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ABSTRACT

The effects of El Nifio Modoki events on global ozone conitns are investigated from 1980 to 2010 EI Nifio Modoki
events cause a stronger Brewer—Dobson (BD) circulatiorhvban transports more ozone-poor air from the troposploere t
stratosphere, leading to a decrease of ozone in the lowdtienstratosphere from 98 to 90N. These changes in ozone
concentrations reduce stratospheric column ozone. Thectied in stratospheric column ozone during El Nifio Modoki
events is more pronounced over the tropical eastern Pdudficdver other tropical areas because transport of ozomeajo
from middle—high latitudes in both hemispheres to low latés is the strongest betweerf®0and 120W. Because of the
decrease in stratospheric column ozone during El Nifio Moeeents more UV radiation reaches the tropical tropospher
leading to significant increases in tropospheric colummezaAn empirical orthogonal function (EOF) analysis of thadi
series from 1980 to 2010 of stratospheric and troposphega® monthly anomalies reveals that: El Nifio Modoki events
are associated with the primary EOF modes of both time séfesalso found that El Nifio Modoki events can affect global
ozone more significantly than canonical El Nifio events. sehesults imply that EI Nifio Modoki is a key contributor to
variations in global ozone from 1980 to 2010.
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1. Introduction 1982; Trenberth, 1997; Zhang et al., 2009). Canonical El

eI}Iiﬁo can cause anomalous propagation and dissipation of
ultralong Rossby waves to impact the stratosphere at mid-
dle latitudes (van Loon and Labitzke, 1987; Hamilton, 1993;

Sassi et al., 2004; Garcia-Herrera et al., 2006; Manziai. gt

Stratospheric ozone concentrations directly affect kv
of ultraviolet (UV) radiation reaching the Earth’s surfaoed
stratospheric temperature structure, while troposplozione

is conspler_ed t_o be a h_armful air pollutant. Thus, the ch 006; Taguchi and Hartmann, 2006; Camp and Tung, 2007
acter, distribution and impact of ozone have been broa

A ] . o
studied (e.g., Chen et al., 1998, 2002, 2005, 2006; Hu anélrfmkel and Hartmann, 2007; Free and Seidel, 2009; Xie

Tung, 2003: Zheng et al., 20033, 2003b: Bian et al., 200¢5t al., 2011) and influences the troposphere by adjusting the

. . tial distribution of convection (Reid and Gage, 1985%; Ph
2006, 2007; Shi et al., 2007, 2010; Liu et al., 2009a, 20098 _ ! _
2011: Eyring etal., 2010). Meanwhile, the factors coning| ahder, 1990; Yulaeva et al., 1994; Newell et al., 1996; Ghan

0z0ne changes have alwavs constituted an important rd!sedra et al., 1998; Randel et al., 2000; Gettelman et al., 2001;
topic 9 y P Kiadis et al., 2001; Sassi et al., 2004). Thus, canonical El

The canonical EI Nifio is the most significant mode J ifo can influence the global ozone distribution by causing

o : ese circulation changes.
variation in the atmosphere. It can be derived from the firs : . .
. . : Based on an analysis of a global chemistry—climate model
mode of an empirical orthogonal function (EOF) analysis of

. . imulation of the atmosphere forced by observed SST vari-
tropical Pacific Ocean SST (e.g., Rasmusson and Carpenz%ns and Stratospheric Aerosol and Gas Experiment Il

(SAGE I1) observations of atmospheric composition, Ran-
* Corresponding author: LI Jianping del et al. (2009) concluded that canonical El Nifio events
Email: ljp@Ilasg.iap.ac.cn are tied to fluctuations in tropical upwelling. These fluctu-
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ations in tropical upwelling are linked to coherent anoesli 90N
in zonal mean temperature and ozone in the tropical lower
stratosphere. Using a multiple regression method, Hood ety 4
al. (2010) found that canonical El Nifio is associated wéth r 5 50N
duced ozone in the lower stratosphere and increased ozorg 25N/ "
in the middle stratosphere. The response of stratospher%
ozone to canonical El Nifio has also been analyzed using @
variety of chemistry—climate models (Fischer et al., 2008;'% 2581\
Cagnazzo et al., 2009) and a chemical transport model (Sasst 508
et al., 2004). Recently, Randel and Thompson (2011) identi-
fied canonical El Nifio as one of the main factors controlling ! ! ! ; :
variations in stratospheric ozone. In the tropospherepman 90% ‘6‘0E : 12‘0E 150 ‘12‘0W‘ 66W
ical El Nifio events are associated with dryness, downward
motion and suppressed convection in the tropical western Pa
cific over Indonesia. These changes are associated with an
increase in tropospheric column ozone both because drynesg )
increases the chemical lifetime of ozone and because the sugg 50N
pression of convection leads to weakened vertical tramsporgu 25N
of near-surface ozone. By contrast, in the eastern Pagific, i ©
creased humidity and enhanced upward transport resultin & O
negative tropospheric column ozone anomaly (e.g., Kley e 255|
al., 1996; Chandra et al., 1998; Hauglustaine et al., 1999 B
Thompson and Hudson, 1999; Fujiwara et al., 2000; Sudo 50S
and Takahashi, 2001; Thompson et al., 2001; Chandra et al.,
2002, 2007, 2009; Ziemke and Chandra, 2003, Ziemke et al., 90S L ; Ll
2010; Doherty et al., 2006; Oman et al., 2011). Moreover, 0 60E 120E 180 120W 6OW
several previous studies have pointed out that changes of Longitude (degrees)
stratosphere—troposphere exchange (STE) caused by canon-

