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Abstract. The effects of El Niño Modoki events on the
tropical tropopause layer (TTL) and on the stratosphere
were investigated using European Center for Medium Range
Weather Forecasting (ECMWF) reanalysis data, oceanic El
Niño indices, and general climate model outputs. El Niño
Modoki events tend to depress convective activities in the
western and eastern Pacific but enhance convective activities
in the central and northern Pacific. Consequently, during El
Niño Modoki events, negative water vapor anomalies occur
in the western and eastern Pacific upper troposphere, whereas
there are positive anomalies in the central and northern Pacific upper troposphere. The spatial patterns of the outgoing longwave radiation (OLR) and upper tropospheric water vapor anomalies exhibit a tripolar form. The empirical
orthogonal function (EOF) analysis of the OLR and upper
tropospheric water vapor anomalies reveals that canonical
El Niño events are associated with the leading mode of the
EOF, while El Niño Modoki events correspond to the second
mode. The composite analysis based on ERA-interim data
indicate that El Niño Modoki events have a reverse effect on
middle-high latitudes stratosphere, as compared with the effect of typical El Niño events, i.e., the northern polar vortex
is stronger and colder but the southern polar vortex is weaker
and warmer during El Niño Modoki events. According to the
simulation’ results, we found that the reverse effect on the
middle-high latitudes stratosphere is resulted from a complicated interaction between quasi-biennial oscillation (QBO)
signal of east phase and El Niño Modoki signal. This interaction is not a simply linear overlay of QBO signal and El Niño
Modoki signal in the stratosphere, it is El Niño Modoki that

leads to different tropospheric zonal wind anomalies with
QBO forcing from that caused by typical El Niño, thus, the
planetary wave propagation from troposphere to the stratosphere during El Niño Modoki events is different from that
during canonical El Niño events. However, when QBO is in
its west phase, El Niño Modoki events have the same effect
on middle-high latitudes stratosphere as the typical El Niño
events. Our simulations also suggest that canonical El Niño
and El Niño Modoki activities actually have the same influence on the middle-high latitudes stratosphere when in the
absence of QBO forcing.

