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the zonally quasi-homogeneous tropical forcing in spring of 
the QQ ENSO decay years, there appear persistent and zon-
ally quasi-homogeneous temperature anomalies in the mid-
latitudes from the upper troposphere to the lower stratosphere 
until summer. With the reduction in ENSO forcing and the 
PNA responses in the following winter, an anomalous wave-
number-2 prevails in the extratropics. Although the anoma-
lous wave flux divergence in the upper stratospheric layer 
is still dominated by wavenumber-1, it is mainly caused by 
wavenumber-2 in the lower stratosphere. However, the wave-
number-2 activity in the next winter is always underestimated 
in the model simulations, and wavenumber-1 activity domi-
nates in both winters.

Keywords  ENSO · Delayed effects · Northern winter 
stratosphere

1  Introduction

Existing evidence has demonstrated the concurrent effects 
of El Niño-Southern Oscillation (ENSO) in the extrat-
ropical stratosphere during mature ENSO winters; i.e., 
the northern winter stratospheric polar vortex is anoma-
lously weak/strong in warm/cold ENSO winters (e.g., van 
Loon et  al. 1982; Wallace and Chang 1982; Labitzke and 
van Loon 1989; Camp and Tung 2007; Garfinkel and Hart-
mann 2007, 2008), despite the possibly entangled signals 
of the quasi biennial oscillation (QBO) in the equatorial 
stratosphere (e.g., Wei et al. 2007; Garfinkel and Hartmann 
2007, 2008; Calvo et al. 2009). The significant concurrent 
effects of ENSO in the stratosphere have also been verified 
in model simulations (Hamilton 1995; Sassi et  al. 2004; 
Taguchi and Hartmann 2006; Manzini et al. 2006; García-
Herrera et al. 2006; Rao et al. 2015; Rao and Ren 2016). 

Abstract  The concurrent effects of the El Niño-Southern 
Oscillation (ENSO) on the northern winter stratosphere have 
been widely recognized; however, the delayed effects of 
ENSO in the next winter after mature ENSO have yet to be 
confirmed in multi reanalyses and model simulations. This 
study uses three reanalysis datasets, a long-term fully coupled 
model simulation, and a high-top general circulation model 
to examine ENSO’s delayed effects in the stratosphere. The 
warm-minus-cold composite analyses consistently showed 
that, except those quick-decaying quasi-biennial ENSO 
events that reverse signs during July–August–September 
(JAS) in their decay years, ENSO events particularly those 
quasi-quadrennial (QQ) that persist through JAS, always have 
a significant effect on the extratropical stratosphere in both 
the concurrent winter and the next winter following mature 
ENSO. During the concurrent winter, the QQ ENSO-induced 
Pacific-North American (PNA) pattern corresponds to an 
anomalous wavenumber-1 from the upper troposphere to the 
stratosphere, which acts to intensify/weaken the climatologi-
cal wave pattern during warm/cold ENSO. Associated with 
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A warm ENSO is to induce an anomalous Pacific-North 
American (PNA)-like pattern in the extratropical upper 
troposphere and mainly enhance the wavenumber-1 in the 
stratosphere, thus resulting in polar warming during the late 
winter or early spring of warm ENSO years (Taguchi and 
Hartmann 2006; Manzini et al. 2006).

Recent evidence has indicated the existence of a delayed 
effect of ENSO on the extratropical stratosphere. Manzini 
et al. (2006) noticed a time lag of the polar warming in the 
lower stratosphere relative to the upper stratosphere dur-
ing warm ENSO years. García-Herrera et  al. (2006) indi-
cated that the maximum warming response in the polar 
stratosphere to warm ENSO forcing does not appear in the 
month of the maximum Niño 3.4 value, but lags by several 
months. In addition, Chen et  al. (2003) showed that the 
maximum significant correlation between an ENSO index 
and the meridional Eliassen–Palm (E–P) flux divergence at 
30 hPa exists when the ENSO peak leads that of the E–P 
flux by about three seasons. Ren et al. (2012) demonstrated 
that the polar stratosphere is anomalously warm/cold, not 
only in the concurrent winter, but also in the next winter 
after warm/cold ENSO when it is in a 3–5 years timescale. 
They also indicated that the warming/cooling responses in 
the extratropical stratosphere in the next winter may, on 
average, be even stronger, with a deeper vertical structure 
than that in the concurrent winter. They further emphasized 
that, in relation to the delayed effect of ENSO on the upper 
troposphere (Newell and Weare 1976; Angell 1981; Reid 
et  al. 1989; Yulaeva and Wallace 1994; Kumar and Hoer-
ling 2003), there exist persistent and zonally homogene-
ous warm anomalies in the midlatitude stratosphere dur-
ing the summer of ENSO decay years, which are directly 
followed by stratospheric polar warming in the next winter 
after mature ENSO. Evtushevsky et al. (2015) also reported 
a possible delayed effect of the tropical central Pacific sea 
surface temperature (SST) forcing on the southern extrat-
ropical stratosphere.

However, variations in ENSO behavior are not restricted 
to the 3–5 year timescale. For example, some studies have 
indicated that ENSO has two dominant frequency bands: 
the 3–5 year quasi-quadrennial (QQ) cycle, and the quasi-
biennial (QB) cycle (Jiang et  al. 1995; Bejarano and Jin 
2008). Other studies indicated that the dominant varia-
tions of ENSO include a QB mode and a low frequency 
(LF) mode that covers a time period of 3–7 years (Barnett 
1991; Kim and Kim 2002; Wang and An 2005). In addi-
tion, a near-annual mode of ENSO was indicated (Jin 
et  al. 2003; Tozuka and Yamagata 2003), and occasions 
of “follow-up” La Niña after La Niña were identified (Hu 
et  al. 2014). By focusing on the various ENSO events of 
the past 60 years, preliminary investigations indicated that, 
when peaks in ENSO events appear beyond winter–spring 
seasons, ENSO’s effect on the extratropical stratosphere 

may be confined to the concurrent winter of mature ENSO, 
rather than delayed until the next winter (Ren 2012a, b). 
Due to the limited length of the data record currently avail-
able, and the strong diversity of ENSO variations, the exist-
ence of the delayed effect of ENSO on the stratosphere and 
the responsible physical processes remain to be validated in 
more datasets and in model simulations. In particular, we 
must explore the circumstances under which the ENSO’s 
influences on the stratosphere are confined to the concur-
rent winter of a mature ENSO. Also, in which case can the 
influences of ENSO be extended or delayed until the next 
winter after mature ENSO? The answers to these questions 
require further clarifications.

