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ABSTRACT

The impact of tropical sea surface temperature (SST) on stratospheric planetary waves in the Southern

Hemisphere (SH) is investigated in austral spring using observed SST and reanalysis data for the past three

decades. Maximum covariance analysis indicates that the tropical SST and the SH stratospheric planetary

wave activity are primarily coupled through two modes. The leading two modes show the La Niña–like and

the central-Pacific El Niño–like SST anomalies in their positive polarities, respectively, which each are related

to enhanced stratospheric planetary wave activity. These two modes also introduce phase shifts to the

stratospheric stationary planetary waves: a westward shift is seen for La Niña and an eastward shift for warm

SST anomalies is seen in the central Pacific. The Eliassen–Palm fluxes associated with the two modes indicate

that the anomalous stratospheric wave activity originates in the troposphere and propagates upward over the

mid–high latitudes, so that the linkages between tropical SST and extratropical tropospheric circulation

appear to play a key role. Furthermore, the observed circulation anomaly patterns for the two modes change

rapidly from spring to summer, consistent with a sharp seasonal transition in the SH basic state. Similar SST

and circulation anomaly patterns associated with the two modes are simulated in chemistry–climate models.

1. Introduction

Planetary wave activity accounts for a large portion of

the spatial and temporal variability of the stratosphere.

Its interaction with the zonal-mean flow affects the

strength and the duration of the polar vortex (e.g., Mechoso

et al. 1985; Polvani and Plumb 1992). Planetary wave

breaking is the major driver of the equator-to-pole hemi-

spheric Brewer–Dobson circulation (BDC) in the strato-

sphere (e.g., Rosenlof and Holton 1993; Holton et al.

1995). Stratospheric planetary waves also play an im-

portant role in shaping the ozone hole (e.g., Austin and

Butchart 1992; Solomon 1999; Fusco and Salby 1999)

and its recovery (e.g., Li et al. 2009; Oman et al. 2010)

by affecting the polar vortex and BDC.

Stratospheric planetary waves are mainly generated in

the troposphere and propagate upward (e.g., Mechoso

et al. 1985; Holton et al. 1995). Tropical sea surface

temperature (SST) is an important thermal forcing for

the stationary waves in the extratropics. Previous model

analyses (Kasahara and da Silva Dias 1986; Quintanar and

Mechoso 1995; Inatsu and Hoskins 2004) suggested that

tropical SST is the dominant forcing for the SH stationary

planetary waves. Grassi et al. (2008) linked the anomalous

wave activity in the SH and the consequent stratosphere

sudden warming in 2002 to tropical SST preconditions.

Recent atmospheric general circulation model (AGCM)

and chemistry–climate model (CCM) simulations also

emphasize the role that tropical SST plays in modifying

stratospheric circulation. Li et al. (2010) found in an

AGCM that tropical Indian Ocean warming can force

Rossby wave trains in the extratropics and induce op-

posite annular responses in the Northern and Southern

Hemispheres. Using an AGCM, Hu and Fu (2009) at-

tributed the enhanced stratospheric wave activity and

thus the stronger BDC in the SH since 1979 partly to

tropical SST warming. Recent CCM simulations also

suggested that the warmer tropical SST under climate

change would lead to a stronger wave-driven tropical

upwelling in the lower stratosphere, either directly by

enhancing the tropical waves (Deckert and Dameris

2008) or indirectly through its modification of the
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subtropical jets (e.g., Eichelberger and Hartmann 2005;

Olsen et al. 2007; Oman et al. 2009; Shepherd and

McLandress 2011).

Since the leading mode of tropical SST variability on

the interannual time scales is the El Niño–Southern

Oscillation (ENSO) (e.g., Kawamura 1994), many efforts

have been made to detect and understand the linkage

between ENSO and the extratropical stratospheric cir-

culation (e.g., Camp and Tung 2007; Garfinkel and

Hartmann 2007; Free and Seidel 2009; Sassi et al. 2004).

These studies focused on NH winter showing stronger

stratospheric planetary waves during El Niño events,

which further lead to weaker polar vortex, stronger

BDC, tropical stratospheric cooling, and polar strato-

spheric warming. But much less attention has been given

to the SH. Recent literature recognized a new type of

El Niño referred to as ‘‘dateline El Niño’’ (Larkin and

Harrison 2005), ‘‘El Niño Modoki’’ (Ashok et al. 2007),

‘‘central-Pacific El Niño’’ (Kao and Yu 2009), or ‘‘warm

pool El Niño’’ (Kug et al. 2009) (hereafter central-Pacific

El Niño). Ding et al. (2011) linked the recent West

Antarctica warming with central-Pacific El Niño events.

Hurwitz et al. (2011) found stronger SH planetary waves

during central-Pacific El Niño events, but no clear signal

in the SH stratosphere for conventional El Niño events.