1

Introduction

The El Niño-Southern Oscillation (ENSO) is an important
signal of interannual variability in the atmosphere. It can impact the troposphere by adjustment of convection patterns
and can influence the stratosphere through the anomalous
propagation and dissipation of ultralong Rossby waves at
middle latitudes. The two reversal phases of the ENSO cycle
are (1) a “warm” phase (called El Niño), in which an anomalously warm tongue of sea surface water spreads westward
from the eastern Pacific Ocean to the middle and western
Pacific Ocean; and (2) a “cold” phase (called La Niña), in
which a broad anomalously cold tongue of sea surface water
appears in this region.
These two phases result in dramatically different patterns of atmospheric convection throughout the tropical atmosphere (Philander, 1990), i.e., the warm phase enhances
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2010). However, for the time series from 1979 to 2004, the
the United States, during the boreal summer and winter, on
second mode of the EOF, which accounts for approximately
the basis of data from three El Niño Modoki events. They
12 % of the total variance, shows a warm SSTA located in
found that El Niño Modoki activities influence climate in
the central tropical Pacific (Ashok et al., 2007). This mode,
a different way to that of canonical El Niño activities. Rereferred to as El Niño Modoki, corresponds to the third mode
cently, The modulation of SSTA on convection, and the reof the EOF analysis of long-term SSTA (e.g., 1948–2007 and
sulting effects of El Niño Modoki events on regional rainfall,
1880–2007) over the tropical Pacific (Zhang et al., 2010),
have received considerable attention (Taschetto and England,
which shows negative SSTAs in the eastern and western Pa2009; Cai and Cowan, 2009; Feng and Li, 2011; Zhang et
cific, and positive SSTA in the central Pacific (Fig. 1b). Yu
al., 2010). Those studies indicate that the two types of El
and Kao (2007) also noticed there are two different types of
Niño (canonical El Niño and El Niño Modoki) show contrastENSO, moreover, Kao and Yu (2009) and Yu et al. (2010)
ing impacts on regional rainfall patterns. On the one hand,
explain the different mechanisms which lead to the different
both Walker circulation patterns and the effects of convectwo kinds of El Niño events.
tion anomalies caused by El Niño Modoki activities can exAshok et al. (2007) found that the evolution of El Niño
tend to the TTL. On the other hand, the gradient patterns
Modoki events is related to a tripolar pattern of sea level
of SSTA of canonical El Niño and El Niño Modoki events
pressure anomalies, and noted the presence of two anomawould be associated with distinctly different patterns of proplous Walker circulation cells associated with El Niño Modoki
agation and dissipation of ultralong Rossby waves in the midevents, versus the single cell that is associated with canonilatitude stratosphere, which may lead to profoundly different
cal El Niño events. This configuration of atmospheric cir-
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effects on the stratosphere. Recently, some studies have noted
distinct temperature and circulation anomalies in the stratosphere caused by the two types of El Niño activities (Hurwitz et al., 2011a, b; Zubiaurre and Calvo, 2012), although
the possible relationships between temperature changes and
wave activities or circulation anomalies are deserve further
discussed.
The influence of warm vs. cold phases of the ENSO on
the atmosphere has been carefully investigated in the past,
whereas the atmospheric response to El Niño Modoki events,
especially in the TTL and stratosphere, has not to receive
sufficient attention. Since the late 1970s El Niño Modoki
events are increasing (Ashok and Yamagata, 2009; Yeh et al.,
2009). It is necessary to more comprehensive understanding
of the effects of El Niño Modoki activities on atmosphere.
This study investigates the effects of El Niño Modoki activities on the TTL and stratosphere, and compared those effects
with those of canonical El Niño activities. The remainder of
the manuscript is organized as follows. Section 2 describes
the data used in the study and related numerical simulations.
Section 3 discusses how patterns of atmospheric convection,
the tropopause temperature, and water vapor changes in the
upper troposphere and tropopause, are related to the activities
of the two types of El Niño. Section 4 analyzes variations in
stratospheric wave activities, and circulation and temperature
patterns associated with the two types of El Niño activities.
Finally, the conclusions are presented in Sect. 5.
2

Data and simulations

The data used in the present study include outgoing longwave radiation (OLR), tropopause temperature, water vapor
concentration, and wind field data. The OLR data from 1979
to 2010 were obtained from http://www.cdc.noaa.gov/. The
monthly mean European Center for Medium Range Weather
Forecasting (ECMWF) reanalysis data (ERA-Interim) from
1979 to 2010 were analyzed mainly for tropopause temperatures, tropospheric water vapor concentrations, and stratospheric wind fields and temperatures. The ERA-Interim data
assimilates new model outputs and satellite observations, and
provide data at horizontal resolutions of 1.5 × 1.5◦ and relatively high vertical resolutions (Simmons et al., 2007a, b; Uppala et al., 2008). The ERA-Interim data are therefore suitable for diagnosing water vapor concentrations and temperature anomalies in the TTL, and wind fields and temperatures
in the stratosphere.
The monthly Nino 3 index (5◦ N–5◦ S, 150–90◦ W), hereafter N3I, and the ENSO Modoki index, hereafter EMI,
were used to identify monthly occurrences of canonical El
Niño events and El Niño Modoki events, respectively. N3I
is defined as the area mean SSTA over the region 5◦ S–
5◦ N, 150–90◦ W, and is available at http://www.cpc.noaa.
gov/data/indices/. Following Ashok et al. (2007), the EMI
is defined as follows:
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Table 1. Samples of canonical El Niño (left column) and El Niño
Modoki (right column) events from 1980 to 2010 analyzed in this
paper.
Canonical El Niño

