦´�v��i�j��.fev'�7�{�ø±Âv�f�j!d�f.�ùb6v��>���&fNr«j|l}fevyú

¹ ±Yl²b6vwf.� l^~Clõr(l²ber(l���~ m+n/b�~9�Cf�j�vÒû�üY®Y®Cx
¹ ~9��~Q�^l^~9f�b³j��Cf«d�f7���øªC�êf7~�rÒm����Yv(k7l^~�vyý�� f.v�r¦û6ü�þYüCx

` �&´�±³��rts�¶	±Yi�r¦ÿLÿ/ÿ>k(f«�ùªYs���v(l���bY���êf.�7s�b�~Cl}v«�&v�ú

� H/56,.-XOLD^<Q5 � �$*[B MKDË0PO�-8,�0^*c1/5
` ��Ñ+�/lP�êf7~9v(l}�~�b��øb.rN�&�Yv«ªYs9f�j|l������¸ëv
` �����Q~�bQ�¦l}��b����&�>�Cf.v.´°û¦v(�}��¸ m(Ø_ÙYÜöÙYÝLÛãÅ_Ä@x°u ¯�|b6v�r
` �.¾Ù�ÁyÃö¿>ÅÚ½�Á(»�¼�½��]ÀCà7¶	�}f6b6�/l^~���ÑÕ��j��Cf�j	rts9f.�>j!�¨l}vìv��>���&f«rNj|l}�
` �.�/��ªY�}f(â¤l^~�rwf�j�b6�Nr(l}�~¯���{v�fNd9fYj�bY��ªYs6�9vtl}��bY�	ª7j����ef.v�v�f.v

ï 5.I�B B <C,7)_0PO �ÒI�1X-KB 0POQ5
` v(lP�îªY�}f	�]iCl}� �&f.�³s�bY~Cl���bY���ê���Qf7�
` 
]~Cl�rwfÔ�L�Yv�v«±(� ~Qi���±7fYjE�e��j+j�f.�«rtl}�~9v�m�÷º����yx

�



� �������	� 
 ���� � ���	������� �e�

� )Õ*[M]*@MX-KJ/59< � 0^5�,7JE)�HX-K1XO><>5
` �¦l}�8�²b.rtl�rti9�Cf��«���7����~Cl��Ò�/l}v�rti�j+±9b�~9�.fÔm+£Y��°�«rw�ø±³f�j�ü�®Qx
` ��Ñ�nhd�f�j!r(l���bY� ª7j���
]�}f¦�7�'ª³��rwf7~�rtl²bY�Cd���j!rtl}�7l�r|�ùm�¥��°x
` ¢C£�£¤s�¥/b¦d9�>j!r(l��7l�r§�

�$*@B M *	5Y0^,Â< � H/59<L)�� -8,90^*@1/5 R��×-KôL0�B ��� W
` ·N��~�b���v�f.�Nr(l}�~¯���°¥��&¶�rwf���ª7fYj�b.rti�j�f×u d9fYj!r(l}�6bY� �&��rtl}�~
` �«���7�}�~Cl}� ´Gl^~�rwf7~9v�fY¶	�}�>��b��^l}·Nf.�ù�C�6¸&~�¸4b³j��Ô�Cf���fe�«r(l���~
` bY~6r(l}�N�9�³�}��~Ql}� ´�¸�f6bYk�¶�±7j��Cb6� i�ª(¸4b³j��ù�Cf��f.�«rtl}�~

CYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

45;-120 45;-70
CYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

45;-120 45;-70

200

300

400

500

600

700

800

900

45;-120 45;-70

200

300

400

500

600

700

800

900

45;-120 45;-70

270

295

320

345
200

300

400

500

600

700

800

900

45;-120 45;-70
ANTICYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

45;-120 45;-70
ANTICYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

45;-120 45;-70

200

300

400

500

600

700

800

900

45;-120 45;-70

200

300

400

500

600

700

800

900

45;-120 45;-70

275

300

325

200

300

400

500

600

700

800

900

45;-120 45;-70

CYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

35;-95 55;-95
CYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

35;-95 55;-95

200

300

400

500

600

700

800

900

35;-95 55;-95

200

300

400

500

600

700

800

900

35;-95 55;-95

260

285

310

335

200

300

400

500

600

700

800

900

35;-95 55;-95
ANTICYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

35;-95 55;-95
ANTICYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

35;-95 55;-95

200

300

400

500

600

700

800

900

35;-95 55;-95

200

300

400

500

600

700

800

900

35;-95 55;-95

265

290

315

340200

300

400

500

600

700

800

900

35;-95 55;-95

a b

c d

�



� �������	� 
 ���� � ���	������� ��� ����� � ��������� �!��"#�$�{�

�'I OLDZ*@1X<8\ ï 1/,�0POYI OXD *@1X< ï 5.I�B B <Q,�)|I
` i�ªCª³f�j!Ñ_��f«d�f7��r«j��i9�s9v$b6v×ª7j�f.�³i�j�v���j�v4rw�¨v(i�j!�|b6�.f¦�«���7�}�Y��f³~9f.v(l}v