In this study, we investigate the linkage between the

tropical SST and the SH stratospheric planetary wave ac-

tivity during austral spring by using maximum covariance

analysis (MCA). Robust circulation patterns are found

to be associated with tropical SST anomalies. We find

that the SST–stratosphere linkage in SH spring is dif-

ferent from that in NH winter shown in earlier studies

(e.g., Camp and Tung 2007; Garfinkel and Hartmann

2007; Free and Seidel 2009; Sassi et al. 2004). Herein

the SST–stratosphere linkage is examined in 3D space

and its monthly dependence is investigated. These anal-

yses enable us to identify signals that were masked in

Hurwitz et al. (2011). In the following, section 2 de-

scribes the datasets and analysis methods used in this

study. Section 3 presents the results. Section 4 discusses

the plausible mechanisms and implications of the results.

A summary and conclusions are given in section 5.

2. Data and methodology

In this study, we use the observed SST dataset of the

monthly-mean Extended Reconstruction Sea Surface

Temperature, version 3b (ERSST.v3b; Smith et al. 2008).

SST data from the Met Office Hadley Centre Sea Ice

and Sea Surface Temperature, version 1 (HadISST1;

Rayner et al. 2003), has also been analyzed and yields

almost identical results. For atmospheric variables, we

use monthly-mean geopotential height and wind from

reanalysis data. We also calculate Eliassen–Palm (EP)

flux from reanalysis daily data. Five different reanalysis

datasets are examined. They are the 40-yr European

Centre for Medium-Range Weather Forecasts (ECMWF)

Reanalysis (ERA-40; Uppala et al. 2005), the National

Centers for Environmental Prediction–National Center

for Atmospheric Research reanalysis (NCEP–NCAR;

Kalnay et al. 1996), NCEP–Department of Energy Re-

analysis 2 (Kanamitsu et al. 2002), the Japanese 25-year

Reanalysis (JRA-25; Onogi et al. 2007), and the Modern-

Era Retrospective Analysis for Research and Applica-

tions (MERRA; Rienecker et al. 2011). Results from

different reanalyses are similar to each other. Thus, unless

otherwise specified, we present results based on JRA-25,

since it extends higher into the stratosphere.

Among the five reanalysis datasets, only ERA-40 and

NCEP–NCAR have data before 1979. Because the data

since 1979 are more reliable due to the introduction of

satellite observations, we focus on the period 1979–2009

but use the data from the earlier period as an independent

check. All data were linearly detrended before the anal-

ysis. To avoid an artificial jump in the data due to the

introduction of satellite data in 1979, we detrended the

data separately for the periods before and after 1979.

We compare the CCM simulations with the observa-

tional results. We use 14 CCM simulations participating

in the Chemistry–Climate Model Validation activity, phase

2 (CCMVal-2; Eyring et al. 2005; SPARC CCMVal

2010). The 14 CCMs are the Atmospheric Model with

Transport and Chemistry, version 3 (AMTRAC3), the

Community Atmosphere Model, version 3.5 (CAM3.5),

the Center for Climate System Research–National In-

stitute for Environmental Studies (CCSRNIES) model,

the ECHAM/Modular Earth Submodel System Atmo-

spheric Chemistry (EMAC) model, the Goddard Earth

Observing System Chemistry Climate Model (GEOS

CCM), the Laboratoire de Météorologie Dynamique

Model with Zoom Capability–Reprobus (LMDZrepro),

the Meteorological Research Institute (MRI) model,

the National Institute of Water and Atmospheric Re-

search Solar Climate Ozone Links (NIWA-SOCOL)

model, SOCOL, the University of L’Aquila (ULAQ)

model, the Unified Model Single Layer Isentropic Model

of Chemistry and Transport (UMSLIMCAT), the Uni-

fied Model/U.K. Chemistry Aerosol Community Model,

Met Office version (UMUKCA-METO), Unified Model/

U.K. Chemistry Aerosol Community Model, University of

Cambridge version (UMUKMO-UCAM), and the Whole

Atmosphere Community Climate Model (WACCM)

(SPARC CCMVal 2010). These models all have rela-

tively good representations of stratospheric dynamical,

radiative, and chemical processes but vary in their de-

tailed representation of the physical processes. We
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used the simulations under the B1 reference (REF-B1)

scenario, which is a transient scenario intended to re-

produce climate changes over the past few decades. The

models are forced with the observed greenhouse gases

and ozone-depleting substances, and with observed SST

and sea ice concentrations from HadISST1. More details

of these models and simulations can be found in SPARC

CCMVal (2010) and the references therein.

We have carried out the analysis from late winter to

early summer with a focus on September. This is because

stratospheric planetary wave activity is the strongest

during late winter to spring in the SH (Randel 1988).

September is the month when the observed circulation

change in the SH stratosphere is the strongest in the last

three decades (Lin et al. 2009; Fu et al. 2010). It is also the

month when the ozone hole starts to develop and inter-

acts actively with stratospheric dynamics and radiation,

and thus causes large circulation changes (Thompson and

Solomon 2002).

The analysis method used is MCA (Bretherton et al.

1992; Wallace et al. 1992). MCA seeks out pairs of spatial

patterns and associated time series that efficiently explain

the covariance between two fields. The correlation co-

efficient between these time series indicates the strength

of the coupling between the two patterns in the two fields.

Heterogeneous regression maps of the patterns are pro-

duced by regressing the time series of the pattern ampli-

tude of one field with the gridded data of the other field.

