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Variability of the Atmosphere During

the Sudden Stratospheric Warming Observed

by the COSMIC Occultations

XIAO Cunying HU Xiong

(Center for Space Science and Applied Research, Chinese Academy of Sciences, Beijing 100190)

Abstract Observations of COSMIC occulations which have high precision and high height-resolustion

from winter 2007 to spring 2008 are used to analyze the variability of the atmosphere between 10

and 60 km during the Sudden Stratospheric Warming (SSW), espetially the features in the upper

stratosphere and lower mesosphere. Results show that all of the temperature and wind fields and

the residual circulation changed significantly during the SSW. According to the differences of the

temperature before and during the major SSW, the latitude-altitude distributions of the tempera-

ture field could be divided into four parts by about 55◦N along latitude and by about 42 km along

altitude. At high latitudes, temperatures increased with a maximum warming of about 25K in the

∗ ��)�������*+ (40774087)

2009-08-16 ����, 2010-05-17 �����
E-mail: xiaocy@cssar.ac.cn



�
��: �������������Æ��� COSMIC �� ! 35

lower stratosphere, while temperatures decreased with a maximum cooling of about 30K in the up-

per stratosphere. At middle latitudes, temperatures cooled in the lower stratosphere while warming

happened in the upper stratosphere by several K. During the SSW, both the zonal winds in the lower

mesosphere and in the upper stratosphere changed nearly in the same way. Westerly winds became

weaker and easterly winds strengthened in the north area of 45◦N, with a maximum increase up to

50m/s, while in the south area of 45◦N, westerly winds intensified and easterly winds weakened by

a much smaller change of about 10m/s. From the last ten-day of January to the end of February,

2008, osillations were observed in temperature and zonal wind fields with a period of about 12 days.

The residual circulations reversed during the SSW, which suggested that directions of the transport

of the atmospheric components also changed during the SSW.

Key words Sudden Stratospheric Warming (SSW), COSMIC occulations, Temperature field,

Wind field, Residual circulation
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,� 1952 ����!� Scherhag �����
������"#� (Sudden Stratospheric Warm-

ing, SSW) �$ [1] %�, �  &�-�!���
!�'""##�!��(� [2−4]. SSW �$%�
&�� �'�(, !�)��"##!*�, �%
+�� $�,�%-..$&!%�" /� [5].

Matsuno[6] ) 1971 ��% SSW �*+���',
&-�'().�'/� #/&/0#. 00#�
(1!*1+2". Chen[7] )&,*3+�'$-
"4"',&%,!, #&� EP ###(�.,,

SSW�1'$�&/'(#20',&.�'/�
 #/&#-(. %)3 [8] #&0* β �5$-#
1+.6,2#7�8&(�" SSW #%,(1,

3%8&"/#$-�'��-$- 2,/.*
9%6Æ'/0. Chao[9] )&+("04�% SSW

#�$�"/4#034,&-, Yoden[10] - Hu

4 [11−12] )*1+"���,-#��).-4
,&-#/2, Hu 4 [13] �05(�"61 QBO

. SSW 53#+("/,.

4��, 0657-1,4�!��#�7, 5
�5�#!89,+��-(� SSW:3��"/
#,/2"-(1, 8*) SSW :343�#��
 69 (Mesospheric Cooling, MC)[14−18], 43�-
96� (Mesosphere and Lower Thermosphere, MLT)

#$-�  %-702:" , $�-1 �$
2, [18−23], 06,/#08;06"/&%9%

#,/, 0<2306,/.',&-=',&3
1#"/:,&9%#�';: /, !%,!(
1+047 [24−25]. 89#��<:;4) 60 km

%�#43�-96�. !�!4<;5#1;,

=� 25∼60km #�����-43�5� (Upper

Stratosphere and Lower Mesosphere, USLM) 00�
�"/.5�"/#43&6&<, � SSW 9/=
>#��(�8>=<. SSW :3 USLM ��2-
$�,/2"#(�, �+�05"> MLT %?�
3�/&-� SSW #=>�?"7;#, !(�@
9::?@.

2006� 4A, COSMIC (Constellation Observing

System for Meteorology, Ionosphere and Climate) B
,,>)=��>(�, �7""##?@89@'
A�@'A;�BA@,4,5* 60 km #"/�
�@B�-/C4<, 03B7 SSW :3 USLM "
/,/2"���7":;#4<?D. COSMIC

�!?C=&D(�40&#E��?C@9,�
#F6, !9GA;�BA"7 0.5∼1.5 km. C7C
)&<?C� 2007 �=. 2008 �DD SSW �'
@>, ?EF,�� SSW &-4"/A;-1#H
,2", ):@"4 USLM &<"/#,/2".