¥f«r�r�f�j�vwf7~Ôm_û�ü³¢�¢>x(¶K¥øbY���&f7~¬u �{f«¸4rw��~Ôm_û6ü �YüQx
` rNj���i9�s9v���j��/� i�ªCª7fYj!Ñ_�}f«d�f7� �«���7�}�~Cl}� d���j!rtl}�7l�r|�.¶�n/b�~9�Cf�j�v°mÖû6üY®�®Qx

` �}�>��b��^l}·Nf.�X¶Kl^~�rwf7~9vwf×�«���7����~9fev u ±7j��Cb6�X¶¸�f�bYk b�~�rtl}�«���7�}�~9f.v
` b6v����î�&f«rNj|l}f.v×±³f«�.�~9� ÷º� ±9b��²bY~��.f.�ù���Q~�bQ�¦l}�.v
` rNj��øª³�øª9b�i9v�f�b6v$�>j���b�~Cl}·�l^~9� �}fNd9f³�

T©<Q*	56,�)Õ*[MKÏ	0PO � JK)yHKJED^<L1XO><
` iC~��ß��j��.f.�L¶��Qf.��b(�Ql^~9�qd��>j!r�fãâ ���Q~�bC�¦l��.v

vti�j!�§b6�ef ÷º� m|v��>���&fNr«j|l}��x
¥Kl}f�j+j�f³sCi���±³f�j!r«¶ ��f7��� u n>¸4b�~9v��~ m_û�üYü7Ð>x
�{f7�}�L¶�¥Kl}f�j+j�f7sCi>��±7f�j!rN¶�!E�Q�}f×u n>¸4bY~9vw��~ m_û6ü�ü³¢>x

8a v(s�b��^�}�6¸ ¸4b.rwf�j "
¥���õd�b�~ClP¶ g �N� l �^�^l²bQ�&v«¶ n	ª9b��^�øu o9�>j�� mÖû6üYü7Ð>x

�8a ª7fYj|l}�>�/l}�¨±9bY�²b�~9�.f�f$#/i�b.rtl}�~9v "
% b.dQ~9f7s�¶Ln]s9�7s9fYª7f«rtk7l^~�¶ g �N� l �^�^l²bQ�&v�u �4j�b.d�f.vÒmÖû6üYü�þQx

" ¸�f�b�käb�~�r(l��«���7�}�~Cl}�Ô±Yl b6v�ber°v«��bY� �E�X�Yv�v«±(�¤~Ci>��±7f�j

&




 ��� �$��%&�c�°����Ç � �¦�$�°�¤é	'�"#��� �������

� ÏL<L)yB *�= I�1L-EB 0öOC5 � (@D!J 0P= ¡ <>OLÏX-K1	0POQ5
` l^~9�e�ø��ª7j�fev�v(lP±Y��f�¶ �	�i9v�v(l^~�f.v)# ±Yi9�6��b�~9�«�
` l^~�dQl}vw�7l}�X¶K~9�qrts9f�j+�ºbY�>�/l+*{i9vtl}��~
` j��7rÖber(l^~�� m),EÑ�ªY�²bY~�f9x'u v�rNj���~9����6Ñ+v�r«j�ber(l+
f.� m§v�rÖbQ±Y�}f9x
` s����Xj��Yv�r_b.rtl}� ±�bY�²b�~9�.fÔm.- / 0Xx(¶	~�� �&��l�v�r(i>j�f

1 1 1
1 1

�&)_0�B 0^,�02� < 354@JL-/,�0^*@1/5 R7�63�W
` ª7j��7r��7Ñ§r|��ª�l}��bY�L~9�~�Ñ+�8lP�&f7~9vtl}��~7bY��f7#8i�b.rtl}�~9v

8:96; <>= ; ? @�A B 0
? C 8

C D E < B EGF 9
? C <

C D
; 8 B EGF =

->H ? C @
C D E I B EGF A
C I
C D ; @ B 0

` ª7�7rwf7~�rtl²bY�Cr�fY��ª7f�j�ber(i>j�f ´ I l}vKJ+�Qf7~9v(l�r|�ML ON
�e���}� P s�f�b.d6� ¸4b³j+� P �^l}�s�r

` �Yf.�øª³��rwf7~�rtl²b��ö´ F l}v J�ª7j�f.v�v(i>j�f N

Q



È �����"&��R#���#ÇÉ� é	'�"#��� �������

8 9 ; < = ; ? @ A B 0
? C 8

C D E < B EGF 9
? C <

C D
; 8 B EGF =
E I B EGF A

C I
C D

S B C I
C D ; @ B 0

ñ{,�)�-/,�0;:�O�-8,�0^*[1
` v«��b��^� �L��vwv«±(�¤~Ci���±³f�j ´ ? B T,VU W X
` v�rNj���~������6Ñ v�r«j�ber(lY
�fe� ±9b6vwf×v�r_b.rwf ´ I S B X? Z ; I
` ~9�~C�^l^~�f�b7j|l�r|�hl^~qb6��d�f.�«rtl}�~ m�¸�f�b�kql^~�d�f�j!r(l���bY�;x

