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Abstract Sea surface temperature (SST) in the IndoPacific warm pool (IPWP) plays a key role in influencing
East Asian climate, and even affects global-scale climate
change. This study defines IPWP Niño and IPWP Niña
events to represent the warm and cold phases of IPWP SST
anomalies, respectively, and investigates the effects of these
events on stratospheric circulation and temperature. Results
from simulations forced by observed SST anomalies during IPWP Niño and Niña events show that the tropical
lower stratosphere tends to cool during IPWP Niño events
and warm during IPWP Niña events. The responses of the
northern and southern polar vortices to IPWP Niño events
are fairly symmetric, as both vortices are significantly
warmed and weakened. However, the responses of the two
This paper is a contribution to the special issue on East Asian
Climate under Global Warming: Understanding and Projection,
consisting of papers from the East Asian Climate (EAC)
community and the 13th EAC International Workshop in Beijing,
China on 24–25 March 2016, and coordinated by Jianping Li,
Huang-Hsiung Hsu, Wei-Chyung Wang, Kyung-Ja Ha, Tim Li,
and Akio Kitoh.
* Fei Xie
xiefei@bnu.edu.cn
1

State Key Laboratory of Numerical Modeling
for Atmospheric Sciences and Geophysical Fluid Dynamics
(LASG), Institute of Atmospheric Physics, Chinese Academy
of Sciences, Beijing, China

2

University of the Chinese Academy of Sciences, Beijing,
China

3

College of Global Change and Earth System Science
(GCESS), Beijing Normal University, Beijing 100 875, China

4

Key Laboratory of Meteorological Disaster of Ministry
of Education, Nanjing University of Information Science
and Technology, Nanjing, China

polar vortices to IPWP Niña events are of opposite sign:
the northern polar vortex is warmed and weakened, but the
southern polar vortex is cooled and strengthened. These
features are further confirmed by composite analysis using
reanalysis data. A possible dynamical mechanism connecting IPWP SST to the stratosphere is suggested, in which
IPWP Niño and Niña events excite teleconnections, one
similar to the Pacific–North America pattern in the Northern Hemisphere and a Rossby wave train in the Southern
Hemisphere, which project onto the climatological wave in
the mid–high latitudes, intensifying the upward propagation of planetary waves into the stratosphere and, in turn,
affecting the polar vortex.

1 Introduction
It is well known that signals propagating from the troposphere, such as those forced by changes in tropical sea surface temperature (SST), strongly modulate stratospheric
temperature and circulation (e.g., Manzini et al. 2006;
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Hu and Fu 2009; Hu and Pan 2009; Lin et al. 2012; Hu
et al. 2014). The El Niño-Southern Oscillation (ENSO)
is the dominant oscillatory mode of the tropical atmosphere–ocean system, and its impacts on the stratosphere
have been investigated in detail through numerous observational analyses and modeling experiments. ENSO influences the stratosphere by causing anomalous propagation
and dissipation of ultra-long-wavelength Rossby waves
in midlatitudes that produce zonal wind anomalies at
mid–high latitudes that affect the polar vortex (e.g., Van
Loon and Labitzke 1987; Hamilton 1993; Bronnimann
et al. 2004; Sassi et al. 2004; Manzini et al. 2006; Taguchi and Hartmann 2006; Garfinkel and Hartmann 2007,
2008). During El Niño events, the northern polar vortex
becomes weaker and warmer, while the southern polar vortex is stronger and colder. ENSO-related variations in the
Brewer-Dobson circulation can also alter the distribution
of stratospheric chemical constituents (e.g., Garcia-Herrera
et al. 2006; Camp and Tung 2007; Marsh and Garcia 2007;
Cagnazzo and Manzini 2009; Cagnazzo et al. 2009; Randel et al. 2009; Calvo et al. 2010; Xie et al. 2011, 2014a,
2016). Previous studies have noted a moistening effect of
El Niño on the tropical lower stratosphere (e.g., Gettelman
et al. 2001; Geller et al. 2002; Hatsushika and Yamazaki
2003; Scaife et al. 2003; Fueglistaler and Haynes 2005).
Both observations and model simulations have shown that
the tropical lower-stratospheric temperature response to
El Niño is an anomalous cooling, opposite in sign to the
tropospheric response (e.g., Yulaeva et al. 1994; Fernandez et al. 2004; Free and Seidel 2009; Randel et al. 2009;
Zhou and Zhang 2011; Scherllin-Pirscher et al. 2012). This
upper-tropospheric warming and lower-stratospheric cooling occurs due to strengthened tropical upwelling (Calvo
et al. 2010).
El Niño events can be divided into two types, according to the location of the center of the SST anomalies: the
eastern Pacific (EP) El Niño, and the central Pacific (CP)
El Niño (Larkin and Harrison 2005; Ashok et al. 2007; Yu
and Kao 2007; Kao and Yu 2009; Kug et al. 2009). Given
the different spatial patterns of tropical SST anomalies, the
signals of the two types of El Niño in the stratosphere are
expected to be distinct. Indeed, Xie et al. (2014b) found
that SST in the CP El Niño produces a stronger signal in
zonal-mean temperature and ozone in the tropical lower
stratosphere compared to the EP El Niño. A strengthened
northern polar vortex caused by the CP El Niño only was
reported by Hegyi and Deng (2011) and Xie et al. (2012).
However, there are also apparently contradictory results,
including a weakened stratospheric vortex associated with
the CP El Niño (Graf and Zanchettin 2012; Garfinkel et al.
2013). In particular, Garfinkel et al. (2013) noted that the
results are sensitive to the index used to define the CP El
Niño, the number of events and the specific time period
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considered, as well as model performance and output data
length.
The tropical Indian Ocean is one of the areas in which
anthropogenic change is most easily detected, as a large
monotonic SST increase against a background of moderate decadal variability (Knutson et al. 1999). It has been
found that this Indian Ocean warming induces a strengthened northern polar vortex and in turn a positive Northern
Hemisphere annular mode trend in boreal winter (Hoerling
et al. 2001, 2004; Manganello 2008; Li et al. 2010; Fletcher
and Kushner 2011), while the response of the southern
polar vortex in austral summer is in the opposite direction,
producing a negative Southern Hemisphere annular mode
trend (Li and Chen 2014). A possible mechanism, found in
model experiments by Fletcher and Kushner (2011), is that
Rossby waves, induced by warming in the tropical Indian
Ocean, interfere destructively with the climatological stationary wave. Though, as noted in Fletcher and Kushner (2013), the wave response to Indian Ocean warming
depends on the details of the model.
It is clear, then, that SST anomalies in different tropical
regions have different impacts on the stratosphere. Previous
studies have focused on SST in the eastern Pacific, as this
is the region that shows the most variability; in the central
Pacific, due to the increasing frequency of occurrence of
the CP El Niño since the late 1990s (Lee and McPhaden
2010), the reasons for which remain under debate (e.g.,
Ashok and Yamagata 2009; Kug et al. 2010; Yeh et al.
2009, 2011); and in the Indian Ocean, due to the sustained
warming seen in recent years. However, SST in the IndoPacific Warm Pool (IPWP), the warmest body of seawater
in the world, may have distinct effects on the stratosphere
that are as yet uncertain. Using either the 28 °C or the
28.5 °C isotherm to delineate its spatial extent (Yan et al.
1992), the IPWP spans the tropical western Pacific and
eastern Indian Oceans. Although SST interannual variability in the IPWP is relatively small, the IPWP’s very high
background SST and the tropical ‘super greenhouse effect’
(e.g., Raval and Ramanathan 1989; Su et al. 2006) may
lead to stronger coupling between SST and tropical convection in the IPWP than in other regions (Tompkins 2001).
Atmospheric convection over the IPWP can influence
the global distribution of heat and water vapor by generating planetary waves that significantly affect climatic conditions in the tropics (Ma and Li 2008; Feng and Li 2013) as
well as at higher latitudes; for example, effects in East Asia
have been discussed extensively. The South Asian monsoon (D’Arrigo et al. 2006; Annamalai et al. 2013), the East
Asian summer monsoon (Huang and Sun 1992; Feng et al.
2011; Li et al. 2013a, b), and the Northeast Asian summer
monsoon (Shin et al. 2011) are all closely linked to IPWP
variability. However, previous studies have mainly focused
on the influence of the IPWP on weather and climate in the
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troposphere (e.g., Li et al. 1999, 2013), and less attention
has been paid to the effects on the stratosphere of the IPWP
as a whole. Xie et al. (2014c) found that the expansion of
the IPWP since the 1980s has raised the tropical cold-point
tropopause height and led to a cooling trend in the tropical
cold-point tropopause temperature (CPTT), an effect that is
of particular importance for understanding changes in the
stratospheric water vapor distribution. Therefore, it may
be speculated that SST variations in the IPWP play a role
in modulating variations in stratospheric temperature and
circulation. This study aims to further analyze the effect of
changes in IPWP SST on the stratosphere.
In this paper we provide evidence for robust links
between the alternating warming and cooling episodes of
the IPWP and stratospheric temperature, circulation, and
water vapor. The analysis is based on both model simulations and reanalysis data. The paper is organized as follows. After defining IPWP Niño and Niña events in Sect. 2,
we present a description of the model, its output data and
the reanalysis methods in Sect. 3. In Sect. 4, we document the observed and modeled signature of the IPWP in
stratospheric temperature and circulation, and then discuss
potential dynamical mechanisms behind this link in Sect. 5.
Finally, our conclusions are presented in Sect. 6.