This study uses three reanalysis datasets, together with 
the long-term CMIP5 (Coupled Model Intercomparison 
Project phase 5; Taylor et  al. 2012) simulation records 
from the fully coupled earth system model (ESM) CESM-
WACCM (Danabasoglu et  al. 2012; Holland et  al. 2012; 
Marsh et al. 2013) to examine the possible delayed effects 
of the different types of ENSO events on the extratropical 
stratosphere. We also use the “high top” Whole Atmos-
phere Community Climate Model (WACCM), which has 
been successfully used to investigate the stratospheric 
response to ENSO forcing (Sassi et  al. 2004; Calvo et  al. 
2010; Rao and Ren 2016), and to perform a series of sensi-
tivity experiments to further verify the existence of ENSO’s 
delayed effects on the extratropical stratosphere, as well as 
to clarify the related physical processes. The results will 
further advance our knowledge of the influence of ENSO 
on the stratosphere and improve our understanding of the 
interannual variability of the extratropical stratosphere.

The remainder of this paper is organized as follows. 
Section 2 introduces the reanalysis datasets, the simulation 
records from a fully coupled ESM, the atmospheric model 
WACCM, and the experiment design. Section  3 demon-
strates the different spatio-temporal features of the vari-
ous forms of ENSO in the reanalysis data and in the model 
simulations. In Sect.  4, we investigate the existence/non-
existence of the delayed response of the stratosphere to the 
different types of ENSO. Section 5 provides modeling evi-
dence of the delayed response of the stratosphere to ENSO, 
from both the coupled CMIP ESM simulations and the 
WACCM experiments. Finally, a discussion and summary 
are provided in Sect. 6.

2 � Data, models, and experiment design

2.1 � Reanalysis datasets

The three reanalysis datasets used in this study are the 
National Centers for Environmental Prediction–National 
Center for Atmospheric Research Reanalysis I (NCEP/
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NCAR) covering the period 1958–2012 (Kalnay et  al. 
1996); the European Centre for Medium-Range Weather 
Forecast’s Reanalysis (ERA) dataset, which was con-
structed by concatenating its 40-year Reanalysis (ERA40) 
covering the period 1958–2001 (Uppala et  al. 2005) with 
its Interim Reanalysis (ERA-I; Dee et al. 2011) data record 
from 2002 to 2012; and the Japanese 55-year Reanaly-
sis (JRA55) covering the period 1958–2012 (Ebita et  al. 
2011; Kobayashi et  al. 2015). The NCEP/NCAR reanaly-
sis was extracted from 1958 (the International Geophysical 
Year, IGY) to 2012 to avoid the data uncertainties before 
1958 (Kalnay et al. 1996) and to keep the consistency with 
the timespan covered by the other two datasets. A spatial 
interpolation was performed on the ERA-I data fields to 
transform the horizontal resolution from 1.0°  ×  1.0° to 
2.5° ×  2.5° longitude–latitude grids before concatenation 
with ERA40. More detailed descriptions of the three rea-
nalysis datasets can be found in the related references (Kal-
nay et al. 1996; Uppala et al. 2005; Dee et al. 2011; Ebita 
et al. 2011). The circulation anomaly fields were obtained 
by removing the annual cycle and a long-term trend from 
the monthly mean total fields. In addition, the Lanzos 
band-pass-filtering (Duchon 1979) with a cutoff period 
of 24–32  months was applied to the circulation anomaly 
fields in the stratosphere above 100 hPa, and then the QBO-
related changes were subtracted from the original data 
before the composite analysis was performed, to prevent 
the possible entanglement of QBO signals.

After confirming the general consistent representation 
of ENSO events among the SST datasets, including the 
masked skin temperature from the NCEP/NCAR reanaly-
sis, the Met Office Hadley Center’s sea ice and sea sur-
face temperature (HadISST) dataset (Rayner et  al. 2003), 
and the Japan Meteorological Agency’s centennial in  situ 
observation-based estimates (COBE; Ishii et al. 2005), we 
used the monthly mean SST anomalies from the HadISST 
dataset to define the ENSO signals. After removing the 
long-term trend and the annual cycle of the SST fields, we 
calculated the monthly Niño3 index by averaging the SST 
anomalies over the Niño3 region (5°S–5°N, 150–90°W). 
We defined ENSO events when the December–January–
February (DJF) Niño3 index exceeded its unit standard 
deviation (0.82 °C).

To demonstrate the possibly different effects of ENSO 
on the stratosphere, we categorized the ENSO events based 
on their different seasonal variations. That is, an ENSO 
event was classified as a quasi-quadrennial (QQ) ENSO 
when its polarity remained un-reversed throughout the fol-
lowing summer, with the signs of the Niño3 index persist-
ing from DJF to the following July–August–September 
(JAS). Alternatively, the ENSO event was classified as a 
quasi-biennial (QB) ENSO when its polarity was reversed 
before JAS. The identified QQ and QB El Niño and La 

Niña events from the HadISST dataset are listed in Table 1. 
It should be noted that the QQ/QB ENSO events, as defined 
here, may not denote only those events that restrictedly fol-
lowed a quasi-quadrennial/quasi-biennial timescale, as was 
the case in previous studies (Jiang et al. 1995; Bejarano and 
Jin 2008). However, as will be seen from Fig. 1 in Sect. 3, 
the QQ/QB ENSO events, on average, do show a generally 
quasi-quadrennial/quasi-biennial periodicity, implying that 
the majority of these events did follow a quasi-quadrennial 
or quasi-biennial timescale, respectively. Next, we will 
show that the existence of the delayed effects of ENSO on 
the stratosphere is indeed tied to the contrasting seasonal 
variations of the Niño3 index between these QQ and QB 
types.