2�8EFIA8EEG

2.1 ABCD
COSMIC B,,>�0*&+�7/$@BH

�./C!(�#,G�!,-, !��IF�?
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@D9,-:(BB,��, #&!#B&#J&
 9-0,H#0H��, "%8* 100∼800km #
BH�BEB�I5, %?4""/ 0∼60km #"
/G#I5. COSMIC 1,,-�3H�* 6 J9
,@E1- GPS 1,F:. COSMIC + 2006 � 4

A 15 J 01:40UT �>:F, I;E1'� 512 km,

KK 72◦, )5G# 17 *AL1,E1G5('
* 800 km, 1,53#M�3H3H3 30◦.

LM, <,-N�O�7"; 1400∼2300 *"
/��I5, IC89?@, ,$%�J'K, 3"
/�#(�@N!-�/LK�7"::#�!?
C. Cucurull - Derber[26] L COMSIC �!>&
+ NCEP #?@�/,-, 9I+�'��@96
'�@P�4(�4<#J#. COSMIC, CHAMP,

GRACE-A 4B,�!4<>&+4K�/LK,
-, "%MLK<M [27]. Anthes 4 [28] � COSMIC

B,�!4</"I5#��, -(.,, COSMIC

4<#J#>%=# GPS B,?CJ#'. )��
�-���5�, ��#A�'7 0.05◦C. ) 40 km

%�, !BH�#N=, ��#<M >=". IO
P4 [29] LM &8Q#$JI5��"BH��
"/B,0HA�#N=, 3%) 50∼60km 53B
,��9; 4K #<M. 0L & 2007 � 11 A
. 2008� 4 A COSMIC #GN0K�/I54<,

OL$�@M�@!M'�@��@CR4G#Q>,

1+-�� SSW&-4"/��@ 2?SR$�
#,/2".

2.2 ABMN
4<N0<:�3%575.

(1) =�N*I5�'4<N0
<:)T�CN*I54#!M'�*+:9

6'�, 'GL��?96'�PK*A;?N. !
M'�*+:96'�#O&U5:

H =
g0,ϕ

gnp

rϕ

rϕ + h
h, (1)

g0,ϕ = 9.80616(1− 0.002637 cos2ϕ+

0.0000059 cos2 2ϕ), (2)

rϕ =
2g0,ϕ

3.085462× 10−6 + 2.27 × 10−9 cos 2ϕ
.

(3)

!4, h 3!M'�, Q93 m; H 396'�,

Q9396V; gnp 3:#PRO:,#@�, K

3 9.80665; rϕ 3,0$� ϕ N#,@SORDK,

Q93 m; g0,ϕ 3 ϕ N#Q�5:,#@�, Q9
3 m/s2.

A;$-&CR�R�, ?NP�S&3

P (i) = 1000 × 10−i/32. (4)

!4, i 3+RH4, CR#Q93 hPa, �>#A;
3H";3 0.5 km. =�N* COSMIC#I54<,

C��-96'�#A;Q( &�473T/P
KJPK*�>+& (4) 4 i3 14∼119#CRN@
�, 3�05#4<N0POT.

(2) 4<RQN0
)4<N0S05#IF�, % 3 �3%3

U (V�, M0�, G0�) # COSMIC �!I5T
/0*4<;T�'HAN0, &+.ÆV�#"
/G#. 0TN0#L#)+B8N*4<;T"
%U9RU�#4<%IC89?@ (90◦S∼90◦N,

0◦ ∼360◦E). *+C7"4#� SSW :3#"/2
", VW0LSSWC�VD3 (10◦N∼90◦N, 0◦ ∼
360◦E)#XT. =�N*4<;T,L��-96'
�C�PK* 2.5◦ ($�)×10◦ (M�) #'K?N@
�.