2 Definitions of IPWP Niño and IPWP Niña
events
We first define IPWP Niño and IPWP Niña events to represent warm and cold phases, respectively, of the IPWP over
the past three decades. We use a simple temperature index
to measure variations in SST in the IPWP since the 1980s.
The index is equal to the integral of the SST in the IPWP
area. In this study, we use the region 15°S–15°N, 90–180°E
to represent the IPWP, and to define the index TI(IPWP).
A TI(IPWP) anomaly time series is created by removing the annual cycle and linear trend, standardizing (by
dividing by its standard deviation), and smoothing with a
5-month running mean. Figure 1a shows this time series
from 1980 to 2015. In contrast to ENSO, which peaks in
boreal winter and decays in boreal spring, IPWP events
can last one or two years according to the time series of
TI(IPWP) anomalies. In addition, we note that the variance of
standardized TI(IPWP) is of similar amplitude in each month
(Fig. 1b). It indicates that the seasonal variation of IPWP
SST is relatively small.
Following the definition of ENSO events (Trenberth
1997), we propose a threshold of 0.5, which is equal to
half the standard deviation of the TI(IPWP) series, as the
indicator of warm events (hereafter called IPWP Niño).
A period during which the 5-month running mean of
monthly TI(IPWP) anomalies exceeds the threshold for at

least 6 consecutive months is classified as an IPWP Niño
event. A complementary definition, using a threshold of
−0.5, is used for cold events (hereafter called IPWP Niña).
The complete list of warm and cold episodes from 1980
to 2015 included in our composite calculation is provided
in Table 1. The patterns of composite SST anomalies for
IPWP Niño and IPWP Niña are shown in Fig. 1c, d, respectively. Figure 1e shows that the absolute magnitude of SST
anomalies in the eastern Indian Ocean during IPWP Niño
events is a little stronger than during IPWP Niña events,
but in the western Pacific Ocean IPWP Niño anomalies are
a little weaker than IPWP Niña anomalies. However, the
patterns of SST anomalies in IPWP Niño and IPWP Niña
are similar overall (Fig. 1c, d).

