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Abstract Composite analysis is applied in the present study to investigate independent and joint impacts of the second type of
El Nifio-Southern Oscillation (ENSO Modoki) and the Quasi-biennial Oscillation (QBO) on stratospheric ozone in the Northern
Hemisphere (NH) in winter using observed ozone data and reanalysis data. The analysis reveals that stratospheric ozone in the
NH in winter increases during El Nifio Modoki events but decreases during LLa Nifia Modoki events. Stratospheric ozone in the
NH in winter increases during the east wind phase of the QBO (EQBO) and decreases during the west wind phase of the QBO
(WQBO). In contrast, stratospheric ozone anomalies in the middle and high latitudes caused by ENSO activities are evidently
larger than those related to the QBO phases. Further analysis indicates that during the EQBO phase, stratospheric ozone anom-
alies in the NH are amplified during El Nino Modoki events but reduced during L.a Nina Modoki events. During the WQBO
phases, El Nifio Modoki events only slightly increase the stratosphere ozone concentration in the NH in winter, while the ozone
concentration is greatly reduced during L.a Nina Modoki events. Therefore, the EQBO enhances the effect of El Nino Modoki e-
vents on stratospheric ozone in the NH, but weakens the effect of La Nifia Modoki events. The WQBO weakens the effect of El
Nifio Modoki events but intensifies the effect of La Nifia Modoki events on stratospheric ozone in the NH.

Key words ENSO Modoki, Quasi-biennial Oscillation (QBO) . Stratospheric ozone in the Northern Hemisphere. Joint impacts
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Table 1

Selected El Nifio Modoki and La Nifia Modoki events

JEIR B i 4R

L Je ¢

1990, 1994, 2002, 2004, 2009, 2014

1988, 1998, 1999, 2000, 2007, 2010, 2011

F 2 kB E T AR AR RV AR AN T A IR 3% T KU AR A 1
Table 2 Selected EQBO and WQBO events

IR AL A AR

PG R AH AR

1986, 1988, 1989, 1991, 1993, 1995, 1996, 1997, 2000,

2002, 2003, 2005, 2007, 2009, 2011, 2012, 2014

1985, 1987, 1990, 1992, 1994, 1999, 2001,
2008, 2010, 2013, 2015




460

K444 2019,77(3)

Acta Meteorologica Sinica

F 3 HERE ENSO g R 7 4E 4% 5 7R 78 KU AR I S A 41
Table 3 Examples of joint ENSO Modoki events and QBO East — West wind phases
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Fig.2 Latitude-height cross-sections of composite anomalies of zonal mean stratospheric ozone
in the NH in winter for El Nifio Modoki events (a, ¢) and La Nina Modoki events (b, d)
based on SWOOSH (a, b) and MERRA2 (c, d) data from 1984 — 2016

(Anomalies that are significant at the 95% confidence level (Students z-test) are dotted.

The selected events for composite analysis are listed in Table 1)



/g A AR B ENSO AP 3 2 HE P AR IR 55 X0 & Z2 0 BRP 02 SR R A R R 461

Hh R B JE AR A R bk BT R R AN R B
I LG . AL BRI )2 R R X R S
AR Al BE SR 2 - P R e R JE v (R R B L JE
) 3% Sl 35 58 Rk 55D 7 PR AT B B B (K 6)

10

Pressure (hPa)

B AR B ek 55 (AR A G 5D (] 3) L b ik
iR i) A8 55 (A2 58 ) 5 Brewer Dobson (BD) ¥ i 1)
o ) AR B 2 B 2 (D) 1 P )2 R AR

(b)

Pressure (hPa)

200 T T T T T 200 n T T
30 40 50 60 70 80 90°N 30 40 50
— T T [ [ [ [ I I I I I I
-1.0 -0.8 —-0.6 —0.4 —-0.2 0 0.2 0.4 0.6
T anomal (K)
10 10
(c) (d)
s )
% 30 4 j::_-‘/ 30
(o) (o}
Z 50 Z 50
@ @ .2
g N 4] ez
A ~ Sk
100 100 i
200 - ‘ 200 == ‘
30 80 90°N 30 40 90°N
[ [ [ I I
-1.0 0 1.0