(3)  /1+
#&4<N0SW5G,"%8*'KN@�#

EF4<, F�OU%3@$�@M�-'�, 4<
�>#3H3%3 1 �@$� 2.5◦@M� 10◦@'�
; 0.5 km. )064<#IF�, �C�%#$-%
�, *96'�1+%,2$- -M- ,  21
+O&-&-"GS7G [30]. GS Dunkerton[31]

- Gilie 4 [32] #$J, "%#&,S3+6,!$
--YW"$-1+SR$�. *+ SSW :3#J
,/VZ, !+.6H� (0XDW,/) /0#S
R$�#J,/?",)WS"4SR$�H,H�
#,/2", W%, ,S3+6,!$-?YW"$
-"%Y3

∂θ̄

∂t
+ v̄∗

∂θ̄

∂y
+ w̄∗ H

R
N2 =

− 1
ρ0

∂

∂z

(ρ0v′θ′
∂θ̄

∂y

∂θ̄

∂z

+ w′θ′
)

, (5a)

1
a cosφ

∂

∂φ
(cosφv̄∗) +

1
ρ0

∂

∂z
(ρ0w̄

∗) = 0. (6)
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!4, θ̄ 3$[�'9�, N 3J42F\+]A,

v̄∗ . w̄∗ �X3,S3+$-$[�'SRM-$
�-SRA;$� (74)TXY3SRM-$�
-SRA;$�).

& (5a) 4XZZ3&#6[ (wave heating),

Andrews 4 [5] L3%, ),2\%?ID#D
0&XT5, W#6[YM, "%Z^. Hitchaman

- Leovy[33] [1"00[, ��)4�"/, J.
$-#!K[ >+0M, "YD0[3 0, !K�
!�U Holton[34], Gille[32] - Santee[35] 4]P"Z
L#YD. V?SW&#6[%, & (5a) "%Y3

∂θ̄

∂t
+ v̄∗

∂θ̄

∂y
+ w̄∗H

R
N2 = 0. (5b)

 &\[J, #&& (5b) - (6) 1+SR$�. MN
YD v̄∗ = 0, #&$- (5b) 8*0* w̄∗ #[1K,

C8*# w̄∗ [FYW$-& (6) 4[�, _�,Z
\/2 v̄∗ = 0, 0T"%8* v̄∗ #[1K, C!E
[F& (5b) 1+ w̄∗, 44. :4\[ 8∼10 3]"
%8*>=A`#H,SR$� v̄∗ - w̄∗.

3�^]^Oa

3.1 SSW T"U&V
#0 &U5b*3R�cD#�#�$-R

�P�

ΔT = T90◦N − T̄60◦N , (7)

Ū =
−9.8(H90◦N − H̄60◦N )

fΔy
. (8)

V 10 hPa4C5� ΔT *R,W, Ū *W,R%, ]
]�J #9 �$02%,/303R��"#�
P2,Y3<#� (major warming);U(S� ΔT *
R,W, Ū ?2,^X, _/303-��"#�P
2, Y33#� (minor warming)[5]. Q 1(a) _%"
0b*3R) 10 hPa 4C5�0%3 (2007 � 11

A. 2008 � 4 A) #,/d(. Q 1(b) �\�@�
��X) 100hPa, 10hPa - 0.3 hPa 4C5�0%
3#,/d( (?7 TEMP .R��, UWND .R
$- ). -TQ 1(a) -Q 1(b) "%_%, 00%:
#"/$�9U5,/&-.

S0``, 2007� 11A5`. 11Aa, 93#
�P2�$. 0*&-4, 10 hPa - 100hPa 4C5

���###?",S9! K,'! 10 hPa�#� 
e9,�#%-, %Mb�;3 15m/s. ) 0.3 hPa

4C5���,�%M, !�)��56'7 20K.

SW``, 2007� 12A. 2008� 1 A4`, �
�0%3#,/?", :#�P2�$.

S7``, 2008 � 1 A4`. 3 A4`, "/
$�,/VZ. )W&-4943#�P2�$. S
033#�&-� 1 A 20 JB;, 10 hPa 4C5�
��aV##, ) 5 �)�&#��� 196K �(
* 250K, ��##'7 54K, W&-4, ΔT *RK
a@,3WK, ��S�02, � ]a@%-, �
#�M# 45m/s %M* 18m/s, !G 5 ���ba
V%M, � a@##, ) 1 Aab4*W0=D 
2X.. � 2 AIB;. 2 A 18 J, YW�$b3
#�P2. 18 J%G<#�P2�$, � � 2 A
I# 45m/s a@%-, * 2 A 20 JYZ 2�$
02, ,:" , * 2 A 25 JYZ" 7*Z", ;
3 −13m/s, 5G" B;%-. * 28 JYZ,  2
bB;023� , 5G� Gc#R, b4*W0
X.. ) 3 AI.4`, � $�E3023" ,

03#�#0Y3G#� (final warming). *+�
,J>#6, )G#�P24, ��S�-a�.?
OEb4*#�%M#XT-R�,Gc-DTDZ
c&6.

;06 SSW#�$, 0.3 hPa4C5���,/
]+0VZ,!��###-%-,/Wc. 10 hPa

4C5���#,/U? 0. ! 100 hPa4C5�
��#,/b� �>=M, ) 2 A5`- 3 A�
`90>=,�##�&-.