3 Model, data and methods
3.1 Model
Our model experiments were carried out using version
4 of the Whole Atmosphere Community Climate Model
(WACCM4). WACCM4 is part of the Community Earth
System Model (CESM) framework developed by the
National Center for Atmospheric Research (Hurrell et al.
2013). In this study, we use version CESM1.0.6. WACCM4
also encompasses the Community Atmospheric Model
version 4 (CAM4), and as such includes all of its physical
parameterizations (Neale et al. 2013). This improved version of WACCM uses a coupled system made up of four
components, namely atmosphere, ocean (Danabasoglu et al.
2012), land, and sea ice (Holland et al. 2012). WACCM4
uses a finite-volume dynamical core, with 66 vertical levels extending from the ground to 4.5 × 10−6 hPa (~145 km
geometric altitude), and a vertical resolution of 1.1–1.4 km
in the tropical tropopause layer and the lower stratosphere
(located below a height of 30 km). The simulations presented in this paper are performed at a horizontal resolution of 1.9 × 2.5°, and do not include interactive chemistry (Garcia et al. 2007). More details about WACCM4
are available in Marsh et al. (2013). Fixed greenhouse
gas (GHG) values, averages of emissions scenario A2 of
the Intergovernmental Panel on Climate Change (IPCC)
(WMO, 2003) over the period 1980–2015, are used in the
model’s radiation scheme. The prescribed ozone forcing
used in our experiments is a 12-month seasonal cycle averaged over the period 1980–2015 from CMIP5 ensemble
mean ozone output. QBO phase signals with a 28-month
fixed cycle are included in WACCM4 as an external forcing
for zonal wind.
Nine experiments are described in Table 2, all of which
are conducted using the same prescribed GHG, but different SST forcings. The control run, R1, used a 12-month
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Fig. 1  a Time series of TI(IPWP) from 1980 to 2015, after removing
the annual cycle and linear trend, standardizing, and smoothing by
using a 5-month running mean. The dashed lines indicate the thresholds for definition of warm and cold events. b Seasonal variations
of the standard deviation of TI(IPWP). c–e Composite SST anomalies
(°C) for c IPWP Niño events, d IPWP Niña events and e the sum of

(c) and (d), in the warm pool region (15°S–15°N, 90–180°E) from
HadISST data for 1980–2015. For lists of specific IPWP Niño/Niña
events, see Table 1. SST data were detrended before performing the
composite analysis. Anomalies that are significant at the 90% confidence level, according to a Student’s t test, are stippled

seasonal cycle of SST forcing, averaged over the period
1980–2015; R2 and R3 are the same as R1, but each used
slightly different initial conditions; the experiment R4
used the same SST as R1 but with the IPWP Niño composite anomalies (Fig. 1c), added in the region 15°S–15°N,
90–180°E; R5 and R6 are the same as R4, but each used
slightly different initial conditions; R7 used the same
SST as R1 but with the IPWP Niña composite anomalies
(Fig. 1d) added in the region 15°S–15°N, 90–180°E; R8

and R9 are the same as R7, but each used slightly different initial conditions. A summary of all these experiments
is given in Table 2. The experiments were each run for 33
years, with the first 3 years excluded as a spin-up period.
The remaining 30 years were used for the analysis, and
model climatologies were obtained from this period.
Following Fletcher and Kushner (2011), we also did
additional simulations, forced by IPWP Niño and IPWP
Niña SST anomalies but using reduced topography over
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Table 1  List of the IPWP Niño and IPWP Niña events from 1980 to
2015 analyzed in this paper
IPWP Niño

IPWP Niña

NOV1982–MAY1983 (7, 7)
NOV1986–MAY1988 (19, 16)
OCT1990–SEP1991 (12, 4)
JAN1995–FEB1996 (14, 3)
MAY1997–JUL1998 (15, 13)
DEC2001–APR2004 (29, 9)
OCT2004–MAR2005 (6, 6)
JUN2009–MAY2010 (12, 10)
JUL2014–OCT2015 (16, 12)

JUN1981–JAN1982 (8, 0)
FEB1984–MAR1986 (26, 9)
OCT1988–APR1993 (55, 8)
FEB1999–MAR2001 (26, 25)
NOV2005–APR2006 (6, 0)
SEP2007–NOV2008 (15, 10)
JUL2010–AUG2012 (26, 17)

Numbers in parentheses are the duration of the event in months, followed by the number of months that the IPWP Niño/Niña event coincides with an ENSO event

Tibet and eastern Eurasia (Table 3), to examine the sensitivity of our results. With these simulations, we examine
how the stratospheric response changes when the climatological stationary waves are weakened, and measure to
what extent our results are model-dependent.
In addition, to test the role of the background SST in the
(NH) and (SH) warm pool regions, we performed further
simulations, described in Table 4. These simulations were
forced by IPWP Niño and IPWP Niña SST anomalies, but
with the background SST in the IPWP region set to 29 °C.
Through these simulations, we test our hypothesis that the
background SST in the NH and SH warm pool regions
plays an important role in the nonlinear effects of IPWP
Niño and IPWP Niña on the stratosphere.

Table 2  Description of experiments R1–R9
Experiment

Description

R1
R2
R3
R4
R5
R6
R7
R8
R9

R1: control run using CESM case F_2000_WACCM_SC. Prescribed SST forcing used monthly mean climatology from 1980 to
2015. R2, R3: as R1 but with slightly different initial conditionsa
R4: as R1, but with IPWP Niño composite anomalies (Fig. 1c) added in the region 15°S–15°N, 90–180°E, with spatial smoothing
applied around the region.b R5, R6: as R4 but with slightly different initial conditions
R7: as R1, but with IPWP Niña composite anomalies (Fig. 1d) added in the region 15°S–15°N, 90–180°E, with spatial smoothing
applied around the region.b R8, R9: as R7 but with slightly different initial conditions

a

To produce different initial conditions, the CESM model parameter 〈pertlim〉 is used to produce an initial temperature perturbation, which
has a magnitude of order 1 0− 14

b

To prevent discontinuities in SST forcing on the IPWP boundary, SST anomalies on the boundary are added to the three gridpoints closest to
the boundary with weights of 0.75, 0.50, and 0.25, respectively, moving away from the boundary
Table 3  Description of
experiments S1–S3