To examine the impact of the tropical SST on the SH

stratospheric planetary wave activity, MCA is performed

on SST over 208N–208S and geopotential height at

50 hPa (Z50) over 2.58–808S. Z50 is chosen as the indi-

cator of the stratospheric circulation. The resulting pat-

terns are insensitive to the choice of the stratospheric

geopotential height level. Heterogeneous maps are shown

to represent the spatial patterns associated with the co-

variance. We then made use of the SST time series asso-

ciated with the leading modes, and regressed geopotential

height and other variables upon them to identify the as-

sociated circulation anomalies at various pressure levels.

3. Results

a. MCA-generated patterns

As a first test, we calculated the normalized root-

mean-squared covariance (RMSC) between the tropical

SST and SH Z50. The RMSC should be greater than

about 0.1 for well-correlated fields (Wallace et al. 1992).

The RMSC between the two fields is 0.2, which justifies

further exploration of the correlation.

Two pairs of patterns are able to explain ;83.0%

of the squared covariance between tropical SST and

SH Z50 on interannual time scales. These two pairs of

patterns also closely resemble the first two leading

modes in the interannual variability of SST and Z50,

respectively, and together they explain 54.7% of the

variance in SST and 52.5% of the variance in Z50.

Figure 1 shows the SST anomalies and geopotential

height anomalies at five different levels associated with

the first two modes identified by MCA. The time series

of Z50 and SST for the two modes are also plotted. The

time series are normalized to have a unit standard de-

viation, and so the magnitudes of the patterns are as-

sociated with one standard deviation in the time series

of the mode. Climatological geopotential eddy fields are

also plotted as contours for comparison. The squared

covariance fraction explained by mode 1 and mode 2 is

57.9% and 25.1%, respectively. The Z50 and SST time

series are correlated at 0.40 for mode 1 and at 0.60 for

mode 2, both of which are significantly different from

zero at the 95% confidence level after taking account of

autocorrelation in these time series to reduce the ef-

fective degrees of freedom.

As shown in Fig. 1, mode 1 shows a La Niña–like SST

pattern with an east–west seesaw pattern over the Pacific

and mode 2 shows a central-Pacific El Niño–like SST

pattern, with the largest variance over the central Pacific.

Not surprisingly, the mode 1 time series shows a high

correlation with the ENSO indicators, such as the cold

tongue index (http://jisao.washington.edu/enso/) and the

Niño-3.4 index (Trenberth 1997), and the mode 2 time

series correlates well with the El Niño Modoki index

(Ashok et al. 2007). Both modes show large-scale wave-

like structure in the stratosphere, indicating a modifica-

tion of the planetary waves there. The stratospheric

anomalies of the two modes both show the strongest

magnitudes along 608S but have different phases. In

mode 1, a La Niña–like SST pattern (cold anomalies

over the east Pacific) is associated with negative strato-

spheric geopotential height anomalies over the eastern

Pacific sector, and zonally elongated positive anomalies

centered over the Eastern Hemisphere. In mode 2, warm

SST anomalies over the central Pacific are associated

with strong positive geopotential height anomalies over

the Pacific sector and weak negative anomalies over

the Indian and Atlantic sectors. The tropospheric geo-

potential height anomalies show more complex patterns

along latitude than their stratospheric counterparts. The

stratospheric anomaly patterns are roughly in phase

with the tropospheric ones over the high latitudes,

suggesting an equivalent barotropic connection be-

tween the tropospheric and the stratospheric anoma-

lies. These patterns will be discussed in more detail in

section 3c but before that, the robustness of these pat-

terns is examined.

5032 J O U R N A L O F C L I M A T E VOLUME 25



FIG. 1. Heterogeneous regression maps of mode 1 from MCA with geopotential height at (a) 10, (b) 50, (c) 100, (d)

300, and (e) 500 hPa, and (f) SST. (g) Corresponding time series for SST (red line) and Z50 (black line) of mode 1.

(h)–(n) As in (a)–(g), but for mode 2. Climatological patterns of eddy geopotential height at each level are plotted as

contours in (a)–(e) and (h)–(l). Positive contours are in black, and negative contours are in gray. Zero contours are

omitted. Color scales and contour intervals are indicated on the right. Time series are normalized to have unit

standard deviation. Unless otherwise specified, the presented results are based on JRA-25 along with the SST from the

National Oceanic and Atmospheric Administration (NOAA) ERSST (Smith et al. 2008) for the period of 1979–2009.

15 JULY 2012 L I N E T A L . 5033



b. Robustness of the patterns

As an independent check, we applied the same sta-

tistical technique to a different 31-yr period for 1948–78

and the whole 62 yr data for 1948–2009 from the NCEP–

NCAR reanalysis. Figure 2 shows the first pair of SST

and Z50 patterns and their time series for 1948–78,

1979–2009, and 1948–2009. The patterns from the earlier

period (Figs. 2a,b), later period (Figs. 2c,d), and the

whole period (Figs. 2e,f) are very similar from each

other. The corresponding time series (Figs. 2g,h) from

the two different periods are almost identical to those

from the whole period. Figure 3 shows the second pair of

SST and Z50 patterns and their time series for 1948–78,

1979–2009, and 1948–2009. While the mode 2 patterns

from the earlier period (Figs. 3a,b) do not resemble

those from the later period (Figs. 3c,d) very well, the

patterns from the entire 62 yr of data (Figs. 3e,f) match

well with those from the later period. It is worth noting

that mode 2 from the earlier period explains a small

fraction of the squared covariance, and it may not be

significant as it is not distinguishable from mode 3 and

above in terms of the fraction of explained covariance.

