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ABSTRACT

The extratropical annular-mode-like atmospheric responses to ENSO and global warming and the in-
ternal variability of annular modes are associated with similar, yet distinct, dynamical characteristics. In
particular, La Niña, global warming, and the positive phase of annular modes are all associated with a
poleward shift of midlatitude jet streams and surface westerlies. To improve understanding of these phe-
nomena, the authors identify and compare patterns of interannual variability and global warming trends in
the midlatitude surface westerlies and the space–time spectra of associated eddy momentum fluxes by
analyzing simulations of the present climate in an atmosphere-only climate model, in which the ENSO-
induced extratropical response is validated with that in reanalysis data, and by projection of future climate
changes using a coupled atmosphere–ocean model.

While the response to ENSO is consistent with the refraction of midlatitude eddies due to subtropical
wind anomalies, the interannual internal variability of the annular modes marks a change in the eastward
propagation speed of midlatitude eddies. In response to global warming, the dominant eddies exhibit a
trend toward faster eddy phase speeds in both hemispheres, in a manner similar to the positive phase of
interannual internal variability. These diagnoses suggest that the annular mode trend due to greenhouse gas
increases may be more related to extratropical processes, especially in the upper troposphere/lower strato-
sphere, rather than being forced from the deep tropics.

1. Introduction

The intraseasonal and interannual variability of ex-
tratropical circulations in both hemispheres is charac-
terized by remarkably zonally symmetric or annular
patterns. The Southern Hemisphere (SH) and North-
ern Hemisphere (NH) annular modes (SAM and
NAM), defined by the variability of sea level pressure,
are associated with changes of an equivalent barotropic
structure in tropospheric zonal wind, temperature, and
geopotential height (Thompson and Wallace 2000).

The dipolar structure of annular modes in latitude rep-
resents the meridional vacillation of surface westerlies
and upper tropospheric eddy-driven jets about their cli-
matological mean positions. This zonal wind variability
is generally attributed to the internal variability of the
atmosphere that arises from eddy–mean flow interac-
tions (e.g., Hartmann and Lo 1998; Limpasuvan and
Hartmann 2000; Lorenz and Hartmann 2001, 2003).
Similar zonal flow vacillations can be found in idealized
models without topography, seasonal cycle, or sea sur-
face temperature variations (e.g., Robinson 1991;
James and James 1992; Yu and Hartmann 1993; Feld-
stein and Lee 1996; Limpasuvan and Hartmann 2000;
Cash et al. 2002).

On interannual time scales, the extratropical zonal
flow is also affected by the El Niño–Southern Oscilla-
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tion (ENSO). In addition to the zonally asymmetric
Rossby wave teleconnection pattern (e.g., Hoskins and
Karoly 1981), the extratropical circulation response to
ENSO has a zonally symmetric component that
projects strongly onto the SAM during austral summer
(Robinson 2002; Seager et al. 2003; L’Heureux and
Thompson 2006). These extratropical changes can be
roughly explained by the impact of subtropical zonal
wind anomalies on the equatorward propagation and
absorption of midlatitude eddies near their critical lati-
tudes, and subsequently on the eddy-driven extratrop-
ical circulation (Chang 1995, 1998; Robinson 2002; Sea-
ger et al. 2003). While this argument emphasizes the
importance of quasi-linear Rossby wave propagation,
other factors such as eddy intensity or zonal asymmetry
can still play a role in the jet movements associated with
the ENSO variability. Orlanski (2003, 2005) argues
that, as the surface baroclinicity is increased in El Niño
years, nonlinear wave breaking can undergo a transi-
tion from an anticyclonic wave breaking regime to a
cyclonic regime and result in an equatorward jet shift.
Abatzoglou and Magnusdottir (2006) find that the ob-
served events of planetary wave breaking in the North-
ern Hemisphere are increased considerably during La
Niña years, which can also influence the structure of the
subtropical jet.

