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A classification of stratospheric final warming and its

mechanism considering the lower mesosphere
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Abstract Based on the Modern-Era Retrospective analysis for Research and Applications reanalysis
dataset, this study analyzes the classification of stratospheric final warming (FW) that takes both
the stratosphere and the lower mesosphere into account. The results show that the seasonal transition
of circumpolar zonal wind from westerly to easterly wind also exists in the lower mesosphere, which
is similar to that in the stratosphere. In addition, the interannual variability of polar-mean air
temperature and circumpolar zonal wind in spring in the lower mesosphere is as strong as that in
the stratosphere. Thus it is suggested that FW events still appear in the lower mesosphere. The
annual FW onset date at each pressure level is then determined. It is found that the average onset
date of FW events varies from April 7th to 27th at different pressure levels with a standard deviation
varying from 11.3 to 18.3 days. The latest onset occurs at 1 hPa and the minimum standard deviation
occurs at 0.1 hPa. According to the characteristics of the vertical profile of FW onset date, this study
classifies the FW events into three types. That is simultaneous type, successive type, and
climatology-like type, respectively. The FW occurs almost simultaneously at the whole levels from
the mid-stratosphere to lower mesosphere in the simultanecous type. Accompanying with the FW
occurrence, there is a reversal of the sign of polar-mean geopotential height and temperature

anomalies. Strong planetary wave activities dominate the onset process of this type. Although the
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onset process of the successive type is relatively similar to that of the simultaneous type, the
planetary wave activities weaken greatly during the FW onset in this type. The non-adiabatic heating
of solar radiation plays an important role in this type. In the climatology-like type, the occurrence
of FW event at 10 hPa is dominated by dynamics. After the occurrence of FW event in the mid-
stratosphere, the planetary wave activities are inhibited in the upper stratosphere which causes the
occurrence of FW event mainly resulting from non-adiabatic heating in those pressure levels. There
are two possible explanations for the FW onset at 0.1 hPa. On the one hand, the 0.1-hPa FW onset
may be dominated by non-adiabatic heating. On the other hand, for some FW events, secondary
planetary wave activities following FW onset in the stratosphere may lead to the onset of FW at 0.1

hPa.

Keywords Stratospheric final warming; mesosphere; classification; circulation characteristics;

planetary wave activity
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JEEERACH ST R TE A AT RN, FEE AT A I 142, TiEHR
N 50120 3 k1| B 105 ) = AR5 1 L 7 e il N 11 = 12 D e 4 [ B N 1
VOAT )T IR AT B2 I 1) R PR RE ORI A e 2 P A R e RN 4, [R) IS4 P00 2 A X 4T 4 7
RIRIE, T FECPE SRR IR S+ (stratospheric sudden warming, #FK SSW)
& (Matsuno, 1971; Andrews etal., 1987). SREEFGR 1) SSW HL 28 GeAf T it )2 W [X 447 75
R I 6

SSW i &2 P 2 - B XA 3 J R G i B AR —. — 5T, SSW DX
TRAT R AR 5P B A SR B T =4 53— 7T, SSW MRS, “FREM
SHAS T XM N EXR)E, R KRR SRR A EE RN (Labitzke,
1977; Limpasuvan et al., 2004; 7Kz, 2006; Charlton and Polvani, 2007; 253k, 2012; ZEMELE
%5, 2014; FISCHS, 2020; BHERSE, 2023). SSWERK )G, TR Z A E Ik sh s 5k
PRI 5 5 41 A7 A (Baldwin and Dunkerton, 1999; 2001; Baldwin et al., 2021). AMY X%}
T, SSW IR 6 a2 AR Z AL A BB R . 2 SSWRKET, “FiftEK

X SR TR, AE A R E AR X s M A2 B3 A (Liu and Roble, 2002; Dowdy et al., 2007; Kurihara et
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al., 2010; Siskind et al., 2010; Zulicke et al., 2018). X & SSW [FIHR K& £ i B 2 575 )
PITRAR IR, I Z o 26 B M X 22 R R UTig sl = AR e AR, o 18] 2 v 2 FE M X
W BR A 5 B TR ST A B R R . SSW OB R R, R B IR E B X 1R 1
(Walterscheid et al., 2000; Dowdy et al., 2007), F HiZJLE 3G AT (8 FAE AR ZE 4T 2 g
BB EHFRKI, ZAT RS AR B E B AR, TR A SRS
SSW Sk (HMa B o X EEAT RS S AR R ALETFIRE SSW 5, - FRETILL LB RFY
T AT FE AR FBOR T B 3 DU AE S IR TR A, DRI, 38 8 AR A IR AT B2 U
Zl7(Chandran et al., 2013; Limpasuvan et al., 2016; Yu et al., 2019).