CC D
/ [�\ ; 8 [ 9]; < [ =^; ? @ [ A

` b6�Yd9fe�«r(l���~¯���°ª7�7rwf7~�rtl²bY�Cd���j!rtl}�7l�r|��´ C _
C D

B 0

_ / ` <a9 E 8:=�; I AMb5; ? `dc <>9 E 8e=gf I A E <aA I 9�; 8eA I =Mb

h



i "4�4�K��çì���$��	�(��%&�$��Ç j �����º��� k i l m

n <L)+* Fë*	5�5CHCI 1KJEB H�<L)hRpo q r W
` z{s�b7j|~9f«�¤mÖû6ü³Ð�þQx u s�b6�Y� m_û6ü7ÐCüQx
` v(l^~����}fNÑyª7�7rwf7~�rtl²bY��j�fYª7j�f.v�f7~�r_b.rtl}�~ F cutwvyxzv Z v D f< B F 9

E 8 B F =
I B F A

E @ B C I
C D

` F l}v�b¯�Ñ(a v�r«j�f6bC�$��iQ~9�«rtl}��~>¶/�.�~�rtl^~CiCl�r|�����>j��wj�f.f
` J��¦l}v�v(l ~9� N F Ñ+�Y�C~7bC�¦l}�ev E ¹ �Yf.�Yv�rNj��øªYsQl}�Ò�Cf.�Yf7~9f�j�bÂ�«�

� *	,Â<L1/,�0P-KD�Ì¦*�)+,�0PO80^,ÖI
` �v�rwf�ª6v.´ l^~�d�f�j�vtl}��~ { ¹ ���Q~�bQ�¦l}�.v

N z

surf

2φ = q

φ
z
= θ

z

___qD
= 0

surf

___Dθ
Dt

Dt

s
s = - w s

` _ / 0 ¹ v(i>j!�§b6�.f¯÷º�G´��.�/��ªYi�r_b.rtl}�~�bY� ���¨9Ñta

|



� i l 
 ��� �$��%&���'����Ç í �î�~}×çî"��N���]�������

ó°*@JE1L=E-])§I �$*[1L={0^,�0^*@1/5
` j|l}�l}�hv(i�j!�§bÂ�.f9ýQ�^l}�X¶Kj|l}��l��¨v(i�j!�§bÂ�.f u ��b.rwf�j|l²b��Xl ~�r�fYj!�§b6�.f
` vy÷º�G´ iC~Ql�����j+� ¥�� l^~6r�f�j|l���j+¶v(i�j!�§bÂ�.f¦���Q~�bC�¦l��.v

z

surf

___Dθs
= 0

QG+1

q = 0

= 0ws

Dt
surface

z

tropopause
tropopause
QG+1

___
Dt
Dθs

= −ws

q = q+

−q = q

N z

surf

lid

baroclinic
instability

QG+1

���



i l � � � è����7� "&����� �����

3��	-XOQ, F'<Yðw*É)�B JKD^-/,�0^*@1 * ð �63
` rts�j�f.f«Ñ�ª7�7r�f7~6r(l²b��Xj�f�ª7j�f.v�f³~�rÖber(l���~�´ ��vg��vg�

< B � 9 E � A
E 8 B � =�; � A
I B � A�; � 9 E � =

? @ B � 9 ; � =
` ª7�7rwf7~�rtl²bY�Ll^~�d�f�j�v(l���~9v

� H � B _ E ? � �^� I c � � ���� f��
� H � B ? E C I

C D 9 ; C <
C D A

� H � B ? E C I
C D = E C 8

C D A
` v(i�j!�|b6�.f¨±7�iC~9��b³j!�¯�.�~9�/l�rtl}�~9v

c�� 9�; � =�f��]B ? @G� v c�� A�; � 9 E � =�f��]B I �
` b6�Yd9fe�«r(l���~¯���Q~�bC�©l}�.v

C _
C D

B 0 v C I �
C D

B E @ �

�+�



i l � 
 ���� % ���°� ��Ç È ���#��� ��ÇÉ�

ó$-KD^-E1LO><�= 3��{MX-K1/5Y0^*@1
` ? B 0 j�f.�.�7d9fYj�v$÷�� r(s9fe��j!�.¶]~9�¨�/j�b.dQl�r|�×¸4bed�f.v
` ÷º�~� ±9b��²bY~9�ef.�ùfãâª9b�~9v(l}�~�´

� B ��� ; ? �� ; ������ B ? �  ; ������ B ? �  ; �����
` ÷º�~� ûºr«j|iC~���b.rtl}�~�´G~9fãâ�r�Ñ+�>j��Cf�j	�.�>j+j�f.�«rtl}�~9v

T )�-��K0^,_I Î -�� < 3��{MX-K1/5Y0^*@1
` ¸4bed9f¦fãâª9b�~9v(l}�~�´ ��vg� B ¡ c X f$¢ ��v _ B ¡ c ? f

� B ? �� ; ������ B � � ; ? �  ; ������ B � � ; ? �  ; �����
` �§bÂv�r�ÑÕv���b��}f¨�^l^~�f�b7j�¸4bed9f¦f7#/i7b.rtl}��~h¹ �øj�bedClõr§��¸4bed�f.v

� H�� ; ? `dc)� 9 E � =�f�9�; � A�A�b \ B ¡ c ? f
� H � ; ? `dc)� 9 E � = f = E � A�A b \ B ¡ c ? f