El Niño Modoki

JUL1982–AUG1983
DEC1986–JAN1988
MAY1997–MAY1998
AGU2006–JAN2007

SEP1990–DEC1991
APR1994–JUN1995
JUN2002–APR2003
JUN2004–DEC2004

EMI = [SSTA]C − 0.5 × [SSTA]E − 0.5 × [SSTA]W
where the subscripted brackets represent the area mean
SSTA over the central Pacific region ([SSTA]C : 10◦ S–10◦ N,
165◦ E–140◦ W), the eastern Pacific region ([SSTA]E : 15◦ S–
5◦ N, 110–70◦ W), and the western Pacific region ([SSTA]W :
10◦ S–20◦ N, 125–145◦ E). Months with canonical El Niño
event were identified by the corresponding N3I values equal
to or greater than +0.5 ◦ C in those months. Similarly, months
with El Niño Modoki events were identified by the corresponding EMI values equal to or greater than +0.5 ◦ C. Several strong and long time continuous El Niño events have
been selected for this study (Table 1). The NOAA OLR,
and ERA-Interim were divided into two groups on the basis
of the N3I and EMI data. Group one contains data records
marked with canonical El Niño events. Group two contains
data recorders marked with El Niño Modoki events. The
canonical El Niño and El Niño Modoki anomalies are calculated using composites of the detrended and deseasonalized
time series for canonical El Niño and El Niño Modoki events,
respectively.
Our composite results, based on reanalysis data and observations, were also compared with time-slice simulations
derived from the Whole Atmosphere Community Climate
Model, version 4 (WACCM4 be included in the CESM1.0.4),
using forcing of observed canonical El Niño and El Niño
Modoki SSTs from the tropical Pacific. The WACCM, developed by the National Center for Atmospheric Research
(NCAR), is unable to internally simulate quasi-biennial oscillation (QBO) signals; however, it can rationally simulate atmospheric ENSO signals (Garcia et al., 2007). So far,
WACCM4 is the newest model for WACCM. Compared with
the old version of WACCM, it has great improvements (http:
//www.cesm.ucar.edu/models/cesm1.0/). WACCM4 has 66
vertical levels extending from the ground to 4.5 × 10−6 hPa
(∼145 km geometric altitude), and the model’s vertical resolution is 1.1–1.4 km in the TTL and the lower stratosphere
(<30 km). The time-slice simulations presented in this paper were performed at a resolution of 1.9 × 2.5◦ , with interactive chemistry disabled. The former three runs were conducted with configurations using the same greenhouse gas
(GHG) emissions but different SST forcing. The SST used in
the control experiment (R1) is observed monthly mean climatology for the time period from 1979 to 2010. In experiment R2, SST is as in R1, except that the tropical Pacific
Atmos. Chem. Phys., 12, 5259–5273, 2012

TS3: Thanks. Please replace Fig. 2 with the following figure:
5262

F. Xie et al.: Signals of El Niño Modoki in the TTL and stratosphere

Latitude

(a)

25

0

0

-25
0

60

120

180

240

Latitude

(c)

300

360

-25
0

0

0

120

180
Longtitude

240

(e)

300

360

-25
0

2

2

0

0

-2

-2
1990

1995
year

2000

2005

180

-4
2010 1980

W/m2

240

300

360

EOF2, 8%
3.5
2.8
2.1
1.4
0.7
0.0
-0.7
-1.4
-2.1
-2.8
-3.5

60

120

180
Longtitude

(f)
4

1985

120

PC1vsNINO3, 0.75

4

-4
1980

60

(d)
25

60

NOAA OLRa, WP

15.0
12.0
9.0
6.0
3.0
0.0
-3.0
-6.0
-9.0
-12.0
-15.0

EOF1, 16%

25

-25
0

Index

(b)