2.2 � CESM‑WACCM and its CMIP5 simulation dataset

Compared with the Community Climate System Model 
version 4 (CCSM4; Gent et  al. 2011), the atmospheric 
components of CESM version 1 (CESM1) include a “high 
top” version, the WACCM (version 4) that incorporates 
fully interactive chemistry and has 66 vertical levels up to 
5.1 × 10–6 hPa (approximately 140 km) with a horizontal 
resolution of 1.9° (latitude) ×  2.5° (longitude). WACCM 
has been used to study long-term changes caused by 
increasing levels of greenhouse gases (Garcia et al. 2007), 
the development and recovery of the ozone hole (Eyring 
et al. 2007, 2010a, b), and the atmospheric response to the 
solar cycle and the flux of energetic particles (e.g., Marsh 
et  al. 2007; Jackman et  al. 2009; Matthes et  al. 2010). In 
particular, it has been used to investigate the atmospheric 
response of the stratosphere to tropical ENSO forcing 
(Sassi et al. 2004; Calvo et al. 2010; Rao and Ren 2016). 
In essence, version 4 of WACCM (WACCM4) is a superset 
of the Community Atmospheric Model version 4 (CAM4) 
and includes all of the physical parameterizations in CAM4 
(Neale et  al. 2013). Notable improvements in WACCM4 
include parameterization of non-orographic gravity waves 
generated by frontal systems and convection, and particu-
larly the parameterization of the surface stress by unre-
solved topography (Garcia et al. 2007; Richter et al. 2010), 
which has led to a dramatic improvement in the simulation 
of the frequency of northern winter stratospheric sudden 
warming events (Richter et  al. 2010; Marsh et  al. 2013). 
QBO signals in WACCM4 can optionally be imported by 
relaxing the equatorial zonal wind between 86 and 4 hPa to 
the observed (Matthes et al. 2010). For the CMIP5 simula-
tions, CESM-WACCM uses active ocean and sea ice com-
ponents as described by Holland et al. (2012) and Danaba-
soglu et al. (2012).

The CMIP5 simulations (http://cmip-pcmdi.llnl.gov/
cmip5/availability.html) from CESM-WACCM are listed in 
Table  2. In addition to a 200-year “piControl” simulation 

http://cmip-pcmdi.llnl.gov/cmip5/availability.html
http://cmip-pcmdi.llnl.gov/cmip5/availability.html
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with all external forcings fixed at 1850 values, there are 
seven runs that were forced with observed forcings: one 
from 1850 to 2005 (Historical-R1) and the other six runs 
from 1955 to 2005 but with different initial conditions 
(R2–R7). The forcings include the changes in the surface 
concentration of active radiative species, daily solar spec-
tral irradiance, and volcanic sulfate heating.

To greatly increase the number of ENSO events that 
could be identified from the fully coupled simulations, we 
used the results from all of these experiments. Specifically, 
we first derived the SST and atmospheric circulation anom-
alies by removing the corresponding climatology from the 
original fields separately for each ensemble run, and then 
removed a linear trend and the possible stratospheric QBO 
signals from the anomaly fields (as for the reanalysis data). 
Finally, we concatenated the anomaly data from all experi-
ments along the time dimension and generated a long time 
series covering more than 7000  months. We deliberately 
added a conjunct node between any two adjacent datasets 
and set it to be unfilled to avoid any identification of ENSO 
events across datasets (two manuscripts by Rao and Ren 
revised to Journal of Geophysical Research). The crite-
rion we used to identify ENSO events from the model time 
series was roughly the average unit standard deviation of the 
Niño3 index for all experiments (ca. 1.13 K). Similarly, the 
ENSO events in these simulations were categorized as either 
QQ or QB types as for the reanalysis data. The total num-
bers of QQ and QB events, as well as the composite ENSO 
amplitudes, are listed in Table 3. By referring to Table 1, it 
is seen that the amplitudes of the simulated ENSO events 
are much larger than that in the observations. In contrast to 
the comparable frequency between QQ and QB events for 
both El Niño and La Niña in the observations, the QB El 
Niño and QQ La Niña events are much more frequent than 
the QQ El Niño and QB La Niña in the simulations.

2.3 � WACCM experiments

The monthly SST fields from the HadISST dataset (Rayner 
et  al. 2003) over the period 1950–2010 were also used to 
derive the SST forcing fields for the WACCM experiment. 
Specifically, the control experiment was forced by the annual 
cycle of the monthly SST obtained for the period 1950–2010 
(i.e., SST is a function of month but not of year). We ran the 
control experiment for 32 continuous years and used the last 
30 years to obtain a reference state of the seasonal evolution 
of the atmospheric circulation without ENSO forcing. The 
circulation anomalies for each of the following sensitivity 
experiments are all relative to this reference state. We car-
ried out four sensitivity experiments: QQ-El Niño, QQ-La 
Niña, QB-El Niño, and QB-La Niña, which were forced with 
the SST forcing fields that were constructed by imposing 
the evolving SST anomaly fields in the tropics (30°S–30°N) Ta
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on the climatological SST annual cycle for each of the 
four experiments. The monthly SST anomaly fields from 
the developing year (superscript “0”) to the decaying year 
(superscript “1”) of ENSO events, and to the summer of 
the next year (superscript “2”) after the ENSO decay year 
were obtained (30 months) from the lead–lag composite of 
the SST anomalies for all of the QQ-El Niño, QQ-La Niña, 
QB-El Niño, and QB-La Niña events identified between 
1950 and 2012 (also see Fig. 1). Forced by the temporally 

(a) (b) (c)

(d) (e) (f)

Fig. 1   Seasonal evolution of the warm-minus-cold composite a, d 
Niño3 index and b, c, e, f the composite equatorial (5°S–5°N) tem-
perature (SST) anomalies for the quasi-quadrennial (QQ; black in a 

and d, b and e) ENSO and quasi-biennial (QB; gray in a and d, c and 
f) ENSO, from (top) the HadISST and (bottom) the NCAR CESM-
WACCM

Table 2   List of the CMIP5 
experiments from CESM1-
WACCM

The total length of the dataset is 662 (= 200 + 156 + (51 × 6)) years

Experiment Description

piControl 200-years, external forcings fixed at 1850

Historical-R1 156-years, observed external forcings during 1850–2005

Historical-R2–7 51-years, observed external forcings during 1955–2005, with different initial conditions.

Table 3   List of ENSO events in the CMIP5 simulations from 
CESM1-WACCM

ENSO type Case number Composite Niño3 amplitude (K)

El Niño QQ 25 1.95

QB 85 2.08

La Niña QQ 87 −1.71

QB 21 −1.54
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varying SST fields, each experiment was restarted every 
30 months (Jan0–Jun2) and run 30 times with different initial 
conditions; the ensemble means were used for the following 
composite analysis of the circulation responses.