ical EI Nifio also significantly affect ozone concentraton  Fig. 1. SSTAs in the tropical Pacific Ocean during (a) canoni-

the extratropical troposphere (Langford et al., 1998; Jagte cal El Nifio events and (b) El Nifio Modoki events. Solid Bne
al., 2003; Zeng and Pyle, 2005) represent positive values. Contour lines #@3°C.

90N

The second leading mode of an EOF analysis of tropical
Pacific Ocean SST variability from 1980 to 2010 shows twgolar vortex but strengthen and cool the south polar vortex;
cold centers in the eastern and western Pacific and a wdrowever, El Nifio Modoki events strengthen and cool the
center in the central Pacific (Fig. 1b), referred to as EldNifhorth polar vortex but weaken and warm the south polar vor-
Modoki, compared with a cold center in the eastern Pacifiex. Ashok et al. (2007) found that a tripolar pattern of sea
and a warm center in the western Pacific in canonical El Nifievel pressure anomalies appears in the evolution of EbNifi
events (Fig. 1a) (Ashok et al., 2007). Since the late 19708pdoki events where the centers of the tripolar patternteoca
the number of EI Nino Modoki events has been increasimgthe tropical western Pacific, central Pacific and eastarn P
(Ashok and Yamagata, 2009; Yeh et al., 2009). However, thiic; and in El Nifio Modoki events there are two anomalous
impacts of El Niflo Modoki on ozone changes do not receiWalker circulation cells (compared with the single celated
a lot of attention. to canonical El Nifio events).

Canonical El Nifio and El Nifio Modoki events can lead During El Nifio Modoki events, the anomalies in the at-
to profoundly different effects on stratospheric tempamt mospheric circulation seem to affect the stratosphererand t
and circulation (Hu and Fu, 2009; Hu and Pan, 2009; Hurwigmsphere differently from those associated with canoitital
etal., 2011a, 2011b; Lin et al., 2012; Xie et al., 2012; ZubNifio events. Thus, global stratospheric and tropospheric
aurre and Calvo, 2012). This is because, in the mid-latitudeone may respond differently to the two types of El Nifio
stratosphere, the gradient patterns of sea surface tempet@nts. This study not only investigates the differentatffe
ture anomalies (SSTASs) in the two types of El Nifio events the two types of El Nifio on global ozone, but also tries
can cause completely different patterns of propagation afadexplain the mechanisms underlying these effects. The
dissipation of ultralong Rossby waves. Trenberth and Smitanuscript is organized as follows. Section 2 describes the
(2006, 2009) noted that the two types of El Nifio result in diglata and numerical simulations used in the study. Section 3
tinct temperature anomalies in the high-latitude stratesp discusses the relationships between patterns of strattsph
in the Southern Hemisphere. Xie et al. (2012) pointed ot th@zone changes and the two types of El Nifio, and section 4
zonal circulation changes are completely different in the t analyzes the variations in tropospheric 0zone pattermeass
types of El Nifio in the middle-high-latitude stratospherated with the two types of El Nifio. Conclusions are presgnte
i.e., canonical El Nifio events weaken and warm the notithsection 5.
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2. Data and methods of zonally-averaged ozone (averaged over 2005-2010) from
ERA-Interim and the Aura Microwave Limb Sounder (MLS),
Ozone is taken from monthly mean European Center fRgrizontal distributions of ERA-Interim total column oz®n

Medium Range Weather Forecasting (ECMWF) reanaly§isCO) (averaged over 1980-2010) and assimilated observed
data (ERA-Interim) between 1980 and 2010 (Simmons et afCO from the National Institute of Water and Atmospheric
2007a, b; Uppala et al., 2008). ERA-Interim has assimilatggsearch (NIWA) (averaged over 1980-2009) (Bodeker et
satellite observations (reprocessed Global Ozone Mangor g|., 2005), and the time series of ERA-Interim and NIWA
Experiment data from the Rutherford Appleton LaboratoryCO averaged for the latitude band oS3-50N. The aver-
provides ozone profile information from 1995 onwards) aiged latitude range of this limitation is dictated by the aum
a 1.5 x 1.5° horizontal resolution and relatively high veryer of missing values in the NIWA TCO at high latitudes, so
tical resolution (37 levels) compared with the ERA40 reanahat ERA-Interim and NIWA TCO can only be compared at
ysis (23 levels) (Simmons et al., 2007a, b; Uppala et alewer-middle latitudes. The spatial distribution and tisee
2008). Figure 2 shows the longitude—latitude cross sestiafles of ERA-Interim ozone agree well with ozone observed
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Fig. 2. Longitude—latitude cross sections of zonally-averagesheZaveraged over 2005-2010) from (a) ERA-
Interim ozone and (b) Aura MLS ozone. Contour intervals aBppmv. Total column ozone (TCO) distribu-
tions (c) based on ERA-Interim data averaged over the pd880—2010 and (d) based on NIWA data averaged
over the period 1980-2009. Contour intervals are 10 DU.if@gFeries of ERA-interim (solid line) and NIWA
(dashed line) TCO averaged over {S3-50N, 180°W-18CE).
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by the Aura MLS and NIWA. Dragani (2011) also compared
ERA-Interim ozone with satellite data and concluded thatth __
ERA-Interim data are reasonable and realistic. ERA-Interi &
ozone data are therefore suitable for diagnosing spatihl anS
temporal 0zone anomalies. g 10
To identify occurrences of El Nifio Modoki and canoni- {
cal El Nifio events, we use the monthly ENSO Modoki index,g 30
hereafter EMI, and the NINO3 index, hereafter N3I, respec- 74