Experiment

Description

S1
S2
S3

As R1, but with the elevated topography over Tibet and eastern Eurasia reduced to sea level
As R4, but with the elevated topography over Tibet and eastern Eurasia reduced to sea level
As R7, but with the elevated topography over Tibet and eastern Eurasia reduced to sea level

Table 4  Description of
experiments E1–E3

Experiment

Description

E1
E2

As R1, but with SSTs in the region 15°S–15°N, 90–180°E set to 29 °C
As E1, but with IPWP Niño composite anomalies (Fig. 1c) added in
the region 15°S–15°N, 90–180°E, with spatial smoothing applied
around the r egiona
As E1, but with IPWP Niña composite anomalies (Fig. 1d) added in
the region 15°S–15°N, 90–180°E, with spatial smoothing applied
around the r egiona

E3

a

To prevent discontinuities in SST forcing on the IPWP boundary, SST anomalies on the boundary are
added to the three gridpoints closest to the boundary with weights of 0.75, 0.50, and 0.25, respectively,
moving away from the boundary
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3.2 Data
SST data from the Hadley Centre Sea Ice and Sea Surface
Temperature (HadISST) dataset (Rayner et al. 2003), with
a horizontal resolution of 1° × 1°, were used. Monthly
mean wind, temperature and geopotential height data
for the period 1980–2015 from the European Center for
Medium Range Weather Forecasts reanalysis ERA-Interim
were used. ERA-Interim reanalysis data were obtained
as monthly mean fields on 37 discrete pressure levels, on
a 1.5° × 1.5° horizontal mesh (Simmons et al. 2007a, b;
Uppala et al. 2008).
3.3 Analysis methods
Wave activity analysis was used to investigate stationary Rossby wave energy propagation. The wave activity
flux is directed parallel to the group velocity of stationary Rossby waves, making it a useful indicator for identifying the propagation direction and source of stationary
atmospheric Rossby waves. The formulae to calculate the
quasi-geostrophic 2-D Eliassen-Palm (E-P) flux were given
by Andrews et al. (1987). The meridional (Fy) and vertical (Fz) components of the E-P flux and the E-P flux divergence DF are expressed as:

4 IPWP signatures in stratospheric temperature
and circulation

Fy = −𝜌0 a cos 𝜑u� v�
Fz = 𝜌0 a cos 𝜑

DF =

Rf � �
vT
HN 2

𝜕(Fy cos 𝜑)∕a cos 𝜑𝜕𝜑 + 𝜕Fz ∕𝜕z
∇⋅F
,
=
𝜌0 a cos 𝜑
𝜌0 a cos 𝜑

where ρ0 is the air density, a is the radius of the earth, R is
the gas constant, f is the Coriolis parameter, H is the atmospheric scale height (7 km), u and v are the zonal and meridional wind components, respectively, and T is the temperature; an overbar denotes the zonal mean, and a prime
symbol denotes departures from the zonal mean.
The 3-D quasi-geostrophic E-P flux in spherical logpressure coordinates is given in Plumb (1985) as
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where Fx, Fy, and Fz represent the longitudinal, latitudinal,
and vertical components of the 3-D E-P flux, respectively;
φ, λ, p and z are the latitude, longitude, pressure and height,
respectively; Ψʹ denotes the perturbed quasi-geostrophic
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streamfunction, whose integral over x vanishes; f is the
Coriolis parameter, and N is the buoyancy frequency.
Rossby wave ray tracing theory is used to further analyze the trajectory of the stationary Rossby wave train and
characterize the impact of the background flow on the propagation of wave energy. It was developed as a curve locally
tangential to the group velocity vector, which has been
widely used to trace the Rossby wave responses to tropical heating anomalies (Hoskins and Karoly 1981; Hoskins
and Ambrizzi 1993). It is widely used in research into
atmospheric teleconnection mechanisms (Xu et al. 2013;
Sun et al. 2015, 2016; Wu et al. 2016; Zheng et al. 2016).
The trajectory of a wave ray can be calculated numerically
based on the angle of the wave front propagation, which
is determined by the ratio between zonal and meridional
group velocities. Since the Rossby wave propagation trajectories are closely dependent on the basic state, the Rossby
wave ray was calculated here in seasonal climatological flow based on equations in Li and Li (2012), Li et al.
(2015) and Zhao et al. (2015), to delineate the propagation
behavior of wave energy associated with IPWP Niño/Niña.
In our study, the tropical CPTT is calculated as the
lowest air temperature between 500 and 50 hPa. The integration time step of the model simulation is 30 min, but
monthly air temperature output is used to calculate CPTT.

We display in Fig. 2 the stratospheric temperature and circulation responses to IPWP Niño and Niña events in the
NH and SH, averaged in winter (December–January–February) and summer (June–July–August), when the response
is strongest respectively. In the case of IPWP Niño, lower
stratospheric temperature is significantly decreased
between 30°S and 30°N (Fig. 2a, b). This is consistent
with the effect of El Niño on lower stratospheric temperature, seen in both observations and simulations as a significant negative correlation between tropical eastern Pacific
SST and tropical lower stratospheric temperature (Randel
1987; Hardiman et al. 2007; Free and Seidel 2009; Calvo
et al. 2010). The mechanism behind the coupling between
IPWP Niño SST and lower stratospheric temperature may
resemble those which apply for El Niño, which are anomalous diabatic heating caused by upwelling, and anomalous
chemical transport from the tropical troposphere to lower
stratosphere that affects the radiation budget. The northern polar vortex is significantly warmer during IPWP Niño
events (Fig. 2b), consistent with the weakened zonal wind
seen in Fig. 2d. This feature is also seen in observational
records during strong phases of El Niño (Free and Seidel 2009), and has been reproduced in modeling studies