NOAA OLRa, CT

25

1985

1990

1995
year

240

300

360

PC2vsMODOKI, 0.60

2000

2005

2010

Fig. 2. Composite OLR anomalies for (a) canonical El Niño events, and (b) El Niño Modoki events, based on NOAA data for 1979–2010.
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Figure 3. Averaged OLR anomalies for R2 − R1 (a) and R3 − R1 (b). Contour
are strongly correlated (linear correlation coefficient, 0.75).
This result is in agreement with that of previous studies
interval, ±3 W/m2.
(Gettelman et al., 2001; Kiladis et al., 2001). Gettelman et
ing the effects of El Niño Modoki activities and canonical El
al. (2001) noted that the second mode of the EOF analysis
Niño activities is critical for considering the impacts of El
of OLR anomalies is also statistically significant, explaining
Niño activities on the atmosphere.
about 8 % of the variance of EOF spatial patterns, and maps
It is well known that changes in convection patterns can
strongly onto the central and western Pacific. They further
profoundly affect tropical circulation. Variations in convecnote that the second mode is similar to a second ENSO mode
tion and circulation patterns resulting from SSTA have been
(the “Trans-Niño Index”) described by Trenberth and Stepashown to significantly influence tropopause temperatures
niak (2001). Figure 2d and f show EOF spatial patterns and
(Reid and Gage, 1985). These patterns of change can be
interannual variabilities of PC corresponding to the second
confirmed at several levels in the TTL. Here, the composite
mode of EOF analysis. The results show that the EOF spaanomalies of 100 hPa temperatures associated with canonitial pattern corresponds to OLR anomalies during El Niño
cal El Niño and El Niño Modoki events are analyzed, based
Modoki events (Fig. 2b and d), and the PC mode is strongly
on ERA-Interim data from 1979 to 2010 (Fig. 4). The results
correlated with the EMI (Fig. 2f, black and red lines) (linindicate cooling in the middle and eastern Pacific at 100 hPa
ear correlation coefficient, 0.60). This finding indicates that
during canonical El Niño events, while in the western Pacific
the second mode of the OLR anomalies corresponds with the
region, where typically referred to as the “cold trap region”
Modoki pattern, as noted by Gettelman et al. (2001).
(Newell and Gould-Stewart, 1981), the 100 hPa temperature
The patterns of OLR anomalies of the two types of El
shows a warming exceeding 1.0 K (Fig. 4a). The spatial patNiño can also be obtained from the WACCM4 forced by obterns and magnitudes of the temperature anomalies exhibited
served SSTA (Fig. 3). Figure 3a and b show the OLR differin Fig. 4a are in agreement with the results of previous studences between run R2 and R1 and between run R3 and R1,
ies (e.g., Randel et al., 2000; Scaife et al., 2003; Xie et al.,
respectively. The patterns of OLR anomalies generated by
2011). Figure 4a shows that 100 hPa temperature signals of
the WACCM4 are broadly similar to the composite results
canonical El Niño is opposite to that of tropical SST. Previof observations (Fig. 2a and b; Fig. 3a and b). However, in
ous studies have shown that the sign of the El Niño signal
the observations, the maximum OLR anomaly that is located
is opposite to that of the tropical37lower stratosphere (Reid et
over the Maritime Continent migrates to the north Pacific in
al., 1989; Yulaeva et al., 1994). Calvo et al. (2004) suggested
the model, and in the Indian Ocean, negative anomalies in
that cooling of the tropical lower stratosphere over the eastobserved OLR values change to positive anomalies in the
ern Pacific during warm phases of ENSO is related to intermodel results. The discrepancies between observations and
nal equatorial waves associated with SSTA that force anomaNCAR model outputs have also been noted by Gettelman
lous convection in the troposphere. Although Fig. 2 shows
et al. (2001). Actually, the SST in the Indian Ocean would
differences in the convection patterns of canonical El Niño
change when El Niño events occur. Those discrepancies may
and El Niño Modoki events, the patterns of 100 hPa temperabe because we don’t consider the variations of SST over Inture anomalies in the two types of El Niño events are similar;
dian Ocean during El Niño events in our simulations.
this result is in agreement with the results of Trenberth and
In summary, the above analysis shows that El Niño
Smith (2009). However, the 100 hPa temperature anomalies
Modoki activities have a significantly different influence on
are smaller in El Niño Modoki events than in canonical El
the troposphere than typical El Niño activities do. Separatwww.atmos-chem-phys.net/12/5259/2012/
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Niño events (Fig. 4a and b). This phenomenon is further confirmed by WACCM4 simulations (Fig. 4c and d), implying
that the internal equatorial waves, which affect tropopause
temperature anomalies during ENSO periods, may be mainly
motivated by the SSTAs in the equatorial western and middle Pacific, as patterns of SSTAs in these two regions during
canonical El Niño and El Niño Modoki events are the same
(Fig. 1). Because the SSTA gradient between the middle and
western Pacific during El Niño Modoki events is weaker than
that observed during canonical El Niño events, the corresponding tropopause temperature anomalies are also smaller
(Fig. 4).
Figure 5 shows the cold point tropopause temperature
anomalies associated with the two types of El Niño events.
Here, the cold point tropopause is determined as the pressure
level in the upper troposphere and lower stratosphere that has
the lowest temperature. Figure 5 shows that the distributions
and magnitudes of cold point tropopause temperature anomalies are similar to those of 100 hPa temperature anomalies.
A variety of processes govern water vapor concentrations
in the TTL (see chapter 3 in SPARC, 2000). In the upper troposphere, water vapor concentrations are strongly correlated
with convective activity (Chandra et al., 1998; Gettelman et
al., 2001; McCormack et al., 2000; Newell et al., 1996). In
the tropopause layer, temperature is a principal factor controlling water vapor changes, via freeze-drying processes
(Brewer, 1949; Holton et al., 1995). Thus, changes in convection patterns and tropopause temperature during the two
types of El Niño periods are likely linked with water vapor
changes. In the subsequent paragraph, water vapor anomalies
in the TTL during canonical El Niño and El Niño Modoki
events are discussed, using ERA-Interim data, which may
help to clarify patterns of stratospheric water vapor change
during these two types of events.
Atmos. Chem. Phys., 12, 5259–5273, 2012