3 � QQ and QB ENSO in the observations 
and CESM1

To demonstrate the differing evolution of ENSO SST 
anomalies between QQ and QB events, we show in Fig. 1 
the seasonal evolution of the warm-minus-cold composite 
Niño3 index and the composite SST anomalies in the tropics 
(5°S–5°N) for the QQ and QB ENSO, respectively, and from 
HadISST and CESM, respectively. While the QQ ENSO, on 
average, always begins to develop in the early time of year 0, 
matures in the following winter season (year 0–year 1), and 
decays slowly until the next winter (year 1–year 2), the QB 
ENSO tends to mature slightly earlier than the QQ ENSO; 
then it decays rather quickly in its decaying year, and gets 
reversed before the summer (year1); it is even followed by 
a mature ENSO of the opposite polarity until the next win-
ter season (year 1–year 2; Fig. 1a–c). The remarkably con-
trasting seasonal evolutions of ENSO between the QQ and 
QB events are fairly consistent between the HadISST data 
and CESM1 (Fig. 1a–c vs. Fig. 1d–f). The composite peak 
intensities for both the QQ and QB ENSO are considerably 
stronger in CESM than in HadISST (Tables 1, 3). The much 
stronger SST anomalies in the tropical eastern Pacific in 
CESM than those in HadISST are associated with the much 
stronger SST anomalies in the tropical Indian Ocean in the 
winter-to-spring of the ENSO decay year in CESM (Fig. 1e, 
f vs. b, c; also see Li et al. 2012; Rao and Ren 2016).

As shown in Table 1, the number of QQ ENSO events 
recorded over the past 60  years is similar to the number 
of QB ENSO events recorded (i.e., warm: seven and nine; 
cold: six and seven, respectively). The comparable fre-
quencies of the QQ and QB ENSO in the observations, as 
well as the contrasting evolutions between the QQ and QB 
ENSO in both the observations and the model, manifest the 
complex variability of ENSO. They also indicate the need 
to consider the QQ and QB ENSO events separately when 
we investigate ENSO’s effects on the stratosphere.

4 � Existence/non‑existence of the delayed response 
of the stratosphere to QQ/QB ENSO in multi 
reanalysis datasets

4.1 � Facts

The intensity of the circumpolar westerly jet in the north-
ern winter stratosphere is a key indicator of the dominant 

variability of winter stratospheric circulation in the extra-
tropics. Figure  2 displays the lead–lag warm-minus-cold 
composite evolutions of the circumpolar (65°N–75°N) 
zonal wind anomalies from the summer of the ENSO 
developing year (July0) to the summer of the next year 
(July2) after the ENSO decay year (year “1”), for each of 
the three reanalysis datasets. The circumpolar zonal wind 
responses to ENSO are fairly consistent among the three 
datasets for both the QQ and QB ENSO. Specifically, the 
easterly responses of the stratospheric polar jet to a warm 
QQ ENSO are significant in both the concurrent winter of a 
mature ENSO and the next winter after the mature ENSO, 
and they tend to be relatively stronger and more signifi-
cant in the next winter after mature ENSO (Fig.  2a, c, e, 
g). This clearly verifies the delayed stratospheric warm-
ing responses to ENSO identified by Ren et  al. (2012) 
through linear regression of circulation anomalies against a 
3–5 year timescale Niño3 index. However, the stratospheric 
easterly responses to a warm QB ENSO are confined to the 
current winter of a mature ENSO, and westerly responses 
begin to appear in the next winter associated with the 
reversed ENSO polarity (Fig. 2b, d, f, h). The remarkable 
contrasts of the stratospheric responses to the QQ ENSO 
and QB ENSO confirm the difficulties in identifying the 
significant delayed stratospheric responses when only a 
limited number of ENSO cases are used. Nevertheless, by 
considering the QQ and QB ENSO types separately in the 
three reanalysis datasets, we have demonstrated the robust 
existence/non-existence of the significant and delayed 
response of the extratropical stratosphere to the QQ/QB 
ENSO.

To further confirm the existence/non-existence of the 
delayed stratospheric response to the QQ/QB ENSO, 
Fig.  3 presents the corresponding polar temperature 
responses in the stratospheric layer during ENSO events. 
Also consistent among the three reanalysis datasets, 
the significant polar warming responses to a warm QQ 
ENSO appear in both the concurrent and the next win-
ters with respect to the mature ENSO phase. In addition, 
the warming signals seem to always appear first in the 
midlatitudes since the leading spring or summer season, 
and persist until the winter of the polar warming (Fig. 3a, 
c, e, g). This is again in agreement with the poleward 
propagation of the ENSO-related circulation anomalies 
identified by Ren et al. (2012) for the ENSO with a perio-
dicity of 3–5 years. In particular, after the mature phase 
of ENSO in the spring–summer of the ENSO decay year 
(year 1), there exist persistent and significant warming 
signals in the midlatitude stratosphere, which are even 
stronger and more significant than the midlatitude warm-
ing signals in the summer of the ENSO developing year. 
These significant warm signals in the midlatitude strato-
sphere were found intimately coupled with the delayed 
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atmospheric responses in the tropical and midlatitude 
troposphere (Ren et  al. 2012; Rao et  al. 2014), that in 
turn were related to the 1–2 seasons delayed responses of 
other tropical oceans to the ENSO signals in the Pacific 
(Newell and Weare 1976; Angell 1981; Reid et al. 1989; 
Yulaeva and Wallace 1994; Kumar and Hoerling 2003; 
Lau et  al. 2005). Figures 4 and 5 will show further evi-
dence of the vertically and meridionally coupled thermal 
atmospheric responses to QQ ENSO during the ENSO 
decay years.

In accordance with Fig. 2, the polar stratospheric warm-
ing responses to a warm QB ENSO are also confined to 
the concurrent winter–spring season of the mature ENSO 
phase, and there are reversed polar cooling responses in the 
next winter associated with the reversed polarity of ENSO 
(Fig. 3b, d, f, h). Based on this finding, we next will focus 
mainly on the QQ ENSO to demonstrate the dynamical 
linkage between the tropical ENSO forcing and the delayed 
responses in the extratropical stratosphere in the next win-
ter after mature ENSO phase.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 2   Pressure-time cross-sections of the warm-minus-cold compos-
ite circumpolar (65°N–75°N) westerly anomalies (m s−1; shading) in 
the Northern Hemisphere for (left) the QQ and (right) the QB ENSO 
from the a, b ERA, c, d JRA, and e, f NCEP/NCAR reanalysis data-

sets. Contours indicate the wind anomalies that are statistically sig-
nificant at the 90 and 95 % levels. The gray lines in the bottommost 
panels denote the seasonal evolution of the composite Niño3 index
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4.2 � Dynamical linkage of QQ ENSO to the 
stratospheric responses in the next winter 
after mature ENSO

4.2.1 � Vertical and meridional coupling of the delayed 
atmospheric responses following a mature ENSO