The effects of the Indo-Pacific warm pool on the stratosphere	

Fig. 2  a, b, e, f Temperature (°C) and c, d, g, h zonal wind (m s−1)
differences between (R4 + R5 + R6) and (R1 + R2 + R3) (a–d)
and between (R7 + R8 + R9) and (R1 + R2 + R3) (e–h) (R1–9 see
Table 2). The left (JJA-mean) and right (DJF-mean) panels represent

the stratospheric response in the SH and NH, respectively. Anomalies
that are significant at the 90% confidence level, according to a Student’s t test, are stippled
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(Cagnazzo et al. 2009; Xie et al. 2012). However, the southern polar vortex shows temperature and circulation anomalies distinctly different from those associated with El Niño.
The southern polar vortex is warmed (Fig. 2a) and weakened (Fig. 2c) like its counterpart in the NH, and the patterns of temperature and zonal wind anomalies in both
hemispheres are fairly symmetric about the equator. These
features of IPWP Niño are quite distinct from the effect of
EP El Niño activity in the Antarctic stratosphere (Hurwitz
et al. 2011a; Xie et al. 2012), but are similar to the effect
of CP El Niño activity (Hurwitz et al. 2011a, b; Xie et al.
2012; Garfinkel et al. 2013).
Quite different patterns in temperature and zonal wind
anomalies are seen during IPWP Niña events (Fig. 2e–h).
The tropical lower stratosphere is significantly warmed during IPWP Niña periods (Fig. 2e, f). The temperature of the
southern polar vortex significantly decreases (Fig. 2e), and
the circumpolar zonal wind strengthens (Fig. 2g). However,
the anomalies in the northern and southern polar vortices
are not as coherent as they are during IPWP Niño events.
That is, during IPWP Niña events the northern polar vortex
is warmed and weakened (Fig. 2f, h). Comparing Fig. 2a–d
with e–h, it can be seen that the effects of IPWP Niño and
IPWP Niña on stratospheric temperature and circulation are
not completely antisymmetric. This contrasts with the stratospheric temperature and circulation anomalies caused by
El Niño and La Niña activity, which do indicate opposite
patterns for the warm and cold phases in both low and high
latitudes (Sassi et al. 2004; Free and Seidel 2009; Randel
et al. 2009; Scherllin-Pirscher et al. 2012).
To confirm the characteristic behavior suggested by the
model results, we perform a composite analysis using the
reanalysis data (ERA-Interim). Figure 3 shows composite anomalies of ERA-Interim zonal-mean temperature
and zonal wind for IPWP Niño and Niña events in the SH
(JJA-mean) and the NH (DJF-mean) from 1980 to 2015.
Comparing Fig. 3 with Fig. 2, it is seen that the composite patterns from reanalysis are broadly in agreement with
the WACCM4 results. Lower stratospheric temperature
is decreased and the northern and southern polar vortices
become warmer and weaker during IPWP Niño events,
while lower stratospheric temperature is increased, the
northern polar vortex is warmed and weakened, and the
southern polar vortex is cooled and enhanced during IPWP
Niña events. Note that the composite results do not show as
much statistical significance as the model results, and there
are some differences between the reanalysis and simulated
circulation anomalies (Figs. 2, 3). This may stem from the
limited number of observed events (9 IPWP Niño and 7
IPWP Niña events from 1980 to 2015), in contrast to the
large number of cases available in the WACCM4 ensembles. As mentioned previously, the results are sensitive to
the number of observed events and the length of the model
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output data (Garfinkel et al. 2013). Overall, the agreement between model results and observations adds more
confidence to our inferences regarding IPWP effects on
the stratosphere. In the next section we further investigate
the potential mechanisms behind the IPWP’s stratospheric
impacts.

5 Mechanisms of the extratropical stratospheric
response to IPWP events
5.1 Identification of teleconnection patterns
It is well known that ENSO influences the stratospheric
polar vortices by modulating the PNA teleconnection pattern (Garfinkel and Hartmann 2008; Xie et al. 2012) in the
NH and the Pacific–South American pattern (Ghil and Mo
1991; Garreaud and Battisti 1999; Calvo et al. 2010) in the
SH. Subsequently, the wave trains in the upper troposphere
can increase planetary wave propagation into the subpolar
stratosphere, weakening the stratospheric polar vortex. Further investigation is required into whether the anomalies in
stratospheric circulation and temperature associated with
IPWP Niño and Niña events are also tied to teleconnection
patterns and corresponding wave activity in the upper troposphere excited by changing IPWP SST anomalies.
Figure 4 depicts the horizontal wave activity flux and
geopotential height anomalies at 200 hPa associated with
IPWP Niño/Niña events. With an anomalously deepened
Aleutian low and a an anomalous high center over North
America, the wave train induced by IPWP Niño in the NH
is very similar to the positive PNA phase (Fig. 4a), though
it should be noted that the pattern in Fig. 4a is shifted west
relative to the PNA pattern. According to the horizontal
wave flux, the positive PNA-like wave train seems to be
excited in the IPWP region and propagates to the northern high latitudes during IPWP Niño events. In the SH, it
is interesting to observe that an anomalous Rossby wave
train emerges from the IPWP, propagates downstream over
the southern Indian Ocean and arcs into the southern polar
region (Fig. 4c). Meanwhile, wave activity flux in the upper
troposphere, obviously corresponding to the locations
of geopotential height anomalies, is excited in the IPWP
region and propagates poleward. The wave trains excited
by IPWP Niño activity may affect circulation and enhance
wave activity at high latitudes in both hemispheres.
In IPWP Niña events (Fig. 4b, d), the pattern is roughly
opposite to that of IPWP Niño. In the NH, the degree of
weakening of the Aleutian low by IPWP Niña is not as large
as the strengthening caused by IPWP Niño. Furthermore,
the negative PNA-like pattern (Fig. 4b) is not completely
antisymmetric with its positive equivalent in Fig. 4a; for
example, there is an anomalous high over Greenland during
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Fig. 3  Composite temperature (°C) and zonal wind (m s−1) anomalies for a, b IPWP Niño and c, d IPWP Niña events in summer (JJA,
left panels) and winter (DJF, right panels), from ERA-Interim data
for 1980–2015. Anomalies that are significant at the 90% confidence
level, according to a Student’s t test, are stippled. Before perform-

ing the composite analysis, the annual cycle, linear trend, and ENSO
and QBO signals were removed from the temperature and zonal wind
data. The QBO index was measured as the zonally averaged wind
speed at 10 hPa over the equator, and the ENSO index was obtained
from the NOAA Climate Prediction Center