` �^l^~�f�b7j��/j�b.dQl�r|��¸4bed9f¦�/l}vNª7f�j�v(l���~ j�f³�²b.rtl}�~

��Æ



£ �°�(�¦Ç �|���ì��Ç ��������¤Rì���|�!�9�

¥ *É)|Aq<Q2�0P-K1 �'I OLDZ*@1X< ¡ *�=K<XD
` �Cµ+f�j|k7~�f.vêu n��P±7fYj�� m_û�üY��Cx
` �{��v(k7l ~9v�u � fev�rÒm_û�üYþ�üQx(¶]iC~9v�r_bC±Y��f'µ+f«r°�e�ø��ª�i�rÖber(l���~

PE

y
y

x

QG+1 QG

x x

ϕ ' ,  θ   (ε = 0.3)  at  t = 10

lid

surf

a b c

d e f

��å



íù��� %�" �����]�����#���¨� �¦�$�°�!�

ó$-])+*�OLDË0�1	0öO Î -�� < ��<�� <LDZ*@MEB <L1/,
` ¥5s�´	ª7j|lP�¦l�rtl�d�fÒf7#/i7b.rtl}��~�v«¶{¥�a�s¦�]iCl}� �&�>�Cf7�
` ÷º�~� ûY¶L÷��G´/b6v��>��ª.rw�7r(l}�¨j�f.�/i��«r(l���~9v
` l}v��/±9b7j�v¦m F xGu l�v��>f7~�rNj��øª³f.v§c I f

PE

y
y

x

QG+1 QG

x x

ϕ ' ,  θ   (ε = 0.3)  at  t = 10

lid

surf

a b c

d e f

� �



£ �°�(�¦Ç �|���ì��Ç 
 ���� � � ����� �

Ê 1 0^,90P-KD � 0�B < R©¨ªq r W
` b6�Yf.�Yv�rNj��øªYsQl}�©¸êl^~9�Cv ¹ ��j��~�rw���Yf7~9fev(l}v
` ~9�~C�^l^~�f�b7jG¥�� l^~6d9fYj�v(l}�~Ô¹ �«���7�}�~Cl}�¦v(s9f�b³j

n]~6�9�Qf�jKf«r.ÿ;b��öÿ'm_û6ü�üû9x(¶K�@bYk«bC�¦i>j�bùm_û�üYü��Cx

Φ'

y
y

x x x

lid

surf

( -F , -G  )z z Φ 
nl

a b c

d e f

QG+1  Normal Mode  Nonlinear Correction

� �



£ �°�(�¦Ç �|���ì��Ç 
 ���� � � ����� �.�

({0�1 0^,Â< ï B MEDË0^,7JX=K< R©¨�q «KW
` �7i��©iC�²b.rtl�d�f bÂv��>���&f«rNj!�hl^~¬�
` b6�Yf.�Yv�rNj��øªYsQl}�©¸êl^~9�Cv ¹ ��j��~�rw���Yf7~9fev(l}v
` ~9�~C�^l^~�f�b7jG¥�� l^~6d9fYj�v(l}�~Ô¹ �«���7�}�~Cl}�¦v(s9f�b³j

Φ'

y
y

x x x

lid

surf

( -F , -G  )z z Φ 
nl

QG+1  t = 5

a b c

d e f

��&



j �(��%'�î%4��"��/� � �¦�$�'�+�|����ç

Î -�� <Q5ù*@1 ,�ÏL< � )+*@M *@ML-EJ85³<
` rNj��øª³�øª9b�i9v�f�l^~�rwf�j!�§bÂ�.f¬±³f«r§¸[f.f7~¨sCl}�s�ýQ�}��¸ ¥�� �]iCl}�Cv
` ÷º�G´��Kl�d�f.v�rìf«r$b�� m+üYCx ¢> i9�7k(f.vÒm+ü7Ð>x ¢ �{f7�}�hf«r$b�� m+ü³¢�x
` d�f�j!rtl}��bY�>�Cf.�6b(�qb(¸4bt� �wj��ø� rNj��øª³�øª�bYi9v�f
` �²ber�f�j�b��^���6Ñyª³f�j|l}�>�/l}�Y¶�rNj�b.d�f7�^�^l ~9�q¸4b.d�f¦v���^i�rtl}��~

low PV           tropospheric edge wave

stratospheric edge wave           high PV

N

c

�ÒI�1L-EB 0PO>-ED ï 5.I�B B <Q,7)§I
` ÷º� f.�C�Yf�¸4bed9fev�b7j�f��}��¸ìýCsCl���s¯v��>���&f«rNj|l}�
` �7s�b³j�b6�«rwf�j|l}·NfäbÂv��>���&f«rNj!� ber&÷�����

� Q



j �(��%'�î%4��"��/� � ��% �

� )Õ*[M]*@MX-KJ/59< � <XB M	<L)�-8,�JK)�< � ï 1/*@B -ED I
` �.�/��ª7�Yv(l�rwf¦�ø±6vwf�j!d7b.rtl}��~�v.´°sCl}�s u �}�6¸
` ÷º�~� ûº¸4b.d�fC´�rwf���ª³f�j�b.rti�j�fÒ�.�~�rw��i>j�v
` v�rNj���~�� ±YiC�^�¯®Zv�Ñ+f«�efq����¸ d�v'¸�f�b�k×v)#/i7b7j�f«Ñ§¸#b.d�f¨sCl}�s