Figure  4 shows the temperature anomaly patterns in the 
stratospheric layer (150–20  hPa) for the concurrent win-
ter, the following spring and summer, and the next winter 

after a mature QQ ENSO. It is consistent among the three 
reanalysis datasets that, after the polar stratospheric warm-
ing in the concurrent winter of a mature warm QQ ENSO 
(leftmost panels in Fig.  4), zonally quasi-homogeneous 
warm temperature anomalies develop in the midlatitudes 
that persist from the following spring into the summer 
months (two middle columns in Fig. 4), and are followed 
by significant polar stratospheric warming in the next win-
ter after mature ENSO (rightmost panels in Fig. 4). Also, 
as demonstrated by Ren et al. (2012), the three reanalysis 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 3   As in Fig.  2, but for the latitude-time cross-sections of the composite temperature anomalies (K) in the northern stratospheric layer 
(150–20 hPa)
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datasets consistently show that the persistent and zonally 
quasi-homogeneous warm temperature anomalies in the 
midlatitude stratosphere are coupled with the persistent and 
zonally quasi-homogeneous cold temperature anomalies 
in the midlatitude troposphere since the concurrent winter 
(Fig. 5). These zonally homogeneous cold (or negative geo-
potential height) anomalies in the midlatitude troposphere 
have been known to be coupled to the warm (or positive 
geopotential height) anomalies in the tropics, both of which 
tend to become zonally homogeneous in response to the 
zonally quasi-homogeneous SST anomalies caused by 
the delayed SST responses over the tropical Indian Ocean 
and Atlantic since the winter–spring after a mature ENSO 
(Enfield and Mayer 1997; Klein et al. 1999; Saravanan and 
Chang 2000; Kumar and Hoerling 2003; Lau et al. 2005).

To demonstrate the intimate coupling of the atmospheric 
responses to ENSO between the tropics and extratropics, 
and between the troposphere and stratosphere, Fig.  6 dis-
plays the pressure–time evolution of the zonal-mean tem-
perature anomalies in the tropics, in the midlatitudes, and in 

the polar region. The three reanalysis datasets consistently 
show that in the tropics (Fig.  6a, d, g), significant warm 
responses in the troposphere appear from November of the 
mature warm ENSO winter (Nov0) and persist throughout 
the ENSO decay year; and these responses are coupled to 
weaker cold anomalies in the lower tropical stratosphere. 
This vertical coupling of the thermal anomalies clearly 
indicate the decreased thickness of the atmospheric layer in 
the lower stratosphere as a direct response to the increased 
thickness of the tropospheric layer that was caused by the 
anomalous tropical convective heating by ENSO (Ren 
et al. 2012). In the midlatitudes (Fig. 6b, e, h), on the other 
hand, cold anomalies in the troposphere are vertically cou-
pled with warm anomalies in the stratosphere, which pre-
vails during the summer–autumn of the ENSO developing 
year. In the spring and summer following a mature ENSO, 
this vertical thermal coupling appears again and persists 
through the following autumn, although the tropospheric 
cold anomalies are much weaker than the previous year 
and are confined in the upper troposphere. Following the 

(a1) (a2) (a3) (a4)

(b1) (b2) (b3) (b4)

(c1) (c2) (c3) (c4)

Fig. 4   Lead-lag composite patterns of temperature anomalies in the 
stratospheric layer (150–20 hPa) in (leftmost column) the concurrent 
winter (D0J1F1), (second left column) the following spring (M1A1M1), 
(third left column) the following summer (J1J1A1), and (rightmost 

column) the next winter (D1J2F2) with respect to the mature phase 
of a warm QQ ENSO in the (top) ERA, (middle) JRA, and (bottom) 
NCEP/NCAR reanalysis datasets. Contours indicate temperature 
anomalies that are statistically significant at the 90 and 95 % levels
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significant warming in the midlatitude stratosphere, sig-
nificant warm anomalies appear in the polar stratosphere 
in both the concurrent winter of a mature ENSO and the 
following winter, which always appear earlier in the upper 
layer and exhibit a clear downward propagation (Fig. 6c, f, 
i). Also in agreement with Fig. 2, the polar warming anom-
alies in the next winter are slightly stronger, and exhibit a 
deeper vertical structure, compared with that in the concur-
rent winter.

4.2.2 � Anomalous wave activity in the concurrent and the 
next winters

In addition to the warm temperature anomalies that develop 
in the midlatitude stratosphere before the winter season, 
anomalous planetary wave activity is expected to induce 
anomalous meridional exchanges and cause stratospheric 
polar warming in both the concurrent and the next winter 
after a mature ENSO. To demonstrate the ENSO-related 
wave responses from the troposphere to the stratosphere, 
we first show in Fig.  7 the geopotential height responses 
as well as the 3D E–P flux (Plumb 1985) responses dur-
ing both winters. The three reanalysis datasets consistently 

show that, during the concurrent winter of a mature ENSO 
(Fig. 7a, c, e), a PNA-like wave train is the dominant pat-
tern in the upper troposphere, which originates from 
the tropical eastern Pacific (positive height responses), 
goes through the northeastern Pacific (negative height 
responses), and gets into North America (positive height 
responses). The E–P flux vectors also clearly indicate that 
the wave train is initiated from the tropical eastern Pacific 
region. Associated with the PNA wave train responses, the 
geopotential height responses also tend to exhibit zonally 
quasi-homogeneous distributions that are consistent with 
the temperature responses shown in Fig.  5. Moreover, 
on top of the zonally quasi-homogeneous nature of this 
response, the geopotential height responses induce a gen-
erally anomalous wavenumber-1 pattern in the extratrop-
ics, with negative anomalies straddling the north Eurasian 
continent and the northern Pacific, while positive anoma-
lies extend across North America and the North Atlantic 
region. More importantly, the vertical component of the 
wave flux anomalies (shading in Fig.  7) indicates that in 
the concurrent winter of a mature ENSO, upward propaga-
tion of wave energy appears in the extratropics along the 
zone with a strong meridional height gradient and where 

Fig. 5   As in Fig. 4, but for 
the temperature anomalies at 
200 hPa in (left column) the 
concurrent winter (D0J1F1), 
(middle column) the following 
spring (M1A1M1), and (right 
column) the following summer 
(J1J1A1)

(a1) (a2) (a3)

(b1) (b2) (b3)

(c1) (c2) (c3)
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the E–P flux tends to be poleward from the negative to the 
positive height response regions. Obviously, the most sig-
nificant upward propagation is found over the northeastern 
Pacific region between the negative lobe of the PNA over 
the North Pacific and the second positive lobe of the PNA 
over North America.

In the winter after a mature warm ENSO (Fig. 7b, d, f), 
the PNA wave pattern tends to diminish associated with the 
diminishing warm ENSO signals in the tropics. However, 
poleward wave flux anomalies, though much weaker, can 
still be identified from the tropical Pacific to the extratrop-
ics. In addition, the geopotential height responses in the 
extratropics no longer exhibit a wavenumber-1 pattern, as 
in the previous winter, but show a general wavenumber-2 
pattern. An anomalous upward wave flux is still evident in 
the extratropics, but the strongest upward propagation has 
been shifted to North Atlantic and the Greenland regions. 
Again, these features are largely consistent among the three 
reanalysis datasets.