IPWP Niña events that has no counterpart during IPWP
Niño. We did a similar analysis to Hoerling et al. (1997)
and found that the nonlinearity in the teleconnections is

significant (not shown). Therefore, it appears that the anomalous planetary wave transport to high latitudes in the NH
during IPWP Niña events is also not fully antisymmetric
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Fig. 4  Differences in wave flux at 200 hPa, poleward of 20°N, in
winter between (R4 + R5 + R6) and (R1 + R2 + R3) (a) and between
(R7 + R8 + R9) and (R1 + R2 + R3) (b). c and d are the same as (a)
and (b), but for differences poleward of 20°S in summer. Vectors

indicate the horizontal component of the 3-D EP-flux (m2s−2; magnitudes are relative to the reference arrow shown in the lower right of
the figure), and shading indicates the difference in geopotential height
anomalies (m)

with that during IPWP Niño events. This may be the reason
why variations in the northern polar vortex during IPWP
Niña events are not of opposite sign to those during IPWP
Niño events (Fig. 2). This question is discussed further
later. In the SH, the geopotential pattern during IPWP Niña
events is highly antisymmetric compared to that during
IPWP Niño events (Fig. 4c, d). In addition, the southward
propagation of planetary waves is very weak during IPWP
Niña events (Fig. 4b). Accordingly, less planetary wave

propagation into the stratosphere is expected in the SH during IPWP Niña events.
Rossby wave ray tracing theory is applied to further trace
the trajectory of the above stationary Rossby wave trains.
Figure 5 shows the rays of stationary waves at 200 hPa initiated with zonal wavenumber 1 and 2 from several initial
points located in the IPWP region (15°S–15°N, 90–180°E)
in summer (top panels) and winter (bottom panels). Zonal
wavenumbers 1 and 2 are chosen to correspond to the zonal
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Fig. 5  Stationary Rossby wave ray trajectories (green lines) at
200 hPa initiated with zonal wavenumber a, c 1, and b, d 2. Upper
panels show results from JJA and lower panels from DJF. The waves
begin at sites in the IPWP region (15°S–15°N, 90–180°E), denoted
by black dots. The climatological winter mean 300 hPa zonal wind

(shading; m s −1) is used as the background field for the Rossby wave
trains. Trajectories are computed using Rossby wave ray tracing
theory, following Li and Li (2012), Li et al. (2015) and Zhao et al.
(2015)

scale of teleconnections in Fig. 4. The winter and summer climatology of the 300 hPa zonal wind is used as the
background field for the wave ray tracing. In summer, wave
rays, for both wavenumbers 1 and 2, mainly travel southward into the SH, reach the polar region and then turn
toward the northeast (Fig. 5a, b), and the path corresponds
to the pathway of the teleconnection pattern of Fig. 4c. This
suggests that IPWP primarily induces substantial Rossby
wave propagation to the south in summer, the wave energy
from which can reach high southern latitudes. In addition,
the southward-directed wave ray trajectories are consistent with the fact that the signal of IPWP during summer is
not seen in the NH (not shown). Note that there is another
wave path, which appears to be trapped in the SH subtropical region. This is in agreement with the signal revealed
in Fig. 4c, in which zonal wave activity can also be recognized by the E-P flux as well as the geopotential anomalies in the subtropics. In winter, waves emanating from
the IPWP travel into both hemispheres (Fig. 5c, d). This
is consistent with the signal of IPWP during winter being
visible in both hemispheres (not shown). In the winter NH,
the eastward wave trajectories are not trapped within the

subtropical jet stream. Sun et al. (2016) noted that stationary waves of higher wavenumber tend to be trapped in the
jet stream. Our results here support that finding, to some
extent. Some of the wave trajectories reach the Arctic
region (Fig. 5c, d), following the pathway of the PNA-like
wave train excited by IPWP Niño/Niña in the NH (Fig. 4a,
b). Meanwhile, the wave trajectories trapped in the subtropics are also in good agreement with the pronounced zonal
wave flux in the subtropics in Fig. 4a. Therefore, using ray
tracing theory, we have shown that the IPWP does act as a
wave source and excites wave trains propagating poleward
in both hemispheres.
5.2 Planetary waves in the stratosphere
The teleconnections and poleward Rossby wave transport
in the upper troposphere can, in turn, alter planetary wave
propagation into the sub-polar stratosphere, where the
waves dissipate, decelerating the stratospheric polar vortex (Garfinkel and Hartmann 2008). It is well-recognized
that wavenumber 1 and 2 disturbances are the predominant waves that propagate into the winter stratosphere and
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Fig. 6  Differences in June–July geopotential height associated
with stationary waves of wavenumber 1 (a, c) and 2 (b, d), at 60°S,
between (R4 + R5 + R6) and (R1 + R2 + R3) (a, b) and between
(R7 + R8 + R9) and (R1 + R2 + R3) (c, d) (R1–9 see Table 2). Con-

tours show sensitivity minus control values (contour intervals are
20 m; negative contours are dashed), and shading shows the climatological stationary wave field from the control experiment

subsequently weaken the polar vortex (Charney and Drazin
1961). To examine the vertical and horizontal structures
of IPWP-induced planetary waves that propagate into the
stratosphere, in Figs. 6, 7, 8, 9 and 10, wave patterns are
decomposed by wavenumber using a Fourier transformation along latitude circles. Figure 6 shows the longitudepressure cross-section of wavenumbers 1 and 2 at 60°S,
and Fig. 7 shows the longitude-latitude view of the same
at 100 hPa. The 100 hPa geopotential height level is used
because it well captures tropospheric waves propagating
into the stratosphere (Newman et al. 2001). In the SH, the
wave-1 response during IPWP Niño events is strongly in
phase with the background stationary wave (Figs. 6a, 7a),
but it is out of phase during IPWP Niña events (Figs. 6c,
7c). The wave-2 response during IPWP Niño events is in
approximate quadrature with the background stationary
wave (Figs. 6b, 7b) and during IPWP Niña events it is out
of phase with the background wave (Figs. 6d, 7d). Thus,
the combined effects of waves 1 and 2 forced by IPWP
Niño events interfere constructively with the background
stationary wave, but those forced by IPWP Niña interfere
destructively with the background wave.
The situation appears more complicated in the NH
(Figs. 8, 9) than in the SH. In the NH, the wave-1 and
wave-2 responses generally exhibit a westward tilt with
height, except for the forced wave-1 response to IPWP