Figure 6 shows upper tropospheric (250 hPa) water vapor
anomalies for the two types of El Niño events. The data indicate that canonical El Niño activities significantly moisten
the upper troposphere in the middle and eastern Pacific and
the Indian Ocean (Fig. 6a), but dry the upper troposphere
over the western Pacific and the Maritime Continent. This
finding is consistent with observations of single El Niño
events (Newell et al., 1996; Chandra et al., 1998; Gettelman
el al., 2001). The upper tropospheric water vapor anomalies
during El Niño Modoki periods show a different pattern from
those of canonical El Niño periods. The locations of the max1 imum water vapor anomalies shift westward (Fig. 6b), and a
negative anomaly is observed over the eastern Pacific. The
magnitudes of positive and negative anomalies over the central Pacific and the Maritime Continent, respectively, during El Niño Modoki events are reduced, as compared with
the anomalies associated with canonical El Niño events. The
anomaly patterns in Fig. 6a and b resemble the OLR patterns during canonical El Niño and El Niño Modoki phases
(Fig. 2a and b), respectively. That is, upper troposphere humidity anomalies are correlated with convection patterns. In
addition, the EOF analysis revealed that the leading mode of
the 250 hPa water vapor anomalies is associated with canonical El Niño patterns, while the second mode is associated
with El Niño Modoki patterns (not shown). Figure 6c and d
shows the 250 hPa water vapor anomalies in the two types of
El Niño events obtained by the simulations from WACCM4
forced with observed SSTA. The model results are in good
agreement with observations in the Pacific region. However,
in the Indian Ocean a negative water vapor anomaly can be
noted in simulations which is different from observations
(Fig. 6a, b, c and d).
Figure 7 shows water vapor anomalies in the two types of
El Niño events at 100 hPa. The anomalies during canonical
www.atmos-chem-phys.net/12/5259/2012/
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E-P flux are, respectively:
Fy = −ρo a(cos φ)v 0 u0
Fz = ρo a(cos φ)f v 0 θ 0 /θ0z ,
where ρo is the density of background air, θ is the potential
temperature, a is the radius of the earth, ν is the meridional
wind, u is the zonal wind, φ is the Earth’s latitude, and f is
Coriolis parameter. The subscript z denotes derivatives with
respect to height z. The overbar denotes deviations from the
zonal mean.
Figure 8 shows anomalies of the E-P flux, zonal wind,
and temperature induced by two types of El Niño activities based on ERA-interim data. Anomalies that are significant at the 90 % confidence level according to Student’s ttest are shaded. Figure 8a demonstrates that canonical El
Niño events increase the upward propagation of wave activity in the stratosphere in the Northern Hemisphere midlatitudes, which suggests a strengthening of BD circulation
in the Northern Hemisphere. Consequently, the northern polar vortex is weakened and warmed (Fig. 8a and b). These
results are consistent with those of previous studies, showing
that BD circulation in the Northern Hemisphere is enhanced
during El Niño events (Manzini et al., 2006; Garfinkel and
Hartmann, 2007; Free and Seidel, 2009), and that a warming of the northern polar vortex occurs during strong warm
phases of ENSO can be found in both simulation (Cagnazzo
et al., 2009) and observation (Free and Seidel, 2009). Recently, Hu and Pan (2009) found that tropical SST forces
a warming trend in the Arctic stratosphere in early winter
months in the past few decades, it may relates to the high
frequency of warm phases of ENSO. Moreover, we found a
significant decrease in wave activity in the Southern Hemisphere stratosphere suggests diminished BD circulation during canonical El Niño events, which is conductive to an increase in zonal wind in mid-latitudes stratosphere. Figure 8
Atmos. Chem. Phys., 12, 5259–5273, 2012