U anomal (m/s)

K3 JET 1984—2016 4 ERA-Interim Ff 73 M1 ¥ORL5 B HY i A8 BB /R JE v 45 (a0 FlI
AR L AL JE R AE (b d) 2 Ze b 2 Bk 4 5] 2 U2 R Ca ) F
5 1) XU CoodD 19 & B2 - 3 1 w7
(BLM R 2)
Fig.3 Latitude-height cross-sections of composite anomalies of zonal mean temperature (a, b) and
zonal wind (c, d) in winter for El Nifo Modoki events (a, ¢) and La Nina Modoki

events (b, d) based on ERA-Interim data from 1984 — 2016
(Same as Fig. 2)
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Fig.4 Latitude-height cross-sections of composite anomalies of zonal mean stratospheric ozone in the NH
in winter for the EQBO phase (a, ¢) and the WQBO phase (b, d) based on SWOOSH (a, b)
and MERRAZ2 (c, d) data from 1984 — 2016

(The selected events are listed in Table 2. Anomalies that are significant

at the 95% confidence level (Students ¢-test) are dotted)
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Fig.5 Latitude-height cross-sections of composite anomalies of zonal mean temperature (a, b) and
zonal wind (¢, d) in winter for the EQBO phase (a, c¢) and the WQBO phase (b, d) based
on ERA-Interim data from 1984 — 2016
(Same as Fig. 4)
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Fig. 6 Latitude-height cross-sections of composite anomalies of the E-P flux (vectors, normalized by air density;
unit; m?/s?) and E-P flux divergence (color shadings, unit; m/(s + d)) for El Nifio Modoki events (a) and
La Nina Modoki events (b) based on ERA-interim data from 1984 — 2016 (The selected events are listed
in Table 1. Before the composite analysis is conducted, the QBO signal has been filtered out from
the time series using a 24 — 40 month band-pass filter); (¢) and (d) are the same as (a) and (b),
but for the the EQBO phase and WQBO phase, respectively (The selected events
are listed in Table 2. Before the composite analysis is conducted, the ENSO Modoki signal

in the ozone has been removed by regression)
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Fig. 8 Longitude-height cross-sections of composite anomalies of geopotential height of wave-1 at 45° = 75°N for
El Nino Modoki events (a) and La Nina Modoki events (b) based on ERA-interim data from 1984 — 2016
(Shadings show the climatological (stationary) wave-1 field. The selected events are listed in Table 1. Before the composite
analysis is conducted, the QBO signal has been filtered out from the time series using a 24 — 40 month band-pass filter) ;
(c¢) and (d) are the same as (a) and (b) but for the EQBO phase and the WQBO phase, respectively
(The selected events are listed in Table 2. Before the composite analysis is conducted, the ENSO signal in the ozone has
been removed by regression); (e) — (h) are the same as (a) — (d) but for planetary wave-2
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Fig. 9

Latitude-height cross-sections of composite anomalies of zonal mean ozone for El Nifio Modoki (a, ¢)

and La Nifia Modoki (b, d) events under the phase of QBO based on SWOOSH (a, b)
and MERRA2 (c, d) data from1984 — 2016

(The selected events are listed in Table 3. Anomalies that are significant

at the 95% confidence level (Students ¢-test) are dotted)
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Fig. 11 Latitude-height cross-sections of sums of composite anomalies of zonal mean stratospheric

ozone in the NH in winter during EQBO phase and El Nifio Modoki events (a, ¢)
or La Nina Modoki (b, d) events based on SWOOSH (a, b) and
MERRAZ2 (c, d) data from1984 — 2016

(Anomalies that are significant at the 95% confidence level (Students ¢-test) are dotted.

The selected events for composite analysis are listed in Table 1 and Table 2)
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