tively. The EMI is defined as follows, according to Ashok et 120 = 22 & -
al. (2007): 90S 60S 30S O 30N 60N 90N
EMI = (SSTA); — 0.5 (SSTA) — 0.5 (SSTA) , 1 _ (b)
— ~ v & o=
where the subscripted brackets is the area mean SSTAs |2 —\ i ‘;»

over the central Pacific area [(SSTA(10°S—10N, 165°E—
140°W)], the eastern Pacific area [(SSTA) (15°S-5N,
110-70°W)], and the western Pacific area [(SSTA)
(10°S-20N, 125-145E)]. N3l is defined as the area-
mean SSTA over the region(G-5'N, 150-90°W), and is > =
available at http://www.cpc.noaa.gov/data/indiceslidve 0 ;: \ 27, ) N v Y.
ing previous studies (Weng et al., 2009; Zhang et al., 2010; 935 60S ~_ 30S 0 30N 60N 90N
Feng and Li, 2011), months with EMI values equal to or

greater thar_1+0.5°C were I.dem'fled as El Nifio Modoki Fig. 3. Latitude—height cross sections of zonally-averaged
events. Similarly, m_onthg _W'th N3 valqias equal to or greate stratospheric ozone anomalies (%) composited for (a) canon
than +0.5°C were identified as El Nifo events. Several jcy g| Nifio events and (b) EI Nifio Modoki events based on
strong and continuous El Nifio samples have been selectegRA-interim data from 1980 to 2010. Contour intervals are

for this study (Table 1). +1% for ozone anomalies. Solid lines represent positive val-
The formulae to calculate the Brewer—Dobson (BD) cir- ues; dashed lines represent negative values. Shaded ageas a
culation in a pressure coordinate system were given by Edsignificant at the 95% confidence level (Studenitgst). The

mon et al. (1980): canonical El Nifio anomalies are calculated using comessit
_ _ the detrended and deseasonalized time series over théeselec
Vi=v— [(Vle/)/ep]p ) canonical El Nifio events, just as the El Niflo Modoki anoma-
= = -1 NT-T>) lies are calculated using composites over the selected il Ni
W" = w+ (acosy) ~[cosp((v6')/6p)ly , g comp

Modoki events. For the selected canonical El Nifio/El Nifio
where 6 is the potential temperature;is the radius of the  Modoki events, please refer to Table 1. Before the composite
earth; viis mean meridional wind; and is mean vertical analysis, the QBO signals in ozone were filtered out from time
velocity in pressure coordinates. Subscriptand ¢ denote ~ Series using a 24-40-month band-pass filter.
derivatives with pressurp and latitudegp, respectively. The
overbar denotes the zonal mean and the accent denotesgfifm ENSO events weaken the northern polar vortex, which
deviations from the zonal mean value. increases 0zone concentrations at high latitudes in thehNor

ern Hemisphere (e.g., Fischer et al., 2008; Cagnazzo et al.
. ) . 2009), and strengthen BD-related dynamical transport from
3. The different impacts on stratospheric the upper troposphere to the lower stratosphere in thecsopi
ozone (e.g., Sassi et al., 2004; Garcia-Herrera et al., 2006;zZ\vian
Figure 3 shows latitude—height cross sections of ozofitd!-+ 2006; Calvo etal., 2010), which reduces ozone concen
anomalies above 100 hPa associated with canonical EI Nfflions in the tropical lower stratosphere (Randel e2809;

and El Nifio Modoki events. Previous studies have shown tfﬁ?Od _et al., 20_1~0)‘ In agreement with th_e_se previous studies
canonical El Nifio events lead to a positive ozone anomaly

Table 1. Samples of canonical El Nifio (left column) and E| Nificat high latitudes in the Northern Hemisphere and a negative
Modoki (right column) events from 1980 to 2010 analyzed iis thozone anomaly in the tropical lower stratosphere and a pos-
paper. itive ozone anomaly at high latitudes in the Southern Hemi-
sphere (Fig. 3a). The pattern of circulation anomalies@sso