3.2 SSW [\�]^_`aTbcde
Q 2 _%" 2008 �S 50 � (2 A 19 J)@

S 55 � (2 A 24 J) $[�'��- 20$�–

'�#,/4K(, �X[. 2 A<#�5M-<
#�:3, )f_%"��- 2)0b�#MK.

Q 24 &#A;fRYg#'�'3�4–C,f
R (log-pressure coordinate, D@3 z = −7ln(p/p0),

Q9 km, !4, p0 = 1000hPa)[5], Zg'3CRf
R, Q93 hPa. U:2XV,, 74%5)T-Q
S, '�.3�4–C,fR.

�Q 2 ��,/XT"%_*, ) SSW 5
M, ���MKN+ 15∼25km VD), �"KN
+ 45∼55km VD), �K'�0$�dg,/. V
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W 1 2007 ��h 2008 ��e SSW �id. (a) 10 hPa ]dh� ΔT � Ū Xi���	, (b) 100 hPa, 10 hPa,

0.3 hPa ]dh��fe��Xi���	
Fig. 1 Diagnosis of the SSW from winter 2007 to spring 2008. (a) Temporal variations of ΔT and Ū at 10 hPa,

(b) Temporal variations of the temperature at the North Pole at 100 hPa, 10 hPa, 0.3 hPa

< SSW ��%, '$,&�����a@(', *
#�j:, ��('7 25K. .W�%, USLM &<
��VZ69, *#�j:, ��69; 30K. 9$
�,&IC?,/, 4$�,&^96,/. )A;
$-, ";% 42 km 3\, )C�$-, ";% 55◦N

3\,���#('-69XT���, "%L$�–

'�Qe�: 4*&<. 42 km%5'$,&,�#
�, 0-#�0;fW* 15 km YZ, #�Z"K9
+ 33 km#\�@f4. �%, 4$�,&9! K#
6��$, <:�J) 25∼35km '�VD), 6�
Z"K9+ 32 km, 42.5◦N f4. 42 km %�'$,

&,�6�, 6�Z"K9+ 55km #\�@f4,

!W%, 4$�,&9! K ##��$, Z"K9
+ 55 km, 42.5◦N f4.

�Q 2 $- 2#,/XT"%_*, SSW �
�M-j:, 4'$�,& 2-19,�#,/,

9$�,&,/?,�. )#�M,  2j'� -
1. ;06 SSW #�$, '$,&� a@%-,

)#�j:, 023" -1, �%49$�,&
#� -196#R. g< 2#,/XT, "%
L$�–'�Qe1$�$-";% 45◦N 3\P�
:b*H�, g, 45◦N %\#� %-" #R&
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- 45◦N %k#� #R&.

�Q 2"%_*, SSW��MG, \�@#��
? 70◦N N#$[�'$- #,/Z", 3"OU
?)*�� SSW ��&-4, '$,&��- 2
0%3–'�#,/2", Q 3(a) (b) �X_%"\
�@��?$[�'$- ) 70◦N 0%3–'�,
/#4K(. �Q 3(a) HA�_, 1 A5`* 2 A
a, "/��#j^�$Y,�, k:;3 12 �, !
f% 44 km3�\(,��-5���#,/9  

0. �Q 3(b) "%_*, .��#j^ �>, $-
 ]9k:;3 12 �#j^. 0.Y�4 [36] )(
�\S@����Z$&&-4[hR#���'
��- 2@9 10 �YZ#j^�09#, .,0
-j^Y"O�0*1+#�$, ?_) 2008 �=
D4`), !f)���'#=D/C.4]`).

Q 1∼3 'l\.,, '$,& USLM "/
) SSW :3 2%-702, ��69, W2".
WM 60 km %�#�!-( [14−23] 09. )Q 1(b)

W 2 
��i���
��X
�–����	 (��a] K, ��a] m/s, ^b_
`ml�)

Fig. 2 Latitude-height cross sections of the zonal mean temperature and zonal wind (temperature unit K; wind unit

m/s; the white solid lines are for the zero values)
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W 3 �fe�� (a) j 70◦N 
��i
�� (b) Xi�–����	
Fig. 3 Time-height cross sections of temperature at the North Pole(a) and zonal mean zonal wind at 70◦N(b)

-Q 3 4)n9�!* USLM "/��- 2,/
cM#�$, S�)5���, "/��###90
%35g#o6 (kQ 3), "O �����/&-
d$0D#N=. Liu - Roble[37] lT TIME-GCM

. CCM38&8Q" SSW?��"/#,/, 3%
W�*+'$,&',&.IC/��$/&B8
IC/�� %-, ..%�" , /99?�# 
9-"#:,&OU-�'(*��&<, �!2,
SR$�-1, 9B��#��69.