also shows that canonical El Niño activities have no signifi-

2 cant impact on the strength of the southern polar vortex; how-

ever, cooling is apparent in the southern polar vortex (Figs. 8a
and b). This may be because the decreased EP fluxes in the
Southern Hemisphere (Fig. 8a) reduce wave driven dynamic
heat that lead to the significant cooling in the polar region. In
addition, it also may be a result of decreased ozone transport
from the tropical stratosphere to the Southern Hemisphere
high-latitude stratosphere, and weakened adiabatic compression in the southern polar vortex because of weakened BD
circulation during canonical El Niño events in the Southern
Hemisphere.
It is interesting that the anomalies in wave activity, zonal
wind, and temperature during El Niño Modoki events are,
overall, different from those during canonical El Niño events.
El Niño Modoki events cause a significant increase in
wave activity in the Southern Hemisphere mid-latitude regions, which depresses and warms the southern polar vortex (Fig. 8c and d). Lin et al. (2012) and Hu and Fu (2009)
found the stratosphere in the Southern Hemisphere high latitudes is warming since 1979 which may related with the high
frequency of El Niño Modoki events. In a regression analysis using Japanese Reanalysis (JRA-25) and 40-yr European
Centre for Medium-Range Weather Forecasts Re-Analysis
(ERA-40) datasets, Trenberth and Smith (2006 and 2009)
noticed different stratospheric temperatures in the Southern Hemisphere corresponding to the two types of El Niño
events. These anomalies can also be reproduced by general climate model simulations (Zhou and Zhang, 2010).
Through a composite analysis using a variety of reanalysis
data, Hurwitz et al. (2011a) found a warming effect of El
Niño Modoki events on the southern polar vortex, and they
further noted that the enhancement of wave activity in the
Southern Hemisphere is associated with the easterly phase of
the QBO during El Niño Modoki events. However, we found
El Niño Modoki activities also have a relatively weak but
www.atmos-chem-phys.net/12/5259/2012/
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ern Hemisphere stratosphere than they do on the highwhich results in a stronger PNA. Thus, more planetary waves
latitude Southern Hemisphere stratosphere. In contrast, El
are transported into the Northern Hemisphere high-latitude
Niño Modoki events can more profoundly influence the highstratosphere and result in a weaker polar vortex (Fig. 8a
latitude Southern Hemisphere stratosphere than the highand b). The results here are in accordance with the results
latitude Northern Hemisphere stratosphere.
in Garfinkel and Hartmann (2008 and 2010). On contrast,
Some previous studies pointed out that the El Nino
the subtropical jet anomalies in El Niño Modoki events are
Modoki signal in the stratosphere is not sensitive to QBO
much smaller than those in canonical El Niño events in the
phases (Hurwitz et al., 2011b; Zubiaurre and Calvo, 2012;
both hemisphere and the PNA anomalies are not significant
Sassi et al., 2004). However, Hurwitz et al. (2011a) showed
during El Niño Modoki events. The zonal wind anomalies in
that the enhancement of wave activity in the Southern Hemithe middle-high latitudes in El Niño Modoki events are also
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very much different from those in typical El Niño (Fig. 9c
and d). Given the above differences in subtropical jet, PNA
and zonal wind, the wave propagation from troposphere to
the stratosphere during El Niño Modoki events should be different from that during canonical El Niño events. This is the
main reason that the circulation anomalies during El Niño
Modoki events are much different from those in canonical El
Niño events in the high-latitude stratosphere (Fig. 8).
Figure 10 further shows differences of the zonal wind between run R2 and R1, and between run R3 and R1 under
different phases of the QBO. It is apparent that, no matter in QBO west and east phase, canonical El Niño causes
the same zonal wind anomalies in the stratosphere (Fig. 10a
and b) and the anomalies are in accordance with the composite analysis based on ERA-interim data (Fig. 8a). On contrast, El Niño Modoki leads to different zonal wind anomalies during QBO west and east phases (Fig. 10c and d). In
the QBO west phase, the zonal wind anomalies caused by El
Niño Modoki are similar with the anomalies resulted from
canonical El Niño (Fig. 10c, a and b). However, in the QBO
east phase, the negative zonal wind anomalies in the southern high-latitude stratosphere (weaker Antarctic polar vortex) caused by El Niño Modoki are much larger than those
in the QBO west phase, and those negative anomalies extend to southern middle-latitude stratosphere. Also note that
during the QBO east phase El Niño Modoki causes positive
Atmos. Chem. Phys., 12, 5259–5273, 2012