CYCLONES: TROPOPAUSE. THETA and ANOMALIES ANTICYCLONES: TROPOPAUSE THETA and ANOMALIES

CYCLONES: TROPOPAUSE. PRESSURE ANTICYCLONES: TROPOPAUSE. PRESSURE

a b

c d
CYCLONES: TROPOPAUSE. THETA and ANOMALIES ANTICYCLONES: TROPOPAUSE THETA and ANOMALIES

CYCLONES: TROPOPAUSE. PRESSURE ANTICYCLONES: TROPOPAUSE. PRESSURE

a b

c d

` sCl}�s�ýQ�}��¸ ¸4bed�fäbQ��ªY�^l�rti9�Cfev.´����Q~�bC�¦l���bY�^�õ�¨�.�>j+j�f7�²b.rwf.�
` �.�/��ª7�Yv(l�rwf�bC��ªY� l�r(i��Cf.v.´@rw�øªª#/i�b7j!rtl^�}f¦�7�#sCl}�s9v�u �}��¸ëv

��h



j �(��%'�î%4��"��/� � ��% �.�

� )Õ*[M]*@MX-KJ/59< �¦<80^2@Ï/,�\ �&)�<Q5�5CJK)�<
` �.�/��ª7�Yv(l�rwf¦�ø±6vwf�j!d7b.rtl}��~�v.´°s9f7l}�s�rG�e��~�rw�i�j�v
` ÷º�~� ûº¸4b.d�fC´'ª7j�fev�v(i�j�f�u b�~9�ø�ºbY�����.�~�rw��i�j�v
` v�rNj���~�� ±YiC�^�¯®Zv�Ñ+f«�efq����¸ d�v'¸�f�b�k×v)#/i7b7j�f«Ñ§¸#b.d�f¨sCl}�s

CYCLONES: TROPOPAUSE. THETA and ANOMALIES ANTICYCLONES: TROPOPAUSE THETA and ANOMALIES

CYCLONES: TROPOPAUSE. PRESSURE ANTICYCLONES: TROPOPAUSE. PRESSURE

a b

c d
CYCLONES: TROPOPAUSE. THETA and ANOMALIES ANTICYCLONES: TROPOPAUSE THETA and ANOMALIES

CYCLONES: TROPOPAUSE. PRESSURE ANTICYCLONES: TROPOPAUSE. PRESSURE

a b

c d

` l^~9�³�^i9�Cf.vî�ÉÑ�nÔrtl^��r°�7�°�&f�bY~�rNj��øª³�øª9b�i9v�f

��|



°¨���#����± �(� }Ô�!�

��Ì 3 � <LB M�<L)�-/,7JE)�< � Ì�<L)+,�0PO>-ED&¡ *	,90^*@1
` rNj��øª³�øª9b�i9v�f�l^~�rwf�j!�§bÂ�.f

¹ f7~Cs�b�~9�.f.�h�C��¸ê~�¸4b7j��h�/l}vNªY�²b6�ef��&f7~�r°���>jE�N�9�³�}��~�f
` ª7�7rwf7~�rtl²bY�Cr�fY��ª7f�j�ber(i>j�fÒ�.��~6r��i�j�v

¹ ª7f�b�kãfe�Ô�/l�v�r(i>j+±9bY~9�ef×����jK�«���7����~9f
` d�f�j!rtl}��bY� �&�7r(l���~

¹ �}�>��bY�^l�·«f.�¤�/lPª7��}f¦v�rNj|i9�«rti�j�f�����jK�«���7����~9f

CYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

45;-120 45;-70
CYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

45;-120 45;-70

200

300

400

500

600

700

800

900

45;-120 45;-70

200

300

400

500

600

700

800

900

45;-120 45;-70

270

295

320

345
200

300

400

500

600

700

800

900

45;-120 45;-70
ANTICYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

45;-120 45;-70
ANTICYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

45;-120 45;-70

200

300

400

500

600

700

800

900

45;-120 45;-70

200

300

400

500

600

700

800

900

45;-120 45;-70

275

300

325

200

300

400

500

600

700

800

900

45;-120 45;-70

CYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

35;-95 55;-95
CYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

35;-95 55;-95

200

300

400

500

600

700

800

900

35;-95 55;-95

200

300

400

500

600

700

800

900

35;-95 55;-95

260

285

310

335

200

300

400

500

600

700

800

900

35;-95 55;-95
ANTICYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

35;-95 55;-95
ANTICYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

35;-95 55;-95

200

300

400

500

600

700

800

900

35;-95 55;-95

200

300

400

500

600

700

800

900

35;-95 55;-95

265

290

315

340200

300

400

500

600

700

800

900

35;-95 55;-95

a b

c d

Æ.�



� �°�����×���î�4���²± �(�³}Ô�!�

¡ <L)_0P=É0^*[1L-�D���Ì � � <LB M	<X)�-/,7JE)�<
` rNj��øª³�øª9b�i9v�f�l^~�rwf�j!�§bÂ�.f

¹ f7~Cs�b�~9�.f.�h�C��¸ê~�¸4b7j��h�/l}vNªY�²b6�ef��&f7~�r°���>jE�N�9�³�}��~�f
¹ v�r�fef�ª7f.v�r°�øj�bÂ�/l}f7~�r°�~¯f7#/i�ber��>j!¸4b7j��hf.�C�YfÒ���ë�}��¸

CYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

45;-120 45;-70
CYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

45;-120 45;-70

200

300

400

500

600

700

800

900

45;-120 45;-70

200

300

400

500

600

700

800

900

45;-120 45;-70

270

295

320

345
200

300

400

500

600

700

800

900

45;-120 45;-70
ANTICYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

45;-120 45;-70
ANTICYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

45;-120 45;-70

200

300

400

500

600

700

800

900

45;-120 45;-70

200

300

400

500

600

700

800

900

45;-120 45;-70

275

300

325

200

300

400

500

600

700

800

900

45;-120 45;-70

CYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

35;-95 55;-95
CYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

35;-95 55;-95

200

300

400

500

600

700

800

900

35;-95 55;-95

200

300

400

500

600

700

800

900

35;-95 55;-95

260

285

310

335

200

300

400

500

600

700

800

900

35;-95 55;-95
ANTICYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

35;-95 55;-95
ANTICYCLONES: ERTEL PV, THETA, W

200

300

400

500

600

700

800

900

35;-95 55;-95

200

300

400

500

600

700

800

900

35;-95 55;-95

200

300

400

500

600

700

800

900

35;-95 55;-95

265

290

315

340200

300

400

500

600

700

800

900

35;-95 55;-95

a b

c d

Æ_�



j "���R&"&�!�°�@� æ �(çê���$�µ´{���]����� � è � ����� ��Ç��{�

J¶sCdQl}�Cf7~�rt���.¶¨rts9f �>j���b�~Cl}·.b.rtl}�~ bY~�� �/j���¸#r(s ���ùrts9f
v��9v�r�f�� ��i6r@�7�	r(s9fìv«��bY� ��Ñ+v��6bY�}fÒ�7s7b6�Yv4�7� r(s�fêd��>j!r(l}�³l�r§�
f7��� l}vGr(s9f¨�&�Yv�rºlP��ª³��j!r_bY~�rÒª7j��>�.fev�v.ÿ N

n/bY~��Cf�j�v$m_û�üY®�®Qx(¶Y��~&r«j��i9�s��Cf«d�f7�}�/ªC�&f³~�r

5YS T�U V �ÒI�1L-EB 0POQ5
` rwf���ª7fYj�b.rti�j�fÒ���Q~�bC�©l}�.v$�~ bhj|l}�l}�hv(i�j!�§bÂ�.f�¶ @ � B 0
` vy÷º�~� û¦�Y�C~7bC�¦l}�ev�bY�}vw�Ô�.�/��ªYi6rÖber(l}�~�b��^���¨/a
` �«���7�}�~Cl}�¨±Yl²bÂv'��j��/� iC~�±Yl b6v�f.� j�bY~9�C�/� d9�>j!r(l��7l�r§�

l ~�r�f³~9v�f�¶ �}�>��bY�^l�·«f.�¤�«���7�}�~9f.v
¸[f�bYk�¶K±7j���bÂ� b�~�r(l��«���7�}�~9f.v

` 8a v(s7bY�^�}�6¸ ¸4ber�fYjÉu �/a ±�bY�²b�~9�.f�f7#8i�b.rtl}�~ärti�j+±YiC��f7~9�.f
¸[f�bYk�bY~�rtl}�«���7�}�~Cl}�h±Yl²b6v&b.r°v«��b��^�E�L��vwv«±(�¤~Ci���±³f�j�v

θs
= 0Dt

D

= 0

___

sw
surf

z
q = 0

surface
QG+1

Æ+Æ



� i l � 
 �#���Ë�ë�K���

��<L)+,7JE)yHL-/,�02� < Ê 1�� <L)+5Y0^*@1
` ·Nf�j�� ¥�� c _ B 0 f bY~�� I � �CfNr�f�j+�©l^~9fqª7�7rwf7~�rtl²bY�}v

� B ��� ; ? �� ; ������ B ? �  ; ������ B ? �  ; �����
` ÷º�G´ ·7bCªY� b6�.f¨l ~�d�f�j�v(l}�~ �ß��j�� � m|�.�/��ªYi�r_b.rtl}�~�bY� ���¨/a4x

� H � � B 0 ¸ c�� A f � B I �
` ÷º�~� ûQ´'¥��l�v�v��~ùl^~�d�f�j�v(l���~9v$b.r ~9fãâ�r�Ñ+�>j��Cf�j

� H��¹ B º � �	�A º H ¸ c��¹A f � B 0
� H �  B »½¼ c�� � A vg� � 9 f ¸ cO�  f � B 0
� H5�  B »¾¼ cO�	�A v����= f ¸ c)�  f � B 0

` ÷º�~� ûQ´�f(â�bÂ�«r¦¥��l}v�vw��~qvw���^i6r(l}�~9v
�¹ B X» c��	�A f H ; ¿�¹
�  B � � = � � A ; ¿� 
�  B E � � 9 � � A ; ¿� 

` ÷º�~� ûQ´ ·7bCªY� b6�.f¨l ~�d�f�j�v(l}�~9v ����j ¿�  v ¿�  v ¿� §À
` v(i�j!�|b6�.f b6��d�f.�Nr(l}�~ i9v(l^~9� ÷º�~� ûº¸&l^~9�Qv