To further show the ENSO-related planetary wave pat-
terns in the stratosphere in both winters, Fig. 8 displays the 
vertical distributions of the geopotential height responses 
averaged over the 45°N–75°N latitude band. In the con-
current winter of a mature warm ENSO (Fig.  8a, c, e), 
the anomalous geopotential height pattern in the strato-
sphere indeed exhibits a general wavenumber-1 form that 

is associated with the wavenumber-1 pattern in the upper 
troposphere (i.e., the PNA-related response). By referring 
to the winter climatology of the zonal deviation of geo-
potential height, it is seen that the wave pattern, including 
the height ridge around the Aleutian region and the trough 
over the North Atlantic, is clearly intensified in the strat-
osphere during the concurrent winter of a mature warm 
ENSO. In contrast, connected to the anomalous wavenum-
ber-2 pattern in the upper troposphere, the geopotential 
height responses in the stratosphere also show a general 
wavenumber-2 pattern in the next winter season after a 
mature warm ENSO (Fig. 8b, d, f). Obviously, the climato-
logical trough over the North Atlantic is anomalously deep-
ened by the anomalous wave pattern although the Aleutian 
ridge is weakened.

To explicitly demonstrate the dynamical contributions 
of the anomalous planetary waves to the stratospheric polar 
warming during the two winters, Fig. 9 shows the temporal 
evolution of the E–P flux and its divergence anomalies in 
the extratropics (60°N–80°N; Fig. 9a, d, g), and the corre-
sponding components contributed by the anomalous wave-
number-1 (Fig. 9b, e, h), and wavenumber-2 (Fig. 9c, f, i). 
Associated with the polar warming anomalies in the con-
current winter as well as in the next winter after a mature 
warm ENSO, an anomalous upward E–P flux and its con-
vergence into the stratosphere above 200 hPa prevail during 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 6   Pressure-time cross-sections of the warm-minus-cold com-
posite temperature anomalies (K; shading) in (left) the tropics 
(10°S–10°N), (middle) the midlatitudes (30°N–50°N), and (right) the 
polar region (70°N–90°N), from the preceding summer (July0) of the 

QQ ENSO developing years to the next spring after the QQ ENSO 
decay years (April2). Contours indicate temperature anomalies that 
are statistically significant at the 90 and 95 % levels
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both winters (Fig.  9a, d, g). Despite the wavenumber-2 
wave pattern in the extratropical stratosphere in the next 
winter as shown in Figs.  7 and 8, the anomalous upward 
wave flux and its convergence seem to be always domi-
nated by the wavenumber-1 component in both winters 
(Fig. 9a, d, g vs. 9b, e, and h). However, we note that the 
E–P flux convergence caused by the consistently upward 
flux of wavenumber-1 tends to be mainly confined to 
the middle and upper stratosphere (Fig.  9b, e, h), or only 
around January in NCEP/NCAR (Fig.  9h), and the total 
E–P flux convergence in the lower stratosphere seems to be 
mainly contributed by wavenumber-2, especially in NCEP/
NCAR. The wavenumber-2 E–P flux components tend to 

be significantly downward in the upper stratospheric layer 
and results in the E–P flux convergence (divergence) in the 
lower (mid–upper) stratosphere (Fig.  9c, f, i). Moreover, 
the high degree of consistency among the three reanalysis 
datasets, in terms of indicating the anomalous planetary-
wave activity in the two winters following a mature ENSO, 
essentially confirms that planetary wave activity is anoma-
lously stronger in both winters and is generally dominated 
by the planetary wavenumber-1/wavenumber-2 in the 
upper/lower stratosphere. The three reanalysis datasets also 
consistently show that, the zonal wave pattern in the strato-
sphere is generally dominated by wavenumber-1 in the con-
current winter of a mature ENSO, but by wavenumber-2 in 

(a) (b)

(c) (d)

(e) (f)

Fig. 7   Warm-minus-cold composite 3D wave flux anomalies at 
200  hPa (left) in the concurrent winter of a mature QQ ENSO 
(D0J1F1) and (right) the next winter after a mature QQ ENSO 
(D1J2F2), from the (top) ERA, (middle) JRA, and (bottom) NCEP/
NCAR reanalysis datasets. Vectors represent the horizontal compo-

nents (m2 s−2) and shading denotes the vertical (10−2 m2 s−2) com-
ponents. The black contours are the composite geopotential height 
anomalies (m) at 200 hPa. Purple contours indicate height anomalies 
that are statistically significant at the 90 and 95 % level
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the next winter after mature ENSO, as already indicated by 
Ren et al. (2012).

5 � Modeling evidence of the delayed stratospheric 
response to QQ ENSO

5.1 � Existence/non‑existence of the delayed 
stratospheric response to QQ/QB ENSO in model 
simulations

In this section, we use the long-term CMIP5 simulations 
from a fully coupled ESM (CESM1-WACCM), and the 

general circulation model (GCM) WACCM to provide 
modeling evidence of the existence of ENSO’s delayed 
effects on the extratropical stratosphere. Figure 10 shows 
the warm-minus-cold composite circumpolar zonal 
wind anomalies for QQ and QB ENSO events from the 
CESM1-WACCM simulations and those from the sen-
sitivity experiments of WACCM forced by the QQ and 
QB ENSO SST anomalies. The circumpolar zonal wind 
responses in the models are similar to those in the reanal-
ysis data, clearly showing significant easterly responses 
in both the concurrent and the next winter following a 
mature QQ ENSO (Fig. 10a, c), but only in the concur-
rent winter of a QB ENSO (Fig.  10b, d). However, in 

(a) (b)

(c) (d)

(e) (f)

Fig. 8   As in Fig. 7, but for the pressure-longitude distributions of the 
composite geopotential height anomalies (m; shading) and the zonal 
deviations of the climatological mean geopotential heights (m; black 

contours) averaged over the 45°N–75°N latitude band. Purple con-
tours indicate composite height anomalies that are statistically sig-
nificant at the 90 and 95 % levels
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spite of the larger amplitudes of ENSO events in CESM1-
WACCM (Tables  1 vs. 3), the simulated responses in 
the concurrent winter seem much weaker than those in 
the observations, especially for the QQ ENSO events 
(Figs. 10a, b vs. 2a, b). In addition, the easterly responses 
in the upper stratospheric layer appear much earlier in 
the early winter before January of year 1 (Jan1) than they 
do in the observations. The upper stratospheric response 
tends to reverse its sign during the late winter of a mature 
QQ ENSO (Fig.  10a). The easterly response during the 
concurrent winter of QQ ENSO in the WACCM sen-
sitivity experiment appears more persistent than that in 
the observations and that in the CESM1-WACCM simu-
lations (Fig.  10c). As with the reanalysis data, we now 
focus mainly on the simulated dynamical processes that 
are responsible for the delayed responses of the strato-
sphere to QQ ENSO.