Similar analysis was done for the 45-yr ERA (1957–2001)

(not shown). Despite its shorter record, ERA-40 also

shows consistent SST and Z50 patterns before and after

1979 for mode 1. For mode 2, MCA for the post-1979

period shows similar results as for the whole period, but

FIG. 2. Heterogeneous regression maps of mode 1 from MCA (a) with tropical SST 1948–78, (b) Z50 1948–78,

(c) tropical SST 1979–2009, (d) Z50 1979–2009, (e) tropical SST 1948–2009, and (f) Z50 1948–2009, and corre-

sponding time series for (g) Z50 and (h) SST. To compare the results from different periods, the time series are not

normalized. NCEP–NCAR reanalysis data are used here for Z50.
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the patterns from the earlier period do not resemble

those for the later period or the whole period.

The similarity of the patterns resulting from the two

independent periods gives us confidence on the robust-

ness of mode 1. In contrast, mode 2 shows less consistency

between the pre-1979 and post-1979 periods, though part

of the inconsistency could be related to the poor data

quality in the SH prior to the advent of satellites.

The same statistical technique was applied to the CCM

simulations. We used the multimodel mean geopotential

height from 14 CCMs for 1960–2004 along with the pre-

scribed SST fields in these models. MCA between Z50

from the models and SST yields two leading modes that

can explain a large fraction of the squared covariance

(72.1%, and 13.2%, respectively). The simulated mode 2

explains more covariance during the more recent years,

which is consistent with observations. The correlation

coefficient between the Z50 and SST time series is 0.57

for mode 1 and 0.55 for mode 2, both of which are sig-

nificantly different from zero at the 95% confidence level.

Figure 4 shows the geopotential height and SST anom-

aly patterns associated with the two leading modes from

the multimodel mean simulations, which show a similar

structure as those from the observational data (Fig. 1).

For the SST anomaly patterns, MCA using the model

data identified an ENSO-like pattern as mode 1 and

a central-Pacific ENSO-like pattern as mode 2, as in the

observations. The associated geopotential height anom-

alies for the two modes from the models match with those

from observations very well in the stratosphere, in terms

of longitude of the ridges/troughs and the zonal and lat-

itudinal structure. But the mode 2 pattern from the

models is located more poleward than the observation.

For the tropospheric anomalies, patterns from the models

FIG. 3. As in Fig. 2, but for mode 2.
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show action centers at similar locations to those of ob-

servations. Modeled tropospheric anomaly patterns are

stronger over the Pacific sector, but the observed patterns

show comparable amplitude over all sectors. Note that

these geopotential height anomaly patterns from the

multimodel mean have much smaller amplitude than

those from observations (;30% of the observations

in the stratosphere and ;50% in the troposphere). In-

dividual models can yield patterns with comparable am-

plitude to observations, but a large spread in the structure

FIG. 4. As in Fig. 1, but the geopotential height is from the multimodel mean of 14 CCMs and the SST is from

HadISST1 for 1960–2004.
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and the amplitude of the patterns is found among the

models.

The SH stratosphere undergoes large changes from

winter to summer, while tropical SST exhibits less

seasonal change. Thus, it is interesting to examine this

SST–stratosphere linkage in the context of the winter-

to-summer transition. Figure 5 shows the mode 1 monthly

geopotential height and SST anomaly patterns from

August to December. The climatological zonal wind for

each month is also plotted to indicate the basic state. In all

these months, the leading mode of the SST–stratosphere

coupling shows an ENSO-like SST pattern. The eastern

Pacific action center of the SST patterns is located near

the coast in August and extends westward in the later

months. The associated geopotential height anomaly

patterns in August and October are generally similar

to those in September, but they show smaller ampli-

tudes in the stratosphere. The stratospheric responses in

November and December are weaker than earlier months

and show a different phase compared to September. In

the troposphere, a wave train–like structure extends from

the exit of the subtropical jet poleward and eastward

from September to November, but it is less discernible

in August and December.

Figure 6 shows the monthly geopotential height and

the SST anomaly patterns for mode 2. The SST patterns

for this mode are similar from month to month, featur-

ing a center of action over the equatorial central Pacific.

The geopotential height anomalies associated with this

mode show a ridge around 2008E in the stratosphere

in August and September. This ridge moves eastward

in October and November, and no clear ridge can be

found in December. In the troposphere from August to

November, a dipole structure is found over the Pacific

sector with opposite anomalies centered at ;308S, 1808E

and ;608S, 2208E. In December, the anomalies are

much weaker than the earlier month, and the squared

covariance fraction of mode 2 drops below 10%, sug-

gesting that mode 2 may not contribute much variability

in December.