I �\ ; c 8 � ; ? 8  f I �9 ; c < � ; ? <  f I �= B 0

Æ+å



� ���#�$��� � �º��� ��Ç4�!���

ñ�I�B B <Q,7)_0PO Ê 1	0^,�0P-KDG�$*@1X=É0^,90^*@1
` ª7�7rwf7~�rtl²bY�Cr�fY��ª7f�j�ber(i>j�fÒ��~¯v(i�j!�§bÂ�.f
` ª7f6bYk(f.�hf7~9f�j��7�¯v«ª³f.�«rNj|i�� m�¥����d7bY~ClP¶LfNr.ÿ;b��öÿ'û6ü�ü³Ð�x
` �²b7j��Yf¦�C�ø�ºbYl^~¯v(l}·Nf

�$*@B MEJ/,.-8,90^*@1/5
` ª6v�f³i9�C�7Ñ+v«ª³f.�«rNj�bY��¸êl�r(s¯�Cf«Ñ�bY�^l b6v(l^~��
` ¸�f�b�k � Á s��>ª7f�j��/lY*{i9v(l}�~

Æ �



� i l È ���#��� ��ÇÉ�

ñ�I�B B <Q,7)_0PO � )Õ2E-E1 0ÃÂ�-/,�0^*@1
` ��j��CbY~Ql}·Âber(l���~�r�� � b7j���fÒd���j!rtl}�.f.vÒm_�&f�j��Yf�j�vyx
` �/l}vwv(lPª9ber(l}�~¨����rtsCl^~½
]�²bC�êf7~�rwv

Æ �



� i l � Ä È � �#��� ��Ç��

ï 5.I�B B <C,7)_0PO � )+2E-E1 0ÃÂ�-8,90�*@1
` v(i�j!�|b6�.f¦�.�>��� l^~9� m_±Y�^i9f¨±9bÂ�7k.�øj��iC~9�x
` �«���7�}�~9f.v$b7j�f¨�&��j�f¯�����6bY�^l}·Nf.� u l^~6r�f7~�v�f

Æ.&



� i l � Ä 
 ���� � � ����� �

��0^56,7)_0�HEJ8,90^*@1L5
` l^~9�Yj�f�b6v�f�l^~¯fãâ�r«j�fY�&fÒ�«���7�}�~Cl}�Òd���j!rtl}�7l�r|�

�ê��j�f¯l^~�rwf7~9vwf×�«���7����~9fev
` ±Y�^i�f«Ñ+v(sQl���r°�7�'ª³��rwf7~�rtl²bY�Crwf���ª7fYj�b.rti�j�fqª7f�b�k

vti�j!�§b6�ef×�.�>��^l^~9�
` �^l�r�rt�}f×�³s�bY~9�Yf�l^~ ª³��rwf7~�rtl²b���r�fY��ª7f�j�ber(i>j�f�rÖb�l^�}v
` �~9f×fNd9��^i�rtl}�~�¶	~�f.f.�¨v�r_b.rtl}v�rtl}��b��øf³~9v�f���±��}f.v

−2.5 −2 −1.5 −1 −0.5 0 0.5 1 1.5 2 2.5
−5

−4

−3

−2

−1

0
vorticity PDF

zeta

lo
g 10

 d
is

tr
ib

ut
io

n

−4 −3 −2 −1 0 1 2 3 4
−5

−4

−3

−2

−1

0
potential temperature PDF

theta

lo
g 10

 d
is

tr
ib

ut
io

n

Æ Q



� i l � Ä é¬���/�'� R&�!� 
 �� � � � �����

Ì¦*�)+,.<�� ñ{,�)�JXOQ,�JK)�< ï 5.I�B B <Q,7)§I
` v�rNj|i9�«rti�j�bY��b6v����î�&f«rNj|l}f.v$�7�{�«���7�}�~9f.vyý7bY~6r(l}�N�9�³�}��~�f.v

�����6bY�^l}·Nf.�X¶ l^~�rwf7~9v�fî�«���7�}�~9f.v
±7j��Cb6�L¶�¸�f�b�käb�~�r(l��«���7�}�~9f.v

` �]iCl}�ù�Y�C~7bC�¦l}�6bY���&fe�7s�bY~Ql}v«�¯´@��j��~�rw���Yf7~9f.vtl}v

−8 −6 −4 −2 0 2 4 6
0

5

10

15

20

25

30
Vortex Radius vs. Core Theta

Core Theta

R
ad

iu
s

Æ.h



� i l � Ä 
 ���� � � ����� �.�

T )�-X=É0P<X18, ��0^56,�)Ú0�HEJ/,�0^*@1L5
` v�rNj|i9�«rti�j�bY��b6v����î�&f«rNj|l}f.v$�7�{�«���7�}�~9f.vyý7bY~6r(l}�N�9�³�}��~�f.v

�ê��j�f¯�}�>��b��^l}·Nf.�ù�«���7�}�~9f.v
v�r�f.fYª7f�j!ÑÕf.�C�Yf.�¨�«���7�}�~9f.v

` �]iCl}�ù�Y�C~7bC�¦l}�6bY���&fe�7s�bY~Ql}v«�¯´@��j��~�rw���Yf7~9f.vtl}v

0 0.5 1 1.5 2 2.5
−5

−4

−3

−2

−1
grad theta PDF

grad theta

lo
g 10

 d
is

tr
ib

ut
io

n

−1

−0.5

0

0.5

1

−40 −20 0 20 40

−40

−20

0

20

40

masked grad theta

−3

−2

−1

0

1

2

3

−40 −20 0 20 40

−40

−20

0

20

40

grad theta

Æ.|



� �������	� æ �(ç&���ì�µ´{��� �������

5YS T �ÒI�1L-EB 0POQ5
` ���Q~�bQ�¦l}�.v$�7�ël^~�rwf�j�b6�«rtl}�~9v

�/j���¸#r(s��7�{d9�>j!r(l��.f.v4dQl²bù�êf�j���fYj�v
�8l}v�v(lPª�b.rtl}��~qdQl²b�
]�²bC�êf7~�r_b.rtl}��~