5.2 � Simulated dynamical processes linking the QQ 
ENSO to its delayed effects on the stratosphere

Similarly as in Fig. 6, the pressure–time evolutions of the 
simulated temperature responses in the tropics, in the mid-
latitudes, and in the polar region are displayed in Fig. 11. 

Consistent with that in the reanalysis data, warm (cold) 
temperature anomalies persist in the tropical upper tropo-
sphere (lower stratosphere) from the ENSO-developing 
year to the next winter after the ENSO-decay year, and they 
are strongest during the winter–spring of the ENSO decay 
year (Fig. 11a, d). Coupled with these thermal anomalies, 
there are cold anomalies in the midlatitude troposphere 
and warm anomalies in the midlatitude stratosphere. These 
thermal anomalies persist from the concurrent winter of 
mature ENSO to the spring–summer of ENSO-decay years 
(Fig.  11b, e). Following the warm anomalies in the mid-
latitude stratosphere in summer of the ENSO-decay year 
for both CESM1-WACCM and WACCM, polar warm-
ing anomalies always appear again in the next winter after 
mature ENSO (Fig.  11c, f). Compared with that in the 
reanalysis data, the polar warming response in CESM1-
WACCM appears earlier in the concurrent winter, and the 
temperature responses in the tropics and the midlatitudes 
in the model simulations seem slightly stronger than in the 
reanalysis data, in relation to the larger ENSO amplitudes 
in CESM1-WACCM (Fig. 11a, b vs. the left and the middle 
columns in Fig. 6). However, the vertically coupled warm 
(cold) response centers in the midlatitude stratosphere 
(troposphere) seem to be at much lower levels and become 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 9   Pressure-time cross-sections of warm-minus-cold composite 
E–P flux anomalies (m3 s−2; vectors, normalized by local air density) 
and their divergence (m s−1 d−1; shading) in the circumpolar region 
(60°N–80°N) by (left) all planetary-waves, (middle) the wavenum-

ber-1 component, and (right) the wavenumber-2 component from 
the (top) ERA, (middle) JRA, and (bottom) NCEP/NCAR reanaly-
sis datasets. Contours indicate the composite circumpolar westerly 
anomalies (65°N–75°N)
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(a) (b)

(c) (d)

(e) (f)

Fig. 10   As in Fig.  2, but for (top) the fully coupled model simula-
tions from the NCAR CESM-WACCM and (bottom) the AGCM 
WACCM experiments forced by ENSO SST anomalies. The gray and 

black lines in the bottommost panels indicate the Niño3 index from 
CESM-WACCM and the AGCM WACCM experiments, respectively

(a) (b) (c)

(d) (e) (f)

Fig. 11   As in Fig. 6, but for the temperature anomalies from (top) the fully coupled model simulations from the NCAR CESM-WACCM and 
(bottom) the AGCM WACCM experiments forced by the QQ ENSO SST anomalies
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much weaker till the summer of ENSO decay-year, com-
pared with those in the reanalysis data (middle columns in 
Figs. 6 and 11).

Nevertheless, the simulated zonal patterns of the tem-
perature responses in the stratosphere and troposphere in 
CESM1-WACCM (Fig. 12a, b) and in WACCM (Fig. 12c, 
d) still confirm that, in the spring–summer of ENSO-decay 
years (middle columns in Fig.  12), the vertically coupled 
temperature responses in the midlatitude stratosphere 
and troposphere are generally zonally homogeneous, and 
they are followed by the polar warming responses in the 
next winter after mature QQ ENSO (rightmost column in 
Fig. 12).

To understand the existing polar warming and the east-
erly circumpolar wind responses in both winters following 
a mature QQ ENSO, the planetary wave responses in the 
extratropics are shown in Fig. 13 in terms of the pressure–
longitude geopotential height anomaly distributions during 
the two winter seasons. During the concurrent winter of a 
QQ ENSO, both models indicate strengthened wavenum-
ber-1 patterns from the upper troposphere to the strato-
sphere (Fig.  13a, c), particularly for the WACCM experi-
ment (Fig. 13c). In the next winter, however, although the 
wavenumber-2 is present in the reanalysis data (right pan-
els in Fig.  8), the models still show a general wavenum-
ber-1 pattern in the upper troposphere and the stratosphere, 

15
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(b1) (b2) (b3)

(c1) (c2) (c3) (c4)

(d1) (d2) (d3)

(a4)

Fig. 12   As in Figs. 4 and 5, but for the 3-month mean temperature 
anomalies a, c in the stratospheric layer (150–20 hPa) and b, d in the 
upper troposphere (300 hPa), from a, b the fully coupled model simu-

lations from the NCAR CESM-WACCM and c, d AGCM WACCM 
experiments forced by the QQ ENSO SST anomalies
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and they still tend to strengthen the climatological wave-
number-1 (Fig. 13b, d).

The pressure–latitude patterns of the E–P flux responses 
shown in Fig.  14 further confirm that during the concur-
rent winter of a QQ ENSO, the upward E–P flux anomalies 
and their convergences in WACCM are stronger than those 
in CESM1-WACCM, corresponding to the much stronger 
easterly responses in the extratropics in WACCM (Fig. 14a, 
d); and they are indeed dominated by contributions from 
wavenumber-1 for both models (Fig. 14b, e vs. Figure 14c, 
f). During the next winter after a mature QQ ENSO, while 
the upward E–P flux anomalies and their convergences in 
WACCM are co-contributed by wavenumber-1 and wave-
number-2 (Fig. 14j–l), those in CESM1-WACCM are still 
dominated by wavenumber-1 in association with the wave-
number-1 pattern in Fig. 13b.