FREIR S TERE MR B 2 PIRE SRR S, SRRl T 42 SSW
FE—FEORRILS, WO TR E B G HIR 4 (stratospheric final warming, f#FR FW).
FW MR RHF T FREREEN ML —, & FRERX B & TR B R A
e 15 & (Andrews et al., 1987; Black et al., 2006; Black and McDaniel, 2007a). “F-iii/Z FW 1]
Fi R H WA 52 B0 AT B It R K PR Sl s B AL R, B B Y AE BR AR Ak (Black
and McDaniel, 2007a; Z2£}4%, 2007, 2008; Ayarzagiiena and Serrano, 2009; Haigh and Roscoe,
2009; Lietal., 2012; Hu et al., 2014). 10 hPa 2R w5/ FW FHFE—MT 3 A NABR,
B FW SR ILTE 2016 4EF K, B HBIN 3 H 5 H(Manney and Lawrence, 2016;
Palmeiro etal., 2017). St FW HEAHEA RS R SR PRZAT B ES), B335,
Pl ) FW AT CLE R 5 HYIA KA, FW A 32 B2 3K BH 8 59 1) AR da B #4s
MARFERZEFHE (Black and McDaniel, 2007b; #1514, 2014). FW 5 K SR X6 X i
BRAL AURFEIRERA BEMN. 2 FW BN, FREMNREICREGEE 4 HE
FALAH, H FW R IR, FRZHRIBee4ERF 2 5 AV), 4. 5 ALk sh & IEALAH
(Ayarzagiiena and Serrano, 2009). FW BT L@ 1 -1 ARAR I3 P 58 55 0 i 7. 52 2 XD A
(Ren and Hu, 2014; Hu and Ren, 2018), VAR F5Z=AUARME UK 5 A 1725 (8] 21 25 (Kelleher et al.,
2020).

HFRZER) FW FFr] e i 2 R & SN B, 1 AR B 50t 5 22 R TP
B R EAER A S, ik, W PFREFER FW S 50ER £ (Lim et al,
2018; Thiéblemont et al., 2019; Rao and Garfinkel, 2021; Hauchecorne et al., 2022), %} T2
HE. BEERRERK FW FEERD, b2 R2E 56 FW S5 m, HRE
R ? FRE S = 1 hPa FW HARR R H IR ERR R, HaR AR & 5 E

2 10 hPa FW AR R FEARL? X8 o] JU A A FF 1546 15 BRI 1 [0 %5
4
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AT R MR AT, XPPREBICZEZE S ECER FW ST RS,
HAEHE 2 CE FW RIAEENE, JRJGFET FW SRR HIH 6 B2 E, 45 FW
PRy T =AY, JEXMERN R FW SRR R NRRFE . 3 0 A1 R AR AT 1
Wo AHF TR BT I TR 2w B A R RS FW SRR Rt — R,
xS FW 1R LR — D B

2. Bkt

AT ZBHMR, AR (D EEERAN S RIZET MERRA &
H 73 #1558 (Woollen et al., 2011), HEFELJ7 [ M 1000 hPa £ 0.1 hPa, L 42 5, K EFEHE M
1979 4F 1 A2 2015 4 12 H: (2) & B T b0 A0 5 [E] 8 78 0 SR 4t )
NCEP-NCAR % H F7r#71 % £H(Kalnay et al., 1996), TEE 5[ 1000 hPa & 10 hPa, 3t 17
JZ, BHEVEEMA 1979 4 1 HZ 2018 45 12 H: (3) BRINHHIR SR F 042 451 ERA-
Interim 1% H F-73#T % L (Dee et al., 2011), HEE /7 M 1000 hPa £ 1 hPa, 3£ 22 2, Bf[HjyE
I 1979 4 1 H % 2018 4F 12 H . PAEBERIKF o B3 #8 2.5°%2.5° 4 k% . 1E =Bt
Bheb, SRS IR R R S IR O s B i 8 17~ 2 s ) JXURR) 5 0 A I (O XU
KRR HED \EELEARFEG—8E (B D. 546, R 68EHE MERRA HHr %k
111 75 78 7 6 1] Y B B K () MERRA-2 B0, A 3 B8 2 — 3.

(a)NCEP-NCAR (b ) ERArinterim (c) MERRA
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Fig. 1 The temporal evolution of climatological zonal-mean zonal wind (unit: m s™') averaged in 60°~75°N during
the period from January 1 to May 31 for (a) NCEP-NCAR, (b) ERA-Interim, and (c) MERRA reanalysis data,

respectively. Green lines are the zero lines of the zonal wind.

3. PRI EMKE FW BHNESFEREETRE FW FHRE R

HATA AN E 77955 L FW FAR 8 K H B(Nash et al., 1996; Waugh and Rong, 2002),
(R P LU A 22 1A 2 T i ) P38 A ) KA 1 5 S, RIDHS T I 2 AL R A Lo 2 FE ik £ 1) T
Pk 17 AR R — R AR AU FL I E SCAAEEER FW (¥198 K H #(Black et al., 2006; ZEF14,
2007; Li et al., 2012; Hu et al., 2014),

THIEA RS ¥ St i FW ILRAE rh 8] R R A AAAE, IR BLfse R 261 K% 2 LFW
1Bk B AR ZRE 2 RE . B 2 46t 7 AR AR Z A 17 F- 3 4 ) XU
A - )AL . IR T LAE Y, BER SR, #eiiA-FIRE (501 hPa) 26 [ 7 X
(PSR EAEIE I, M 50 hPa | 5 hPa (] 2a-d), MBI 5 K T JRURGH (B B & B ]340 347 1)
etw®%, 23 HERESRTORELL 1 Aot 10 MEE. M 3 hPa fF B (& 2e-
D, 6P R T BRI R % 0.1 hPa, ) P340 ) v XU ol 4467 T 40°N LLRS