Niño events (Fig. 8a). IPWP Niño events drive a wave-1
response that is approximately in phase with the background stationary wave in the lower atmosphere (below
100 hPa), but gradually becomes out of phase moving into
the middle stratosphere, then returns into phase again in
the upper stratosphere (Fig. 8a). In the case of IPWP Niña,
the wave-1 response is likely to be in approximate quadrature with the background wave in the stratosphere, but
the phase difference is not clearly seen in the 60°N crosssection shown in Fig. 8c. By referring to the horizontal
structure of the responses (Fig. 9), it can be seen that the
stratospheric wavenumber 1 pattern is generally intensified during both IPWP Niño and IPWP Niña, although the
anomalous positive and negative lobes of the wave-1 IPWP
response are located slightly eastward of the their climatological counterparts. This constructive interference also
occurs for the wave-2 pattern during IPWP Niño events
(Figs. 8b, 9b). In IPWP Niña, the wave-2 response exhibits
a pattern of destructive interference with the climatological wave, but is of much weaker magnitude than the wave-1
pattern (Figs. 8d, 9d). To further confirm that the stratospheric planetary wave of wavenumber 1 is generally intensified during both IPWP Niño and IPWP Niña events in the
northern winter stratosphere (Fig. 9a, c), the zonal-mean
amplitudes of wave-1 anomalies are presented in Fig. 10.
Consistent with the above analysis, it can be seen that wave
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Fig. 7  Differences in June–July geopotential height associated with
stationary waves of wavenumber 1 (a, c) and 2 (b, d), at 100 hPa
in the SH, between (R4 + R5 + R6) and (R1 + R2 + R3) (a, b) and
between (R7 + R8 + R9) and (R1 + R2 + R3) (c, d). Contours show

sensitivity minus control values (contour intervals are 20 m; negative
contours are dashed), and shading shows the climatological stationary wave field from the control experiment

1 is intensified at 60°N in the lower stratosphere during
both IPWP Niño and IPWP Niña events.
According to recent studies (e.g., DeWeaver and Nigam
2000; Smith et al. 2010; Garfinkel et al. 2010; Nishii et al.
2010; Fletcher and Kushner 2011, 2013), the linear interference of waves 1 and 2 largely determines the vertical wave activity of planetary scale waves. Therefore, the
results shown in Figs. 6, 7, 8, 9 and 10 suggest that IPWP
Niño events tend to enhance vertically propagating planetary waves by constructively interfering with climatological
planetary waves in summer in the SH, which likely weakens and warms the southern polar vortex, while the reverse
applies for IPWP Niña events. In the northern winter

hemisphere, however, both IPWP Niño and Niña events
tend to enhance vertically propagating planetary waves, and
consequently both events weaken and warm the northern
polar vortex.
As expected, the anomalous E-P flux during IPWP Niño
and Niña events in the SH (JJA-mean) and the NH (DJFmean), shown in Fig. 11, confirms our interpretations.
During IPWP Niño events, the dominant features are an
increase in upward wave flux entering the stratosphere and
stronger E-P flux convergence in the upper stratosphere,
in the high latitudes of both hemispheres (Fig. 11a, b).
Many studies have demonstrated a strong negative correlation between upward-propagating wave activity and the
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Fig. 8  As Fig. 6, but for January–February at 60°N

intensity of the stratospheric polar vortex, with anomalously positive (negative) upward wave flux occurring
alongside a weaker (stronger) polar vortex (e.g., Christiansen 2001; Polvani and Waugh 2004; Li and Lau 2013;
Zhang et al. 2016). During IPWP Niña events, the anomalous downward E-P flux and large E-P flux divergence at
southern high latitudes (Fig. 11c) imply reduced wave
activity, which induces a cooler and stronger polar vortex
(Fig. 2e, g); conversely, upward-propagating wave activity
is clearly enhanced in northern high latitudes (Fig. 11d),
which leads to a warmer and weaker northern polar vortex
(Fig. 2f, h). These features further suggest that analysis of
the linear interference between climatological and forced
waves is an effective approach when exploring vertically
propagating waves in the stratosphere.
We have investigated the linear interference between
background climatological waves and forced waves, and
the results of this analysis are further confirmed by analysis of upward-propagating wave activity. A further question is, to what extent are our results model-dependent
considering different background climatological waves
in different models (Brandefelt and Körnich 2008)? Following Fletcher and Kushner (2011, 2013), we carry out
a series of simulations (S1–S3) in which we reduce the
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elevated topography over Tibet and eastern Eurasia to
sea level (see Table 3). As expected, the amplitude of the
background climatological stationary wave is reduced
in these simulations. Despite this, the Rossby wave
responses (not shown) exhibit similar spatial patterns to
the standard cases, but with stronger amplitude in the
NH.
Figure 12 shows the stratospheric temperature and
circulation differences between simulations S2 and S1,
and between S3 and S1. Although the amplitude of the
background climatological stationary wave is reduced,
the stratospheric response to IPWP SST anomalies is in
good agreement with the original results (Fig. 2). That
is, the northern polar vortex is significantly weakened
and warmed by both IPWP Niño and IPWP Niña, while
the southern polar vortex is weakened and warmed by
IPWP Niño but strengthened and cooled in the case of
IPWP Niña. Comparing Fig. 12 with Fig. 2, the amplitude of variance of the northern polar vortex is weaker in
S1–S3 than in R1–9. The southern polar vortex response
in S1–S3 has almost the same pattern and amplitude as in
R1–R9. Therefore, the stratospheric responses to IPWP
Niño/Niña events appear to be independent of the background climatological stationary wave.
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Fig. 9  As Fig. 7, but for January–February at 100 hPa in the NH