zonal wind anomalies in the northern high-latitude stratosphere (stronger Arctic polar vortex).
The modeling results here suggest that the east phase QBO
has an important influence, not only on the El Niño Modoki
signal in Southern Hemisphere stratosphere, but also on the
El Niño Modoki signal in Northern Hemisphere stratosphere.
The composite analysis based on our model simulations indicate that the canonical El Niño anomalies are not sensitive
to QBO and El Nino Modoki anomalies are also not sensitive
to the west phase QBO, but El Nino Modoki is sensitive to
the east phase QBO. However, the modeling results in previous studies illustrated that the El Nino Modoki signal in
the stratosphere is not sensitive to QBO phases (Hurwitz et
al,. 2011b; Zubiaurre and Calvo, 2012; Sassi et al., 2004).
This discrepancy is possibly due to that the different models
from WACCM4 were used in those previous studies. Particularly noticeable in Fig. 8 is that the El Niño Modoki has
a reverse effect on the high-latitude stratosphere compared
with canonical El Niño and this reverse effect should be related to the interaction between the east phase QBO and El
Niño Modoki signal in the stratosphere.
To further examine whether the stratospheric El Niño
anomalies are different with and without the QBO in the
model, the other three experiments (R4, R5, and R6) are per3formed to investigate the circulation anomalies in the stratosphere during two kinds of El Niño events in the absence of
www.atmos-chem-phys.net/12/5259/2012/
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the warm phase ENSO has a significant effect on the polar
vortex. However, the simulated zonal wind anomalies forced
Modoki periods are not a simply linear overlay of the QBO
and ENSO signals; there is a complicated interaction beby El Niño Modoki SSTA are similar to the simulated results
tween the QBO signal and El Niño Modoki signal. The interforced by typical El Niño SSTA when the QBO forcing is
excluded in the model (Fig. 11a and b). This result suggests
action affects the tropospheric zonal wind anomalies which
that the model cannot accurately reproduce the effects of El
changes the planetary wave activity in the stratosphere. This
Niño Modoki activities on the wave propagation in the either
has been investigated in Fig. 9.
hemisphere stratosphere when a QBO forcing is not imposed
in the model. And it also suggests typical El Niño and El
Niño Modoki activities actually have the same influences on
5 Summary and conclusions
mid-high latitudes stratosphere when without the disturbance
of the QBO signal on the ENSO signal.
We investigated and compared the potential effects of the
It is interesting to note that, if QBO signals are filtered
two types of El Niño events (canonical El Niño and El Niño
out of the composite zonal wind anomaly data obtained from
Modoki) on the TTL and stratosphere, using composite analthe ERA-Interim time series dataset using the 24–40 months
yses of ERA-Interim reanalysis data, based on the N3I and
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Fig. 11. Differences of the zonal wind for (a) R5–R4 and (b) R6–R4. Composite anomalies of zonal wind for (c) canonical El Niño events
and (d) El Niño Modoki events, obtained using ERA-Interim data that filtered QBO (see text for details). The contour interval for zonal wind
anomalies is ±0.25 m s−1 . Solid and dashed lines represent positive and negative anomalies, respectively. Anomalies that are significant at
Figure
Differences
of t-test
the are
zonal
wind for (a) R5 – R4 and (b) R6-R4. Composite
the 90 % confidence
level11.
according
to Student’s
shaded.