Canonical EINifio El Nifio Modoki ated with EI Nifio Modoki is totally different from those ass
Jul 1982—-Aug 1983 Sep 1990-Dec 1991ciated with canonical El Nifio (Xie et al., 2012), and herize t
Dec 1986-Jan 1988 Apr 1994-Jun 1995pattern of ozone anomalies associated with El Nifio Modoki
May 1997-May 1998 Jun 2002—-Apr 2003 s also totally different from those associated with caoahi
Aug 2006-Jan 2007 Jun 2004-Dec 2004g| Nifio i.e. EI Nifilo Modoki activities reduce ozone in the

Oct 2009-Feb 2010  |oyer-middle stratosphere over almost the entire globdmand
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the upper stratosphere at high latitudes but increase aaoneently, Randel and Thompson (2011) reported that both QBO
the middle stratosphere at high latitudes (Fig. 3b). Thewezoand ENSO have been major contributors to variations in
anomalies are arranged in a banded distribution. stratospheric ozone. An EOF analysis of the stratospheric
Randel and Wu (1996) used a singular value decomposkone 1980-2010 time series is used to isolate the QBO and
tion (SVD) and regression analysis of observed stratospheENSO signals in ozone over the past 30 years. The spatial
ozone from 1979 to 1995 to show that the first and secoadd temporal variations of the first and second modes of this
modes of the SVD are associated with the quasi-bienni&DF analysis are shown in Fig. 4. The leading EOF spatial
oscillation (QBO) Together, these two dominant modes aatode (EOF1; Fig. 4a), which accounts for 27% of the vari-
counted for approximately 97% of the variance. More r@&ance, corresponds to the El Nifio Modoki pattern of strato-
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Fig. 4. Results of empirical orthogonal function (EOF) analysistleé 1980-2010 time series of zonally-
averaged stratospheric ozone anomalies. The range farpeny EOF analysis is from 100 hPa to 1 hPa
and from 90S to 90N. The ozone anomalies were obtained by removing the aniyc end linear trend
from the original time series at each grid. The square-rbtdtecosine of latitude and square-root of the pres-
sure interval was used for the weighting function in the E@&l\sis. (a) The spatial pattern of the leading EOF
mode (EOF1). Contour intervals ate.01 ppmv. Solid lines represent positive values; dashed liepresent
negative values. (b) The variations of the leading priniapaiponent (PC1; solid line) and EMI (dashed line).
(c) As in (a), but for the spatial pattern of EOF2. (d) As in, (b)it for the variations of PC2 (solid line) and
the QBO index (dashed line). (e) The variations of PC1 (dafie) and mean stratospheric ozone anomalies
(dashed line). All the time series are normalized.



1118 IMPACTS OF TWO EL NNO ON GLOBAL OZONE VOLUME 31

spheric ozone anomalies (Fig. 3b). The variations of the 08 ' ' (a)

leading principal component (PC1) are strongly correlated 06| - T~ i
with EMI, with a linear correlation coefficient of 0.59 (Fig. c 0.4} .7 S _ i
4b). The second spatial mode (EOF2; Fig. 4c) which ac- «% 02L T \ """"" T
counts for 1% of the variance, is associated with the QBO pat- @ 0.0 = Z

tern of ozone anomalies reported by previous studies (Ran- S-0.2F | N 3
del and Wu, 1996; Lee and Smith, 2003; Crooks and Gray, 0.4+ .
2005; Randel and Wu, 2007). Randel and Wu (1996) showed :8-2 - .
that the QBO signal in stratospheric ozone results from sec- 24 16 -8 0 8 16 24
ondary circulations induced by the QBO. The variations of Lead-Lag months

the second principal component (PC2) is significantly corre 0.8 , , (b) , ,

lated with the QBO index (Fig. 4d), where the QBO index 0.6F -
is defined as the normalized zonal wind at 30 hPa averaged § 0.4

between 108S and 10N. The linear correlation coefficient be- ® 0.2

tween PC2 and QBO index is 0.70 Figure 4 suggests that the g 0.0

impacts of El Nifilo Modoki on stratospheric ozone have ex- © -0.2

ceeded those of the QBO over the past 30 years. The vari- 0.4 7
ations of mean ozone anomalies from 100 hPa to 1 hPa and :8'3' . . . . 7
the variations of PC1 are shown in Fig. 4e. The stratospheric ‘24 16 -8 0 8 16 24
ozone changes and PC1 are anti-correlated with a stalligtica Lead-Lag months

significant linear correlation coefficient 6f0.76 which is Fi . .