We argue that different atmospheric responses to

similar tropical SST patterns in different months are

FIG. 5. Geopotential height anomalies at 10, 50, 100, 300, and 500 hPa, and the tropical SST anomalies associated with mode 1 in each

month from August to December. Contours show the climatological zonal wind. Westerlies are plotted in black, and easterlies are plotted

in gray. For clarity, weak westerlies (,20 m s21 above 500 hPa and ,15 m s21 at 500 hPa) and zero wind are not plotted. Color scales and

contour intervals are indicated on the right.
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partly due to the difference in the basic state, especially

the wind field. Zonal wind plays a crucial role in modi-

fying the meridional and vertical propagation of waves

(e.g., Karoly and Hoskins 1982). In August, the strato-

sphere shows a very strong polar vortex, and double jets

can be seen in the Pacific sector in the troposphere. In

November and December, the polar vortex breaks down

and a weak westerly or easterly is found in the strato-

sphere. In the troposphere, the subtropical jet also be-

comes much weaker, and only one tropospheric jet

appears in December. Given the dramatic difference in

the zonal wind field from winter to summer (contours in

Figs. 5, 6), it is not surprising that quite different geo-

potential height patterns are found in response to similar

tropical SST patterns. From August to October, the

background winds are more or less similar and thus

similar circulation anomaly patterns are observed. Us-

ing the mean data in August–October yields a similar

result to September. In contrast, the circulation anomaly

patterns from the CCM simulations show stronger sim-

ilarity from August to December (not shown) than those

from observations. This may be linked to the delayed

breakdown of the SH polar vortex in these CCM

simulations (e.g., SPARC CCMVal 2010), and thus the

simulated wind transition from August to December is

less dramatic.

In summary, we find similar mode 1 patterns from an

independent period of data, from adjacent months, and

from CCM simulations. The combined evidence gives us

confidence in the robustness of this mode. Patterns for

mode 2 show less consistency among different analyses

than mode 1, but they still give us reasonable confidence

in its robustness. For the sake of completeness and to

compare with earlier studies (Hurwitz et al. 2011), we

present both modes and will discuss them in the fol-

lowing text.

c. Interference with climatological waves

In this section, we examine how these SST-related

circulation patterns interfere with and modify the cli-

matological planetary waves. Figure 1 shows that both

the SST-related anomalies and the climatological eddy

fields are dominated by low zonal wavenumbers. The

typical amplitude for the mode 1 pattern is ;20% of that

of the climatological eddy in the stratosphere and ;30%

in the troposphere. The amplitude of mode 2 is ;35% in

FIG. 6. As in Fig. 5, but for mode 2.
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the stratosphere and ;20% in the troposphere com-

pared to the climatological eddy.

In the stratosphere, both the climatological eddy and

SST-related anomalies show the largest amplitude along

608S (Fig. 1). For mode 1 in its positive polarity (i.e.,

associated with the La Niña–like SST), the stratospheric

geopotential height anomalies show ridges and troughs

to the west of those in the climatology (Figs. 1a–c), in-

dicating a westward shift and magnitude increase of the

stratospheric planetary waves. For mode 2 in its positive

polarity (i.e., associated with the central-Pacific El Niño–

like SST), the stratospheric geopotential height anoma-

lies show ridges and troughs to the east of those in the

climatology, indicating enhanced stratospheric planetary

waves with an eastward shift.

In the troposphere, both the climatological eddy and

the SST-related anomalies show more latitudinal struc-

ture, and the relation between the climatology and the

SST-related anomaly is not as easy to determine as in the

stratosphere. These tropospheric anomalies are found to

be either in phase or out of phase with the climatology,

but they do not seem to introduce an east–west shift as in

the stratosphere.

To better illustrate the alignment between the SST-

related anomalies and the climatological waves, Fig. 7

shows a cross section at 608S. As shown in the figure,

mode 1 introduces a westward shift and mode 2 in-

troduces an eastward shift to the climatological waves.

The climatological eddies clearly show a westward tilt

with height, indicating upward propagation. The SST-

associated anomalies show a mixture of barotropic and

baroclinic features, and the westward tilt with height is

less obvious but still discernible in the stratosphere. For

mode 1 (Fig. 7a), the major ridge shows a similar tilt with

height as the climatological ridge. The distance between

the two is about 508 throughout the stratosphere. The

trough shows little tilt with height. Its distance to the

climatological trough is ;1008 at 100 hPa and decreases

to ;508 at 1 hPa. For mode 2 (Fig. 7b), both the ridge

and the trough tilt westward with height but not as much

as those in the climatology. The phase difference be-

tween the mode 2 anomaly and the climatological wave

is ;208 at the lower stratosphere, and increases with

height, but never exceeds 908. Such alignment between

the SST-related anomalies and the climatology sug-

gests that both modes interfere positively with the

FIG. 7. Regression of geopotential height (color shading) upon the SST time series of (a) mode 1 and (b) mode 2

and the eddy geopotential height climatology (contours) at 608S. Positive contours are plotted in thin black lines,

negative contours are plotted in gray lines, and zero contours are plotted in thick black lines. Contour interval is

150 m.
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climatology and so enhance the zonal asymmetry in the

stratosphere.