3.3 SSW [\�mnopTbcde
) SSW :3, e"��- 2 �$,/%

a, SR$�])�$ >#,/. SR$��+
�5�"/# #/&-bJm*06*�::#
/& [38]. *+bJÆ'�16+NnJ$��#,

Andrews4 [5] L3%,S3+�'SR$�"%&
�.R+NnJ�'$�, V!, SSW:3SR$�
#,/2"]"%&+.ÆbJÆ'#,/2".

Q 4 _%" 2008 � 2 A 21 J- 2 A 25 J
H,SR$� v̄∗ - w̄∗ 0$�–'�#�J, 0b
��X[.< SSW &-4##��7:?#�b
4: (kQ 1), hi0b�#L#)+, 2 A 21 J
- 2 A 25 J�X)<#��7:?#�b4:4
# ΔT 0%3#,/jAZ", 0T, #&& (5b)

1+%#SR$�#4K]  �>=", O?c
,>=#�&-4SR$�#,/2". �Q 4"%
_*,#�:3SRM-$�#"M)4'$,&:
>)9$,&R, $-IC 0. SRA;$�<:
;4)'$-�&, 49$,&4KYM. ) SSW

�7:, 45◦N %\&<, ); 50 km %�'�VD
)30R v̄∗ RK&, /��\-k\%, Z"KN
+ 65◦N, 4K3 −1.7m/s, !) 30∼45km VD)
30R v̄∗ WK&, /��k-\\%, Z"K]N
+ 65◦N, 4K3 0.9m/s, ) 30 km %5VD) v̄∗

#4KYM, /�M-\%Y-; 40◦N %k&<,

v̄∗ #4K:MY�, $-.%\,&"90-; w̄∗

)�,f4 42km %�3W, %53R, Z"K�
X;3 1.3 cm/s, −0.9 cm/s, !) 60◦∼30◦N IC0
-, 4KMY�. ) SSW b4:, SR$�#2".
�7:#2""A 0, v̄∗ ) 35◦N %\; 50 km

%�&<30WK&, /��k-\\%, Z"K
3 1.3m/s, !) 30∼45km '�VD)_30RK
&, /��\-k\%, Z"K;3 −1m/s; w̄∗ )
�,f4 42 km %�3R, %53W, Z"K�X
3 −2.2 cm/s, 1.7 cm/s, )49$IC0-, 4KY
M.

�Q 4 4#c#Q�"%=;�lf,_*
* v̄∗- w̄∗1:#$�[2".) SSW�7:, 45◦N

%\&<)A;$-�"A1:b*$�[, ='�
#$�) 50 km %�*\�-k, 42 km %�'�)
�,f4�(, 4$,&5g, 42∼50km/�*k�
-\,S:0*p%=#$�[; !) 42 km%5,/
�)�,f45g, 4$,&�(, 25∼42km/�*
k�-\, 10∼25km*\�-k,IC1:"0*d
%=#$�[. ) SSW b4:, )A;$-�"A
]9b*$�[, _!$-. SSW �7:#$�[
$- 0, g��3d%=$�[, 5�3p%=$
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W 4 e����Æ v̄∗ � w̄∗ X
�–�����. (a) h
 SSW �q� (2008 � 2 � 21 q),

(b) h
 SSW oh� (2008 � 2 � 25 q)

Fig. 4 Latitude-height distributions of the transient residual circulations v̄∗ and w̄∗. (a) SSW development phase

(February 21, 2008); (b) SSW recovery phase (February 25, 2008)

�[, �\(";N+ 42 km '��. 062"
. Gille4 [32] ��# 1979� SSW:3H,SR$
�#,/2"IC09,_1+[8#SR$�#"
M?$�#�\('�4*W96MX, 0"O.�

�# SSW[�$#�i?R-9/. SSW:3SR
$�[ �$02, *W8.,, SSW:3"/�4
bJ#Æ\] �$2,,)�0'���..8"
OU?2,Æ\$-.



42 Chin. J. Space Sci. ������ 2011, 31(1)

4�^a

)& COSMIC�7#'A�-'A;�BA#
B,�!?C, 1+-��" 2007�=. 2008�D
D SSW :3 10∼60km '�VD)"/��@ 2
?"/$�#,/2",!-(ekr89#2"5
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