. . o - . . . Fig. 5. (a) Lead-lag correlations (LLCs) between the vertical
assomafted_Wlth_ El Nifio M(_)NdOk' aCt'V_'ty' This strong anti- component of BD circulation and N3l (solid line) and EMI
correlation implies that El Nifio Modoki has played a keyerol - (yashed line) for the calculation of BD circulation from NEE
in controlling variations of stratospheric ozone over tstp  gata. Mean area of BD circulation: (38-30N, 180°W-
three decades. 180°E); 120 hPa—70 hPa. A positive lag means the EMI and

Previous studies have shown that El Nifio activities tendN3I lead, and a negative lag means BD circulation leads. The
to strengthen the Brewer-Dobson (BD) circulation in thedotted lines denote the 95% confidence level. (b) Same as (a),
tropical lower stratosphere, which transports the tropesip but the calculation of BD circulation is from ERA-interimtaa
low-0zone air to the stratosphere and causes a local ozene de
crease in the tropical lower stratosphere (Randel et &0920total stratospheric ozone. These stratospheric columnenzo
Hood et al., 2010). The lead-lag correlations (LLCs) b@&nomalies are shown in Fig. 6. Stratospheric column ozone
tween the vertical component of BD circulation, diagnosed calculated assuming that the stratosphere extends from
from National Centers for Environmental Prediction Reandhe tropopause to 1 hPa. The tropopause is determined us-
ysis 2 (NCEP2) and ERA-interim data, and EMI and N3l ining the World Meteorological Organization (WMQ) defini-
dex shown in Figs. 5a and b illustrate that the BD circuldion (thermal tropopause) in the tropics, the 2.5 PV pres-
tion variations are more closely linked with El Nifio Modokisure level (dynamic tropopause) at high latitudes, and a
events than with canonical El Nifio events during the paseighted average of the thermal and dynamic tropopauses
three decades. This may be the reason that El Nifio Moddkiixed tropopause) in middle latitudes. Canonical El Nifio
can cause more significant ozone decreases in the midaladses significant increases in stratospheric column catone
lower stratosphere compared with canonical El Nifio. Randueiddle—high latitudes in the Northern Hemisphere (Fig. 6a)
et al. (2009) and Hood et al. (2010) noted that El Nifio tenttecause it weakens the Northern Hemisphere polar vortex. By
to reduce ozone in the tropical lower stratosphere and ientrast, canonical El Nifio causes decreases in stradsph
crease ozone in the tropical middle stratosphere. Thede sttolumn ozone in the tropics because it strengthens the BD
ies did not differentiate between the two types of El Nifigiirculation. Stratospheric column ozone also increases ov
however, it is evident that ozone anomalies in the tropictile Southern Hemisphere middle—high latitudes, with the ex
stratosphere are larger during El Nifio Modoki periods thaeption of a negative stratospheric column ozone anomaly be
during canonical El Nifio periods. These results suggest ttween 60E and 180E. Stratospheric column ozone anoma-
El Nifio Modoki events have a more significant impact olies associated with El Nifio Modoki are completely differ-
ozone distributions in the lower and middle stratospheae thent from those associated with canonical El Nifio. EI Nifio
canonical El Nifio. The decreased lower stratospheric @zddodoki reduces global stratospheric column ozone (Fig. 6b)
and the increased middle stratospheric ozone observeugduiihis is because El Nifio Modoki events significantly deceeas
El Nifio events may be mainly related to El Nifio Modoki, buthe lower-middle stratospheric ozone (Fig. 3b). The rasult
not canonical El Nifio. also agree with the above if stratospheric column ozone is

Figure 3 indicates that the effects of both types of Ealculated assuming that the stratosphere extends from 200
Nifio on stratospheric ozone vary significantly in the sgatito 1 hPa.
domain. Stratospheric column ozone anomalies are calcu- It is noteworthy that EI Nifio Modoki causes a more sig-
lated to better estimate the net effects of El Nifio events aificant decrease in stratospheric column ozone over tpe tro
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Fig. 6. Latitude—longitude cross sections of stratospheric calomone anomalies (%) composited from 1980—
2010 ERA-Interim data for (a) canonical El Nifio events abfEl Nifio Modoki events. Contour intervals
are+0.5% for ozone anomalies. Solid lines represent positiveegldashed lines represent negative values.
Stratospheric column ozone is calculated assuming thatthesphere extends from the tropopause to 1 hPa.
Shaded areas are significant at the 95% confidence levelggtsidtest). Latitude—longitude cross sections of
climatological lower-stratospheric meridional winds eged from 100 hPa to 30 hPa based on (c) ERA-Interim
data from 1980 to 2010. Contour intervals are 0.8Th sSolid lines represent northerly vectors; dashed lines
represent southerly vectors. (d) Latitude—longitudessestion of anomalies of lower-stratospheric meridional
wind composited for El Nifilo Modoki events based on ERA-limedata from 1980 to 2010. Contour intervals
are 0.2 m s1. Solid lines represent positive values; dashed lines sepitanegative values. (e) Same as (d), but
for upper-tropospheric-averaged (300—-100 hPa) geopate@bntour intervals are 50fs 2. (f) Same as (d),
but for lower-stratospheric-averaged (100-50 hPa) \&rtielocity. Contour intervals are 0.00005 Pd s