The propagation of the anomalous wave activity as-

sociated with the two modes is diagnosed with EP flux

(e.g., Andrews et al. 1987). Figures 8a,b show the re-

gression of EP flux and its divergence from planetary

waves (zonal wavenumber 1 and 2 components) upon

the corresponding SST time series. More upward prop-

agation of planetary waves into the stratosphere is as-

sociated with the positive polarity for both modes. For

mode 1, the anomalous wave activity entering the strato-

sphere can be traced back to the midlatitude surface

and to the tropical upper troposphere. But the anoma-

lous stratospheric wave activity is traced back to the

midlatitude/high-latitude upper troposphere for mode 2.

Upward propagation of wave activity in the troposphere

is found near 458S for mode 1 and near 658S for mode 2,

corresponding to the places where the geopotential

anomalies are found to be in phase with the climatology

in the troposphere (Figs. 1d,e, k, l). These anomalous

FIG. 8. (a) Regression of EP flux (vectors) and its divergence (contours) from planetary waves upon the SST time

series of mode 1. EP flux vectors are scaled by exp(z/2H) to make them visible through the stratosphere as in Randel

(1988), where z is the altitude and H 5 7 km is the scale height. A reference vector is given in the top-right corner for

(1, 0.005) kg m21 s22. Contour interval is 0.15 m s21 day21. Positive (EP flux divergence) contours are in light gray,

and negative (EP flux convergence) contours are in dark gray. Zero contours are omitted. (b) Regression of zonal-

mean zonal wind upon the SST time series of mode 1. Contour interval is 0.5 m s21. Easterly anomalies are plotted in

thin gray lines, westerly anomalies are plotted in thin black lines, and zero contours are plotted in thick black lines.

(c),(d) As in (a) and (b), but for mode 2.
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waves spread into a broader latitudinal band, turning

equatorward in the middle/upper stratosphere and break-

ing there over a broad region as indicated by the EP flux

convergence in Figs. 8a,b. Anomalous easterlies are con-

sistently seen there, as shown in Figs. 8c,d. The resulting

wave drag can extend to 208S in the upper stratosphere,

which can provide driving for upwelling mass flux in the

tropics.

4. Discussion

a. Plausible mechanisms

The mechanism of how the tropical SST can influence

the stratospheric circulation is not fully understood. The

tropospheric response to the tropical SST can be un-

derstood as a Rossby wave train propagating from the

tropics into the extratropics (e.g., Karoly 1989; Ding

et al. 2011). Some of these tropospheric anomalies can

then propagate into the stratosphere and modify the

stratospheric circulation, if the background state is suit-

able. Garfinkel and Hartmann (2008) showed that

El Niño SST anomalies can enhance the NH strato-

spheric wave 1 by inducing a Pacific/North America (PNA)

teleconnection pattern in the North Pacific. Hurwitz et al.

(2011) also argued that the different SH stratospheric

responses to two types of El Niño events result from the

difference in the excited Rossby wave train. For the two

modes identified in our work, wave train–like features

can be seen emanating from the Pacific sector near the

subtropical jet extending southward and eastward (Figs.

1d,e,k,l). These patterns are similar to the Rossby wave

trains associated with ENSO and the central-Pacific

ENSO shown by earlier studies (Ding et al. 2011; Hurwitz

et al. 2011). The wave train–like features can be more

clearly identified in model simulations (Figs. 4d,e,k,l).

Other studies (Robinson 2002; Seager et al. 2003;

L’Heureux and Thompson 2006; Harnik et al. 2010)

have interpreted the extratropical response to tropical

SST as the modification of jets and eddy momentum flux.

They argue that as the tropical SST warms, the stronger

meridional temperature gradient will enhance the sub-

tropical jet and shift it equatorward, and vice versa for

a colder tropical SST. This change of subtropical jet will

modulate the propagation and dissipation of eddies over

the extratropics, especially the transient eddy momen-

tum flux, in the upper troposphere. A stronger and more

equatorward subtropical jet would lead to more equa-

torward momentum flux on the poleward side of the

subtropical jet. As discussed in Seager et al. (2003) and

L’Heureux and Thompson (2006), the anomalous tran-

sient eddy momentum flux can further induce circula-

tion anomalies in the midlatitudes/high latitudes.

This mechanism has been used to explain the zonally

symmetric response to the tropical SST. Here we showed

that this also can be applied to a zonally asymmetric sit-

uation. Figure 9 shows the regression of 300-hPa zonal

wind and high-frequency eddy momentum flux against

the SST time series of the two modes together with the

SST anomaly patterns. The high-frequency eddy is cal-

culated from a fourth-order Butterworth filter with the

cutoff at the period of 10 days. As shown in the figure,

a weakened (strengthened) subtropical jet is found with

the tropical cold (warm) SST anomalies. The strongest

wind anomalies align with the strongest tropical SST

anomalies. Strong eddy momentum flux anomalies are

found on the poleward side of the subtropical wind

anomalies and connect with wind anomalies in the

midlatitudes. The eddy momentum flux anomalies are

consistent with the wind anomalies, in the sense that

positive (negative) wind is found where eddy momen-

tum fluxes converge (diverge).