` �Cf«�ß��j+��ber(l}�~9vºl^~9��j�f6b6v�f I ÑÕ�øj�bÂ�/l}f7~6r�v

5YS T�U V �ÒI�1L-EB 0POQ5
` @ ÑÚl^~9�/i9�ef.�X¶/b6�Yf.�Yv�r«j��/ªYsCl��¬�&�7rtl}��~�vÒl^~¯v�r«j�b�l^~9f.��
]�²bC�êf7~�rwv

` ¸4b7j+� v�rNj|lPªî�.��~6d9fYj���f7~��.f�d�v'�.��}�hv�rNj|lPª��8l�d�f�j���f³~9�.f
¹ v(i�j!�|b6�.f¦�.�>��� l^~9�qdQl²b¦��j��~�r��Y�Yf7~9f.v(l�v

` ~9�~�Ñ+�8l�d�f�j���f³~�rG�.�>j+j�f.�«rtl}�~×��j��ø� ~�fãâ�r�ÑÕ��j��Cf�j[¥�� l ~�d�f�j�v(l}�~
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` lPj+j�f«d�f�j�vtlP±Y�}f&vy÷º� ª7j����ef.v�v�f.vì¹ �7i��¦iQ�²b.rtl�d�fÒ�/l�d�f�j��Yf7~�r�f�*	f.�«rwv
` v�rNj�bYl^~Ql^~9�h���Æ
]�²bQ�&f7~�rwv

¸#b7j+� 
]�²bQ�&f7~�rwv.´ j�bCª�l}�Ô�8l}v�v(lPª�b.rtl}��~
�e���}��
]�²bC�êf7~�rwv.´ ±9b6�7k.�/j��iC~9�h�.�>���^l ~9�

` b6v����î�&f«rNj|l}��
]�²bQ�&f7~�r_b.rtl}�~ ±(�¯d���j!rwfãâhl ~�r�fYj�b6�«rtl}�~9v

�N�9�³�}��~�f j�f«rNj�b6�Nr(l}�~ d�vêb�~�rtl}�«���7�}�~9f fãâ�r�f7~�v(l}�~
` d���j!rwfãâ¤�&f�j��Yf�j�v'u v�fNd9fYj�fÒf7~9�.�iC~�rwf�j�vÒm�ú�x

�N�9�³�}��~Ql}� v�r�f.fYª7f7~Cl ~9� d�vêb�~�r(l��«���7�}�~Cl}� v«ª7j�f6b6�/l^~��

` �«���7�}�~9f.ve´ �}�>��bY� l}·«fe�X¶Kl^~�rwf7~9v�fY¶Em|f7�^�^l�ª.r(l���bY�;x
` bY~6r(l}�N�9�³�}��~�f.v.´ ±7j���bÂ�X¶>¸�f�b�k�¶�mÓbNâ�l}v��>���&f«rNj|l}�9x
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` ±9b7j��>�7� l^~Cl}��l^~9v�r_bC±�l^�^l�r|��´

¸#b7j+� �e��~�d�f�j��Yf7~9�ef×u �e���}�h�/l�d�f�j��Yf7~9�ef
�N�9�³�}��~Ql}�×f³~Cs�bY~��.f��&f7~6rÒ±(� ¥�� �.�>j+j�f.�«rtl}��~�v

` rNj��øª³�øª9b�i9v�fÒr«j�bed�f7�^�^l^~��q¸4b.d�f.v.´
f³~Cs�bY~��.f.�h�C��¸ê~�¸4b7j��h�/l}v«ª��²b6�.fY�&f7~�r°����jK�«���7����~9fev

` v(i�j!�|b6�.fÒd���j!rwfãâ¯�>j���b�~Cl}·.b.rtl}�~9v.´
�N�9�³�}��~�f9ý�b�~�rtl}�«���7�}�~9f�b6v��>���&fNr«j!�
vti�j!�§b6�ef×�.�>��^l^~9�Ôu ��j��~�rw���Yf7~9fev(l}v

(�J8,�JK)�< ��0�)�<>OQ,�0^*[185
` #/i�b�~�rtl+
��b.rtl}�~q��� vy÷º�~� û�bÂv��>���&f«rNj|l}�¨ª7j��>�.f.v�v�fev

d��>j!r�fãâ¬l^~�rwf�j�bÂ�«r(l���~9v
` d�f�j!rtl}��bY�Ll^~È�]i9f³~9�.f�l^~äd��>j!r(l}�³l�r§�¯�>j���b�~Cl}·.b.rtl}�~9v

r|¸��7Ñ+v(i�j!�|b6�.f¦vy÷º�~� û
` �/j�b.dQl�r§�î¸4b.d�f¦��f7~�f�j�b.rtl}�~ u l^~�rwf�j�bÂ�«r(l���~
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