ical eastern Pacific (66120'W) than over other tropical ar- 30 hPa from reanalysis data. It illustrates that the merid-
eas (Fig. 6b). This decrease is particularly pronouncelden tional wind is directed from middle—high latitudes to lower
Southern Hemisphere tropical eastern Pacific. Further aratitudes in both hemispheres throughout the longitudelban
ysis of reanalysis data indicates that the decrease of loweff 60°—120W (Fig. 6¢). We found the equatorward wind
stratospheric ozone (averaged between 100 hPa and 30 lhiPdhis longitude band is further enhanced during El Nifio
during EI Niflo Modoki periods is most significant over théModoki events, particularly in the Southern Hemispherg (Fi
tropical eastern Pacific, particularly the Southern Hehmsp 6d). Renwick and Revell (1999) pointed out that these sig-
tropical eastern Pacific (not shown). The spatial pattern wificant meridional wind anomalies in middle—high latitsde
anomalies in lower-stratospheric ozone concentratiogigis are likely to be related to blocking over the south Pacific and
ilar to that of anomalies in stratospheric column ozone.  Rossby wave propagation during ENSO events. It is indeed
Dynamical transport plays an important role in controfound that there is a positive anomaly of geopotential, Whic
ling the spatial distribution of ozone in the stratosph&iig- represents an abnormal high pressure center, near the lon-
ure 6¢ shows climatologies of lower-stratospheric meridlo gitude of 120W in the Southern Hemisphere high latitudes
wind and EI Nifio Modoki anomalies of lower-stratospheri@Fig. 6e). The anomalous equatorward meridional wind dur-
meridional wind (Fig. 6d) averaged between 100 hPa aid) El Nifilo Modoki periods brings more ozone-poor air from
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the middle—high-latitude lower stratosphere to the trabic 200 —— — (a) .

lower stratosphere in the longitude band of-6D20'W. Fig- \ \/o N \ \'\j'\«

ure 6f shows that the vertical velocity over the tropicateas ”\ -~ i !

Pacific (60—120W) is stronger in El Nifio Modoki events. 300y A B 2

@©
: . . : . o
The intensity of vertical velocity would bring more ozone- £ /
poor air from the upper troposphere to the stratosphere. Thep Lo o
anomalous horizontal and vertical transports reduce ozone;nm 500 |-

|
|
o ) [
concentrations in the tropical lower stratosphere ovelthe Q " ;! \

gitude band of 66-120'W, causing a significant reduction & 700 \\ [ ’/ \ A
in stratospheric column ozone over the tropical eastern Pa- N { \ P
cific (60°—120°W) during El Nifio Modoki periods (Fig. 6b). 1000 pot

The strongest meridional wind anomalies over this longitud 9
range occur in the Southern Hemisphere, so that the lowest
0zone concentrations in the tropical region are located ove  2qg
the tropical eastern Pacific in the Southern Hemisphere.

a)

o 300
4. The different impacts on tropospheric °
3

ozone §500
a

The radiation effect of tropospheric ozone has important

impacts on climate (Liao et al., 2004, 2006; Liao and Sein- 700
feld, 2005). ENSO activities dominate the variations of the \\
Hadley cell (Quan et al., 2004), and have been shown to pro- 1000 sg

foundly impact the Walker circulation by displacing areés o
C(_)nvlecti.ve activity. These cirgulation. changes i”f'“ef'"@ t Fig. 7. The same as Fig. 3, but for zonally-averaged tropo-
dlstr_lbu'uon of chemical constituents in the troposphére, spheric ozone anomalies composited for (a) canonical EbNi™
cluding ozone (Chandra et al., 1998, 2009; Sudo and Takagyents and (b) EI Nifio Modoki events.
hashi, 2001; Chandra et al.,, 2002; Ziemke and Chandra,
2003; Zeng and Pyle, 2005; Doherty et al., 2006; Chandsacond EOF modes of tropospheric ozone. The spatial pat-
et al., 2009; Lee et al., 2010; Randel and Thompson, 201tExn of EOF1 which accounts for 50% of the total variance,
Observations of TCO (Ziemke et al., 2010) and numericabrresponds to tropospheric ozone anomalies during E Nifi
simulations (Oman et al., 2011) indicate that the variaioModoki events (Figs. 8a and 7b). The variation of PC1 is
of ozone in the troposphere are dominated by the responsékewise strongly correlated with EMI (Fig. 8b), with a liae
ENSO over the western and eastern Pacific. The impactoafirelation coefficient of 0.57 EOF2 is also significant ac-
ENSO on tropospheric ozone has been extensively studiedunting for 22% of the variance (Fig. 8c). It is found tha th
however, changes in tropospheric ozone associated withv&tiation of PC2 is significantly anti-correlated with theri
Nifio Modoki have not yet been examined in detail. ation of lower stratospheric ozone (Fig. 8d), with a linearc
Figure 7 shows latitude—height cross sections of compwstation coefficient of-0.54 This anticorrelation implies that
ite 0zone anomalies below 200 hPa associated with canontte second EOF mode may be associated with-kated
El Nifio (Fig. 7a) and El Nifio Modoki (Fig. 7b). Canoni-chemistry in the atmosphere, which has opposite effects on
cal El Nifio is associated with increased tropospheric ezotropospheric and stratospheric ozone (N€eates tropo-
in the Southern Hemisphere. In the Northern Hemisphespheric ozone but depletes stratospheric ozone). This may b
ozone is reduced in the lower troposphere but increase@ in tthy we found that variations of PC2 are significantly anti-
middle—upper troposphere (Fig. 7a). However, these sffecbrrelated with the variations of lower-stratospheric rezo
of canonical El Nifio events on tropospheric ozone are aimésgure 8 also indicates that El Nifio Modoki has been the most
insignificant. EI Nifio Modoki is associated with a signifita important factor in determining tropospheric ozone vakiab
increase in ozone throughout the troposphere except for ttyeover the past 30 years. Figure 8e shows the variations
north polar region, with a maximum increase in the middlef PC1 and averaged tropospheric ozone anomalies Changes
troposphere at low latitudes. in tropospheric ozone are significantly correlated with PC1
The EOF analysis of the 1980-2010 time series of stratohich is associated with El Nifio Modoki This correlation
spheric ozone presented in section 3 indicates that El Niimaplies that El Nifilo Modoki also plays a key role in control-
Modoki plays a key role in determining stratospheric ozonieg the variations of tropospheric ozone over the pastehre
variability. A similar EOF analysis is performed on the timelecades.
series of tropospheric ozone over the same period Figure Previous studies have demonstrated that ENSO changes
8 shows the spatial and temporal variations of the first attte longitudinal distribution of tropospheric ozone at é&w