These wind and eddy momentum flux anomalies as-

sociated with the anomalous tropical SST are consistent

with those suggested by earlier studies (Robinson 2002;

Seager et al. 2003; L’Heureux and Thompson 2006;

Harnik et al. 2010). However, it is interesting to note the

strong zonal asymmetry in these anomalies (Figs. 9c,f),

presumably due to the zonal asymmetry in the SST pat-

tern itself. Thus, it is not surprising that the tropical SST

can induce zonally asymmetric circulation anomalies in

the extratropics through the modulation of jets and eddy

momentum flux.

The two mechanisms described above to explain the

extratropical response to the tropical forcing cannot be

separated based on our diagnostics, and they do not

necessarily exclude each other. A Rossby wave train

must induce the corresponding wind and eddy momen-

tum anomalies. In contrast, the Rossby wave source is

often found near the subtropical jet core (e.g., Kidson

1999). The jet can serve as the waveguide for the Rossby

waves (e.g., Ambrizzi and Hoskins 1997). Hence, the

SST modulation of the jet strength and momentum

fluxes is likely important in understanding the wave train

structure connecting the tropics to the extratropics.

Several recent CCM studies (e.g., Shepherd and

McLandress 2011; Garny et al. 2011) suggested that the

major vertical wave propagation anomalies in response

to warmer tropical SST occur in the subtropical region,

and this is likely important for the propagation of the

circulation anomaly from the troposphere to the strato-

sphere. These studies attribute wave propagation changes

to the subtropical jet change induced by the tropical SST.

In our analysis, we do observe the subtropical jet

changes associated with the anomalous tropical SST

patterns (Fig. 9). However, no strong vertical propagation
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was seen over the subtropics (Fig. 8). Instead, we observed

anomalous circulation in the extratropical troposphere

associated with tropical SST, and the vertical propagation

of planetary waves mainly occurred in midlatitudes/high

latitudes. Ueyama and Wallace (2010) also suggested

the major stratospheric wave driving should come from

midlatitudes, based on satellite-borne lower-stratospheric

temperature observations.

b. Stratospheric response to ENSO and
central-Pacific ENSO

It should be noted that the diagnostic analysis in this

study cannot definitely demonstrate cause and effect.

However, these SST and geopotential height patterns

could shed light on the underlying physical mecha-

nisms. Because of the resemblance between our mode 1

SST pattern and the ENSO pattern, and between our

mode 2 SST pattern and the central-Pacific ENSO, we

compared our results with previous studies on the

stratospheric response to ENSO and central-Pacific

ENSO.

The impact of ENSO on the NH stratosphere during

boreal winter has been discussed extensively. Both ob-

servational (e.g., Camp and Tung 2007; Garfinkel and

Hartmann 2007; Free and Seidel 2009) and modeling

studies (e.g., Sassi et al. 2004; Taguchi and Hartmann

2006; Manzini et al. 2006) found stronger stratospheric

planetary waves associated with El Niño events during

NH winter, which leads to a weaker polar vortex, stronger

BDC, and warming over the pole, but cooling over the

tropics. In our analysis, stronger stratospheric waves are

found to be associated with La Niña–like SST in SH

spring. As discussed in previous studies (Garfinkel and

Hartmann 2008; Ineson and Scaife 2009; Smith et al.

2010) and here, the effect of tropical SST on the extra-

tropical circulation depends on the position of the SST-

related anomaly relative to the climatological wave.

Thus, different impacts of the anomalies on the clima-

tology can be found over different seasons and in dif-

ferent hemispheres.

Recently, Hurwitz et al. (2011) composited the SH eddy

heat flux at 100 hPa during the September–November

FIG. 9. (a) SST anomalies associated with mode 1. (b) Regression of zonal wind (contours) upon the SST time series

and zonal wind climatology (color shading). Easterly anomalies are plotted in black lines, and westerly anomalies are

plotted in gray lines. Zero contours are omitted. Contour interval is 1 m s21. (c) Regression of high-frequency eddy

momentum flux (color shading) and zonal wind (contours) upon the SST time series of mode 1 at 300 hPa. Contours

are the same as in (b). (d)–(f) As in (a)–(c), but for mode 2.
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(SON) season for El Niño and ENSO neutral years, and

found no difference between the two cases. This dis-

agrees with our mode 1 results. This discrepancy can be

partly explained by the large monthly dependence of the

extratropical stratospheric response to tropical SST. As

shown in Fig. 5, almost opposite stratospheric patterns

are found in October and November in response to

similar ENSO-like SST anomalies. Thus, an average

over SON will lead to a cancellation of the signals. Also

note that our mode 1 anomaly pattern is almost in quad-

rature with the climatological waves at 100 hPa (Figs. 1c,

7a), but the phase difference between the anomaly and the

climatology reduces at higher levels. Thus, the effect of

this mode on the planetary wave amplitude may be more

prominent at higher levels.

Hitchman and Rogal (2010) investigated the ENSO

effect on the distribution of column ozone during the SH

winter-to-spring transition. They found a westward shift

of planetary waves, indicated by the column ozone

pattern during La Niña events, which is consistent with

our mode 1 result.