6 � Summary and discussion

6.1 � Summary

By using three reanalysis datasets and the long-term 
simulation data records from CESM1-WACCM, as well 
as by performing a series of sensitivity experiments with 

WACCM, this study has confirmed the existence of the 
delayed response of the extratropical stratosphere to QQ 
ENSO. We have demonstrated that, only when ENSO 
events decay quickly and are reversed during JAS of the 
ENSO-decay years are the effects of ENSO confined 
within the concurrent winter of a mature ENSO. The pres-
ence of the delayed polar warming/cooling responses in 
the next winter after a mature warm/cold ENSO is always 
associated with persistent and zonally quasi-homogeneous 
temperature anomalies in the midlatitude stratosphere from 
the spring to the summer of the ENSO-decay years. These 
anomalies are part of the zonally quasi-homogeneous, ver-
tically and meridionally coupled thermal responses of the 
atmosphere from the tropics to the midlatitudes, and from 
the upper troposphere to the lower stratosphere. The zon-
ally quasi-homogeneous thermal responses are in turn 
connected to the zonally quasi-homogeneous tropical SST 
forcing caused by the delayed SST responses over the 
tropical Indian and Atlantic oceans via the ENSO-induced 
anomalous zonal Walker circulation (Enfield and Mayer 
1997; Klein et al. 1999; Saravanan and Chang 2000; Kumar 
and Hoerling 2003; Lau et al. 2005; Ren et al. 2012).

During the concurrent winter of a mature ENSO, while 
the ENSO forcing induces a dominant PNA pattern in the 
troposphere, an anomalous wavenumber-1 pattern prevails 

(a) (b)

(c) (d)

Fig. 13   As in Fig. 8, but for (top) the fully coupled model simulations from the NCAR CESM-WACCM and (bottom) AGCM WACCM experi-
ments forced by the QQ ENSO SST anomalies
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in the extratropics and penetrates from the troposphere to 
the stratosphere. This acts to intensify/weaken the climato-
logical wave pattern and results in the anomalously strong/
weak meridional exchange and thus the polar warming/
cooling in the current winter of a mature warm/cold ENSO. 
During the next winter after the mature ENSO, while the 
ENSO forcing and the PNA pattern in the troposphere are 
diminishing, the anomalous wave pattern becomes a clear 
wavenumber-2 from the upper troposphere to the strato-
sphere. Although the E–P flux convergence in the extratrop-
ical stratosphere still tends to be dominated by the anoma-
lous wavenumber-1 in the upper layer, it is dominated 

mainly by the anomalous wavenumber-2 in the lower layer 
where only the wavenumber-2 E–P flux converges though 
it is mostly downwards in the stratosphere.

Relative to the stratospheric responses in the three rea-
nalysis datasets, the responses to ENSO during the concur-
rent winter in CESM1-WACCM simulations are weaker 
and appear in earlier winter months, whereas those in the 
WACCM experiments seem to be slightly stronger and 
appear in later winter months. Other than this, the exist-
ence/non-existence of the delayed stratospheric effects of 
the QQ/QB ENSO, as well as the ENSO-induced thermal 
responses and the anomalous wave patterns in both the 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 14   Warm-minus-cold composite E–P flux anomalies (m3  s−2; 
vectors, normalized by local air density) and their divergence 
(m s−1 d−1; shading) by (left) all planetary-waves, (middle) the wave-
number-1 component, and (right) the wavenumber-2 component in 

a–f the concurrent and g–l the next winter, from a–c, g–i the fully 
coupled model simulations from the NCAR CESM-WACCM and 
d–f, j–l AGCM WACCM experiments forced by the QQ ENSO SST 
anomalies
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concurrent and the next winters following a mature ENSO, 
are closely comparable with those in the reanalysis data-
sets. The only difference between the models and the rea-
nalysis is that the simulated wavenumber-2 patterns are 
much weaker in the next winter after mature ENSO for both 
CESM1-WACCM and WACCM. As a result, the wave-
number-2 E–P flux convergence in the lower stratospheric 
layer is much weaker and makes a trivial contribution to 
the E–P flux convergence in the extratropical stratosphere, 
and the dominance of the wavenumber-1 component in 
the E–P flux convergence remains clear in the next winter 
after mature ENSO in the CESM1-WACCM and WACCM 
simulations.

6.2 � Discussion

This study used warm-minus-cold composite analysis, 
rather than composites for warm and cold ENSO events 
separately, to demonstrate ENSO’s significant effects 
on the extratropical stratosphere. We took this approach 
because we aimed to provide a general picture by using as 
many ENSO cases as possible, to demonstrate the coexist-
ence of the concurrent and the delayed effects of ENSO in 
the concurrent and the next winters after a mature ENSO, 
and to show the existent/non-existent delayed effects of 
the QQ/QB ENSO on the extratropical stratosphere in 
the next winter. We have confirmed the opposite-signed 
stratospheric responses to ENSO between warm and cold 
ENSOs, although we did find that the concurrent strato-
spheric responses exhibit significant asymmetries between 
warm and cold ENSOs, as well as the strong nonlinearity 
of the responses for warm and cold ENSOs (two manu-
scripts by Rao and Ren revised to Journal of Geophysical 
Research). In a subsequent paper, we will also demonstrate 
the possible asymmetries of ENSO’s delayed effects on the 
stratosphere in the next winter after mature ENSO.

Based on the decomposition of ENSO’s effects in the 
concurrent winter, as reported by Rao and Ren (2016), 
we may attribute the weaker and earlier occurrence of the 
stratospheric responses in CESM-WACCM to the stronger 
cancelling effects by, on average, the greatly overestimated 
SST forcing in the tropical Indian Ocean since the spring 
of the ENSO-decay years (Fig.  1d, f). This suggests that 
the model reproducibility of the tropical SST anomalies 
in other ocean basins during ENSO events may be cru-
cial as well for the reproducibility of ENSO’s effects on 
the extratropical atmosphere in both the troposphere and 
stratosphere.

In addition, this study focused on canonical ENSO and 
did not explicitly consider the possible effects of central 
Pacific (CP) ENSO events which have been known much 
weaker than canonical ENSO events and exhibit large 
uncertainties in their influences on the stratosphere (Hegyi 

and Deng 2011; Garfinkel et  al. 2012; Xie et  al. 2012; 
Hegyi et al. 2014). Though weaker SST anomalies can be 
found over the tropical CP during the composite canonical 
ENSO cycle (e.g. Figure  1), the approximate orthogonal 
relationship between canonical ENSO and CP ENSO (as 
1st and 2nd EOF mode) actually has limited the entangle-
ment of CP signals in the stratosphere.

Different from the current study, some studies have 
emphasized the possible effects of stratospheric variations 
on the tropical ENSO (e.g. Vimont et al. 2001; Huang et al. 
2012; Chen et al. 2013), which may reflect the other side of 
the coupling between ENSO and the stratospheric variabil-
ity, and will not change the fact that ENSO is the dominant 
source of the interannual variabilities of the climate system.
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