—r—
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Fig. 8. The same as Fig. 4, but for zonally-averaged troposphedn@anomalies. The range for performing
the EOF analysis is from 1000 hPa to 200 hPa and fron$906 90N.

latitudes (Ziemke et al., 2010; Oman et al., 2011). Figuspheric o0zone anomalies associated with El Nifio Modoki are
9 shows anomalies in tropospheric column ozone associatednpletely different from those associated with canortdtal
with both types of El Nifio events. Tropospheric columflifio. Figure 9 also illustrates that El Nifio Modoki indsce
ozone is calculated assuming that the troposphere exteadsore profound increase in tropical tropospheric ozone tha
from the tropopause to 1000 hPa, where the tropopause ischmonical El Nifio. The increases in tropospheric ozone at
fined as in section 3. These cross sections allow further colow latitudes are transported poleward, which may lead to
parison and analysis of tropospheric 0zone anomaliesiassozone increases at whole middle latitudes in the Southern
ated with the two types of El Nifio events. Due to the effect tfemisphere and over the longitude ranges GfQ0°E and
canonical El Nifio on convection and Walker circulatiore th0°—180'W of middle latitudes in the Northern Hemisphere
tropospheric ozone anomalies associated with canonicaldaking El Nifio Modoki events. The next step is to understand
Nifio are positive in the western Pacific but negative anonfaew El Nifio Modoki causes significant increases in ozone
lies occur in the middle and eastern Pacific (Fig. 9a). Theisethe tropical troposphere. The results also agree with the
results are consistent with previous studies (e.g., Claaedr above if tropospheric column ozone is calculated assuming
al., 1998; Thompson and Hudson, 1999; Ziemke et al., 201Bat the troposphere extends from 200 hPa to 1000 hPa.
Oman et al., 2011). By contrast, El Nifio Modoki is associ- Tropospheric ozone concentrations are affected by
ated with a significant increase in ozone throughout the trogtratosphere—troposphere exchange (STE), tropical cenve
ical troposphere, with a maximum increase over the centréile activity, the amount of UV radiation reaching the tro-
eastern Pacific (Fig. 9b). Figure 9 indicates that the troppesphere, tropospheric water vapor concentration, and tro
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Fig. 9. Latitude—longitude cross sections of tropospheric coloaune anomalies (%) composited from 1980—
2010 ERA-Interim data for (a) canonical El Nifio events apdE| Nifio Modoki events. Contour intervals are
+2% for ozone anomalies. Solid lines represent positiveegldashed lines represent negative values. Tro-
pospheric column ozone is calculated assuming that thespirere extends from the tropopause to 1000 hPa.
Shaded areas are significant at the 95% confidence levelgi@tsidtest). Latitude—longitude cross sections of
tropical OLR anomalies composited from 1980-2010 NOAA dat&gc) canonical El Nifio events and (d) El
Nifio Modoki events. Contour intervals at&8 W m~2. Latitude—longitude cross sections of tropospheric water
vapor concentration anomalies averaged from 1000 hPa thR@@omposited from 1980—-2010 ERA-Interim
data for (e) canonical El Nifio events and (f) El Niflo Modekents. Contour intervals a#1000 ppmv. Solid
lines represent positive values; dashed lines represegative values.