Previous studies (e.g., Camp and Tung 2007; Free and

Seidel 2009) have emphasized the zonal-mean strato-

spheric response to the ENSO signal. Several studies

(Fogt and Bromwich 2006; L’Heureux and Thompson

2006) also discussed the relation between ENSO and

the southern annular mode (SAM). Here, we emphasize

the effect of SST on the planetary waves but note that the

waves and the zonal-mean flow are not independent from

each other. Stronger waves would lead to more wave

breaking in the stratosphere, which provides additional

driving to the BDC and causes zonal-mean warming

(higher geopotential) over the pole and cooling (lower

geopotential) over the tropics. As shown in Fig. 1, the

positive anomalies in the SST-related geopotential

height patterns are stronger and/or extend farther zon-

ally, indicating a zonal-mean positive geopotential

height over the pole as these patterns enhance the zonal

asymmetry.

The influence of the central-Pacific ENSO on the

stratosphere has not been studied thoroughly because of

its novelty. Studies showed that the tropospheric tem-

perature and precipitation responses to this type of ENSO

are quite different from the conventional ones (e.g., Larkin

and Harrison 2005; Ashok et al. 2007; Kao and Yu 2009).

Thus, a different stratospheric response should also be

expected. Hurwitz et al. (2011) found stronger vertical

wave propagation and a warmer pole in the SH late spring

during the central-Pacific El Niño events, which agrees

with our mode 2 results. But in our analysis, the central-

Pacific El Niño SST structure emerged from MCA with

the stratosphere and was not imposed a priori as in

Hurwitz et al. (2011). The similarity of the resulting

SST and atmospheric circulation anomaly patterns in

the two studies suggests the robustness of these coupled

patterns.

c. Long-term trends

Observations show warming of the lower stratosphere

over Antarctica (Johanson and Fu, 2007) that is associ-

ated with a stronger BDC over the past few decades (Hu

and Fu 2009; Lin et al. 2009; Fu et al. 2010). In the same

period, the observed tropical SST changes favor the

positive polarity of our mode 1 (e.g., Cane et al. 1997;

Cravatte et al. 2009) and mode 2 (e.g., Larkin and

Harrison 2005; Ashok et al. 2007; Kao and Yu 2009;

Lee and McPhaden 2010). For both modes, the positive

polarity is linked to a stronger stratospheric planetary

wave activity and thus stronger BDC. Therefore, the

tropical SST changes over the past few decades prob-

ably contribute to the observed strengthening of the

BDC through both modes. How much of the currently

observed tropical SST changes can be attributed to the

long-term greenhouse gases increase is still a subject of

debate (e.g., Tung and Zhou 2010 and references therein).

Further investigation is required to understand the role of

global warming in the strengthening of the BDC through

the SST–stratosphere coupling.

5. Summary

The tropical SST influence on the SH stratospheric

planetary wave activity is investigated in austral spring

using data from the past three decades. By employing

MCA on tropical SST and SH geopotential height at

50 hPa, the tropical SST and SH stratospheric planetary

wave activity is found to be coupled primarily through

two modes.

The first mode features an ENSO-like SST anomaly

pattern, and the second mode features an SST anomaly

pattern with an action center over the equatorial central

Pacific. The extratropical circulation patterns associated

with mode 1 are found to be robust as they can be

reproduced using an independent period of data. The

mode 2 patterns show less resemblance between the

observations over different periods. Similar patterns for

both modes are found in the multimodel mean from 14

CCM simulations, though the multimodel mean patterns

show smaller amplitude than the observations. Further-

more, these patterns can vary greatly from late winter to

early summer, but similar patterns are observed during

months when the stratospheric basic states are similar.

These SST-related circulation anomalies are dominated

by large scales and thus can modify the stratospheric

planetary waves. Stronger stratospheric planetary wave

activity is found to be associated with a La Niña–like SST
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in mode 1, which is opposite of the situations in NH

winter shown by previous studies (e.g., Camp and Tung

2007; Garfinkel and Hartmann 2007; Free and Seidel

2009; Randel et al. 2009). For mode 2, stronger wave

activity is associated with warm SST anomalies over the

central Pacific. These anomalous waves can be tracked

back to the troposphere, and they appear to enter the

stratosphere over the midlatitudes/high latitudes.

These SST-related circulation patterns are also found to

affect the phase of the SH stratospheric quasi-stationary

waves. For mode 1, La Niña (El Niño)-like SST anomalies

induce westward (eastward) shifts to the stratospheric

planetary waves. For mode 2, warm (cold) SST

anomalies over the central Pacific induce eastward

(westward) shifts.

The generation and propagation of the planetary wave

activity is crucial to stratospheric processes, such as the

BDC, ozone depletion and recovery, and stratospheric

sudden warming. Thus, a better understanding of the

planetary wave response to tropical SST is important,

and it would be especially helpful to answer questions

such as how the stratosphere will change under climate

change. CCMs consistently predict a stronger BDC under

climate change, but the underlying mechanisms are not

well understood and vary among different models (e.g.,

Butchart et al. 2010; SPARC CCMVal 2010). This work

may provide climate modelers with observational con-

strains and help resolve these questions.
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