anomalies of zonal wind for (c) canonical El Niño events and (d) El Niño Modoki
cause the interaction between QBO signal and two types of
the EMI. As was found in earlier studies, the present results
El Niño
signal.
The (see
effects
of the
signal The
mainly changes
show that canonical
El
Niño
events
tend
to
enhance
convecevents, obtained using ERA-Interim data that
filtered
QBO
text
forQBO
details).
the degree of anomalies caused by canonical El Niño on the
tion in the middle and eastern Pacific and weaken convecstratosphere, whereas there is a complex interaction between
tion over the western Pacific. El Niño Modoki events, on the
5
contour interval for zonal wind anomalies is ±0.25 m s–1. Solid and dashed lines
the QBO signal and El Niño Modoki signal. Because of this
other hand, depress convection in the western and eastern Pacific and intensify convection in the central and northern Painteraction, El Niño Modoki events have a reverse effect on
represent
positive
andofnegative
anomalies, respectively.
Anomalies
significant
stratospheric circulation
at that
high are
latitudes,
as compared with
cific; this leads
to negative
anomalies
upper tropospheric
that of canonical El Niño events. During El Niño Modoki
water vapor in the western and eastern Pacific but positive
90% and
confidence
according
to Student’s
t-test
are shaded.
events, the
northern
polar vortex is stronger and colder but
anomalies in at
thethe
central
northern level
Pacific.
These patthe southern polar vortex is weaker and warmer. Accordterns of OLR and upper tropospheric water vapor anomalies
ing to the simulation’ results, we found that the reverse efcaused by El Niño Modoki events correspond with a tripolar form. In addition, the positive and negative convection
fect on high latitudes stratosphere as a result of a complianomalies associated with El Niño Modoki events in the midcated interaction between east phase QBO signal and El Niño
dle and western Pacific, respectively, are smaller than those
Modoki signal. This interaction is not a simply linear overlay of east phase QBO signal and El Niño Modoki in the
associated with canonical El Niño events. An EOF analysis
stratosphere, it is because El Niño Modoki with QBO forcing
of the OLR and upper tropospheric water vapor anomalies
demonstrates that the leading mode is a result of canonical
leads to different tropospheric zonal wind anomalies from
those caused by typical El Niño, thus, the planetary wave
El Niño events, and that the second mode is a result of El
propagation from troposphere to the stratosphere is differNiño Modoki events. El Niño activities lead to similar patterns of tropopause temperature and water vapor anomalies
ent during El Niño Modoki events from that during canonas those of canonical El Niño activities, although the El Niño
ical El Niño events. However, when QBO in west phase,
El Niño Modoki events have a same effect on the high latModoki anomalies are smaller than those of canonical El
Niño events. The above results are also supported by general
itudes stratosphere, as compared with the effect of typical
climate model simulations.
El Niño events. Furthermore, the simulations suggest that
We also found that the two types of El Niño activities have
canonical El Niño and El Niño Modoki activities actually
have the same influence on high latitudes stratosphere, in the
significantly different effects on the stratosphere. This is be-
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absence of QBO forcing. Finally, the present results suggest
that canonical El Niño events have a more significant impact on the high-latitude Northern Hemisphere stratosphere
than on the high-latitude Southern Hemisphere stratosphere.
However, El Niño Modoki events more profoundly influence
the high-latitude Southern Hemisphere stratosphere than they
do the high-latitude Northern Hemisphere stratosphere.
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