5.3 Nonlinear effects of IPWP Niño and Niña events
attributed to background SST
The above analysis has investigated the mechanisms by
which IPWP events affect the extratropical stratosphere;
however, questions about the nonlinear effects of the warm
and cold phases of IPWP remain. Why are the stratospheric
responses to IPWP Niño activity symmetric about the
equator (Fig. 2a), but the responses to IPWP Niña activity are not (Fig. 2b)? Why are the stratospheric signals of
IPWP Niño and IPWP Niña antisymmetric in the SH but
not in the NH (Fig. 2)?
The background SST in the NH part of the IPWP is
~ 28 °C, which is lower than that in the southern part

(~ 30 °C). Tompkins (2001) found that identical SST anomalies on different background SST would result in different convection intensity, and therefore different anomalous
planetary wave activity. This may be the reason why the
responses of the stratosphere to IPWP Niño activity in the
northern and southern hemispheres are not symmetric, and
consequently why the stratospheric signals of IPWP Niño
and Niña activity in the SH are not antisymmetric.
To test this hypothesis, we performed a group of
experiments (E1–E3; Table 4) in which the background
SST in the whole warm pool region was set to a uniform value of 29 °C, and then IPWP Niño and Niña SST
anomalies were added in the warm pool region. If, in
these experiments, the stratospheric responses to IPWP
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Fig. 10  Zonal-mean differences
in wavenumber 1 wave amplitude between (R4 + R5 + R6)
and (R1 + R2 + R3) (a, b) and
between (R7 + R8 + R9) and
(R1 + R2 + R3) (c, d) in the
northern winter (January–February) stratosphere

Fig. 11  E–P flux vectors (black arrows) and divergence (shading)
for differences between (R4 + R5 + R6) and (R1 + R2 + R3) (a, b) and
between (R7 + R8 + R9) and (R1 + R2 + R3) (c, d). Left panels show

the JJA mean and right panels the DJF mean. Units for the horizontal
and vertical vector directions are 107 and 105 kg s−1, respectively

Niño and Niña events are antisymmetric, and the stratospheric responses to IPWP Niño or Niña events are symmetric about the equator, then our hypothesis is correct.

Figure 13 shows the stratospheric temperature and circulation differences between E2 and E1, and between
E3 and E1. Indeed, both polar vortices are significantly
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Fig. 12  a, b, e, f Temperature (°C) and c, d, g, h zonal wind (m s−1)
differences between S2 and S1 (a–d) and between S3 and S1 (e–h)
(S1–3 see Table 3). Left panels show the JJA-mean SH response, and

right panels the DJF-mean NH response. Anomalies that are significant at the 90% confidence level, according to a Student’s t test, are
stippled

warmed (cooled) and weakened (strengthened) during
IPWP Niño (Niña) events, which supports our hypothesis
that if the distribution of background SST in the IPWP is

uniform, the stratospheric responses in the SH and NH to
IPWP Niño and IPWP Niña activity are symmetric about
the equator, and the stratospheric signals of IPWP Niño
and IPWP Niña are antisymmetric in both hemispheres.
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Fig. 13  As Fig. 12, but for differences between E2 and E1 (a–d) and between E3 and E1 (e–h) (E1–3 see Table 4)

6 Summary
Many previous studies of the influence of tropical SST on
the stratosphere have focused on ENSO SST signals, while
less attention has been given to the role of the Indo-Pacific
Warm Pool. This study first defined an index to represent IPWP warm and cold events (named IPWP Niño and
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IPWP Niña events, respectively). Strong IPWP signals
were found in zonal-mean temperature, zonal wind, STE
and water vapor in the stratosphere, on a global scale, from
model simulations. These results are supported by observations. The tropical lower stratosphere tends to cool during
IPWP Niño events and warm during IPWP Niña events,
with a node for these anomaly patterns located near the
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tropopause. There are also coherent temperature and circulation anomalies at higher latitudes in the stratosphere
during the two phases of IPWP variation; i.e., IPWP Niño
events warm and weaken the two polar vortices, while
IPWP Niña events warm and weaken the northern polar
vortex but cool and strengthen the southern polar vortex.
A positive PNA-like pattern in the NH and a Rossby wave
train in the SH, excited by IPWP Niño, were identified,
both of which favor the propagation of planetary waves to
high latitudes. IPWP Niña events excite similar patterns to
those of IPWP Niño events, but of opposite sign. The negative PNA-like pattern produced during IPWP Niña activity, however, is not completely antisymmetric with its positive counterpart during IPWP Niño, and the nonlinearity of
the teleconnections may result in nonlinear stratospheric
responses to the two IPWP phases. Further dynamical
insight into the teleconnection patterns was obtained using
wave activity analysis and Rossby ray tracing theory.
The positive PNA-like teleconnection excited by IPWP
Niño/Niña in the NH projects into the climatological wave,
intensifying the vertical propagation of planetary scale
waves into the stratosphere and, in turn, weakening the
stratospheric polar vortex. The linear interference between
the background climatological stationary waves and forced
waves is constructive in this case. In the SH, the linear
interference for wavenumbers 1 and 2 is constructive in
the case of IPWP Niño but destructive in the case of IPWP
Niña, and this leads to a weakened southern polar vortex in
the case of IPWP Niño but a strengthened southern polar
vortex in the case of IPWP Niña.
The simulations with changed background SST in
IPWP region support our hypothesis that the background
SST in the IPWP plays an important role in the nonlinearity of stratospheric response as well as the nonlinearity
of teleconnections excited by IPWP Niño/Niña. However,
the dynamical mechanisms lie in this process still need to
investigate in future work.
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