pospheric chemistry. Previous studies have pointed otit taater vapor concentration substantially affecting thetiiihe
changes in STE caused by ENSO significantly affect tropof ozone in the troposphere, the anomalies of tropospheric
spheric ozone (Langford et al., 1998; James et al., 20@®%ter vapor concentration averaged from 1000 hPa to 200
Zeng and Pyle, 2005); however, STE primarily influencdePa during the two types of El Nifio are also shown in Figs.
ozone in the extratropical troposphere. Changes in the hBe and f. Convective activity is strengthened in the eastern
izontal distribution of tropical convection associatedhwhe Pacific and weakened in the western Pacific during canonical
two types of El Nifio are shown in Figs. 9c and d. Outgoingl Nifio events (Fig. 9c). The water vapor anomalies corre-
longwave radiation (OLR) data, represented as an indexsgfond to the convection anomalies (Figs. 9e and c). These
convection, from 1980 to 2010 are obtained from the NOAghanges in convective activity and water vapor are indeed as
Climate Data Center (http://www.cdc.noaa.gov/). Due ®® ttsociated with negative ozone anomalies in the eastern @acifi
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and positive ozone anomalies in the western Pacific (Figs. 9e (a)
c and a). However, during El Nifio Modoki periods, the water ‘ ‘ ‘
vapor anomalies are associated with convection anomalies, Sl
but those anomalies are not in accordance spatially with the 7‘l,“ Iy 1“
ozone anomalies (Figs. 9f, d and b). 3 0 U A'M“ " [\ ‘,1/\/\/\ ¥
Ozone in the troposphere is also affected by UV radia-2 A ,}’w‘ TV ﬂ“V ‘”‘"}I V\; Pl
tion. Tropospheric ozone production by chemical processes ’\ ”” I
is more efficient when solar radiation is more intense, and 2" ,'
vice versa. Stratospheric column ozone changes can there- 4 ‘ ‘ ‘n: ‘ ‘ ‘
fore affect tropospheric column ozone: decreases in strato 1980 1985 1990 1995 2000 2005 2010
spheric column ozone increase the amount of solar UV ra-
diation reaching the troposphere, while increases incstrat ‘ ‘ (b)
spheric column ozone decrease the amount of solar UV ra-
diation. We found that tropospheric column ozone is sig- |

nificantly anti-correlated with stratospheric column ozon 9 \MA |
only in the tropics; the correlation coefficient4€0.67 (Fig. 3§ f2N ,\,\/M/\r/\/‘/‘/\\ “\/\,' !
10). The correlation coefficients between tropospherie col £ VA W

umn ozone changes and stratospheric column ozone changes B "\ 4"\4\] s A

in the northern and southern extratropicsafe13 and 0.11,
respectively. This strong anti-correlation implies thiaé t 4 ‘ ‘ ‘ ‘ ‘ ‘
intensity of UV radiation can influence tropospheric ozone 1980 1985 1990 1995 2000 2005 2010
changes in the tropics, and represents the possible msahani

of stratospheric ozone affecting tropospheric ozone dugin 4
Niflo Modoki events. Certainly, the mechanism needs furthe
verification. 2L
x
. 9 by “ | |
5. Summary and conclusions 20 x’ \]““vty'\uﬂvly\\ \\ww ,- U ,M%YW”
1

The effects of the two types of El Nifio events (canonical 5| |
El Nifio and El Nifio Modoki) on global ozone from 1980 |
to 2010 have been investigated and compared using com- 4 ‘ ‘ ‘ ‘ ‘
posite analyses of ERA-Interim reanalysis data and the N3| 1980 1985 1990 129> 2000 2005 2010
and EMI data. Canonical El Nifio events lead to a positive

ozone anomaly at high latitudes in the Northern Hemlspher%g 10. Normalized variations of stratospheric column ozone
and a negative ozone anomaly in the tropical lower strato- solid line) and tropospheric column ozone (dashed line)

sphere. The_ _pattern of_ozone anomalies assomgted W|_th nomalies averaged for (2) @®ON, 18°W-180E), (b)

Nifio Modoki is totally different from those associatedwit (255 25N, 180°W-18CF), and (c) (25-90°S, 180W-

canonical El Nifio. This is because El Niflo Modoki can 180°E). The variations of stratospheric/tropospheric column

more strongly enhance BD circulation compared to canonozone were obtained by removing the annual cycle and linear

ical El Nifilo, which transports more ozone-poor air to the trend from the original time series.

lower stratosphere. Significant anomalies in the local daeri

ional circulation over the longitude band of 6120W in

both hemispheres during El Nifio Modoki periods generaté@de is associated with EI Nifio MOdOki, which accounts for

greater decrease in stratospheric column ozone over the tré7% of the total variance, while the second mode corresponds

ical eastern Pacific than over other tropical areas. to the QBO, which accounts for 10% of the total variance.
El Nifio Modoki events significantly increase the tropolhe leading EOF mode in the troposphere is also associated

spheric column ozone, and the possible mechanism for thigvigh El Niflo Modoki, which accounts for 50% of the total

changes in stratospheric column ozone affecting tropagphe&/ariance. The second mode possibly corresponds te- NO

column ozone in the tropics. Stratospheric column ozone délated chemistry, which accounts for 22% of the total vari-

creases substantially during El Nifio Modoki events in tH¥ce. These results indicate that EI Nifio Modoki has played

tropics, increasing the intensity of solar UV radiationfiet @ key role in controlling the variations of global ozone ie th

tropical troposphere. The process enhances the efficigncyast three decades.

chemical ozone production in the troposphere and induces a

significant positive anomaly in tropospheric column ozone.  Acknowledgements. This work was jointly supported by the
The EOF analysis of time series of stratospheric aifd3 Program (Grant No. 2010CB950400) and the National Nat-

tropospheric ozone anomalies over the past three decadeg/i@d Science Foundation of China (Grant Nos. 41225018 and

veals several key points. In the stratosphere, the leadfg E41305036).
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