(B 2000 R, EAFRECZEZE R R, WSR2 ) F 5 4 R AE
BRI 7P, X5E 180300, B BU FW SR E R0
A RESEAFIERT o

34T 19792015 FAN[E) 2 Uk b4 7] V- 259U FE A v 22 14 443 B2 - )i A . AR ey
DA, (R Tz E P 202 MR, ST R AL T R ER R R I A R T HEFN
R, WOKAE R T 2 A3 1 hPa (B 30, [HAFEHZ, 0.3 hPa Zk L,
R [X & )~ Ui AR PR AR AR B R B2 5 50 hPa A2, R A Z=AR A3 [l 4L 50 hPa 1M & B3
% 40°N, KT 4K MWAZRIMAELRFE 4 AKX (B 3a, h). 7E0.1hPa, XIS MK
H—PaeE s A (B 31,

4 e T AR R IR B2 )P 2 A ) KR AEZE (26 FE - (AR AR . "I LR, 7R
FLE (50-1 hPa) WRIX, Hifal~FI4 4% m) R AEBR A R b L AW i (B 4a-0), 1E 1
hPa AR K, WAAEFOHBE 1 HE, KELT 60°-75°N (& 4f). 7£ 1 hPafE b, 4
1] ST 4320 1) IR 4 B AR S A v FE SN TR Mg (1 4g-iD. R4k, 7 0.1 hPa, HIX
2 [ PR 26 ) KA B R R s S L3 T 10 hPa, FEH KT 8 ms ' AR R AERFS: 4 4 A,
5 50 hPa 1 30 hPa —21 (K 4i).
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Fig. 2 The latitude—time cross sections of the climatological zonal-mean zonal wind (unit: m s™'") during the period

from 1 January to 30 June at (a) 50 hPa, (b) 30 hPa, (c) 10 hPa, (d) 5 hPa, (¢) 3 hPa, (f) 1 hPa, (g) 0.5 hPa, (h) 0.3

hPa, and (i) 0.1 hPa, respectively.
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Fig. 3 The latitude—time cross sections of the standard deviation of zonal-mean temperature (unit: K) during the
period from 1 January to 31 May in 1979-2015 and at (a) 50 hPa, (b) 30 hPa, (c) 10 hPa, (d) 5 hPa, (e) 3 hPa, (f) 1

hPa, (g) 0.5 hPa, (h) 0.3 hPa, and (i) 0.1 hPa, respectively.
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Fig. 4 As in Fig. 3, but for the standard deviation of zonal-mean zonal wind (unit: m s™).
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Fig. 5 The vertical profile of the average date of FW onset (black dotted solid line), =1 standard deviation area
(blue hollow column), and the range from minimum to maximum FW onset date (error bar). (b) The correlation
coefficient of FW onset date in each vertical level with that at 10 hPa (red), 1 hPa (green), and 0.1 hPa (blue),

respectively. The long dashed line indicates the critical value of the 95% confidence level
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Fig. 6 The time-height cross sections of the composite zonal-mean zonal wind anomaly (unit: m s™') averaged in
60°-75°N relative to FW onset date at (a, b, ¢) 0.1 hPa, (d, e, f) 1 hPa, and (g, h, i) 10 hPa and for (a, d, g)
simultaneous type, (b, e, h) successive type, and (c, f, 1) climatology-like type, respectively. The thick green lines
are the zero lines of composite zonal-mean zonal wind averaged in 60°—75°N. The black dashed contours represent
the tendency of zonal-mean zonal wind. The contour levels are successively —2, -3, —4 m s~! d”'. The dotted areas

indicate the anomalies are significant at 90% confidence level. The vertical dashed lines represent the onset date of

FW at the corresponding height levels.
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Table 1 Classification of FW events
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1982 1991 1980 () igg; )
1995 1994 1983 1999
1996 1997 1984 2000
2003 2001 (+) 1985 () 2005 (=)
2004 2002 (+) 1986 (- 2008
201} 2006 (+) 1987 2010
208 2007 1988 2012
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Fig. 7 As in Fig. 6, but for the composite geopotential height anomaly area averaged in polar region (0°-360°, 70°—

90°N) (unit: gpm). The contour interval is 100 gpm with zero lines omitted.
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Fig. 8 As in Fig. 6, but for the composite temperature anomaly area averaged in polar region (0°-360°, 70°-90°N)

(unit: K).
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Fig. 9 As in Fig.6, but for the anomalies of vertical component of EP flux (vector, unit: 103> m? s?) and EP flux

divergence (shaded, unit: m s™' d™') averaged in 55°—75°N from 20 days before to 20 days after the FW onset. Black

vectors and green contours indicate the anomalies of vertical component of EP flux and EP flux divergence are

significant at the 90% confidence level, respectively.
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