Additionally, observations reveal positive annular
mode trends in both hemispheres in recent decades
(e.g., Thompson et al. 2000; Thompson and Solomon
2002). These trends are seen in model simulations of
present climate and projections for future climate
change and have been attributed to greenhouse gas in-
creases and stratospheric ozone depletion (e.g., Fyfe et
al. 1999; Kushner et al. 2001; Gillett and Thompson
2003). Although stratospheric ozone loss may be a
greater contributor to the observed SAM trend in the
late twentieth century, greenhouse gas increases will
likely sustain and continue the positive annular mode
trends in both hemispheres throughout the twenty-first
century against the predicted recovery of stratospheric
ozone concentrations (Shindell and Schmidt 2004; Ar-
blaster and Meehl 2006; Miller et al. 2006). These an-
nular mode trends under global warming are associated
with a poleward shift of midlatitude storm tracks (Yin
2005), a rise in the tropopause height (Lorenz and
DeWeaver 2007), and an expansion of the Hadley cell
(Lu et al. 2007). Despite the projected El Niño–like
tropical SST pattern in most models for the Fourth As-
sessment Report of the Intergovernmental Panel on
Climate Change (IPCC), the responses in the Hadley
cell width, extratropical circulation, and hydrological
cycle to global warming appear to be opposite to those
associated with El Niño forcing, implicative of the im-

portance of extratropical eddies in generating this pole-
ward shift (Lu et al. 2008).

In this paper, we identify and compare changes in
eddy characteristics associated with these annular pat-
terns of interannual variability and global warming
trend in the boreal winter/austral summer. We examine
these annular variations with respect to the latitude of
surface westerlies, which is highly correlated with the
phase of annular mode. This is motivated from the per-
spective of angular momentum balance: in the monthly
and zonal average, the surface stress, generally qua-
dratic to surface winds, is equal to the vertical integral
of momentum flux convergence minus mountain drag
and gravity wave drag (e.g., Huang et al. 1999). We first
show the consistency in the variations of eddy momen-
tum flux convergence and surface winds and then at-
tribute the surface wind variation to the unforced or
forced variability in eddy momentum fluxes associated
with Rossby wave propagation.

The poleward eddy momentum flux is the conse-
quence of equatorward Rossby wave propagation. As
discussed in Held (2000), Rossby waves can be thought
of as being stirred by midlatitude baroclinic instability
and then propagating to the subtropics. As waves ap-
proach their critical latitudes, where the phase speed of
eddies equals the background zonal flow, waves grow in
amplitude and break irreversibly, resulting in the ab-
sorption of wave activity. The sources and sinks of wave
activity are accompanied by the acceleration and decel-
eration of zonal winds. This quasi-linear perspective of
the atmosphere is justified by the fact that wave activity
can be further decomposed into contributions from
modes of various scales and phase speeds, and these
modal properties are conserved as waves propagate
meridionally in a zonally symmetric background flow
(Held 1985). (Note that such modal orthogonality does
not hold for energy or enstrophy.) To highlight this
modal property with respect to the background zonal
flow, Randel and Held (1991) introduced the phase
speed spectrum, which decomposes eddy fluxes as a
function of phase speed and wavenumber or phase
speed and latitude. The phase speed spectrum shows
clearly that the midlatitude eddies are mostly absorbed
near their linear critical latitudes in the subtropics, the
slower eddies can penetrate more deeply into the trop-
ics, and the critical latitudes of faster eddies are farther
poleward. Also, plotting the eddy spectrum as a func-
tion of latitude allows one to distinguish the changes in
midlatitude wave sources versus those in subtropical
wave sinks and therefore attribute the changes in the
subtropical wave breaking to baroclinic growth versus
barotropic decay of eddies. Here we use this spectral
analysis to help understand the role of eddies in the
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aforementioned annular mode variability on various
time scales.

The paper is organized as follows: We first describe
the reanalysis data and climate models used in this
study in section 2. Then, we show the variability in the
latitude of surface westerlies and associated eddy spec-
tra on various time scales. We compare the ENSO-
induced interannual variability between the 40-yr Eu-
ropean Centre for Medium-Range Weather Forecasts
Re-Analysis (ERA-40) and the ensemble mean of the
Geophysical Fluid Dynamics Laboratory (GFDL) at-
mosphere-only model in section 3. Next, we present the
internal interannual variability in section 4 only for the
model, in which the ensemble mean extratropical vari-
ability forced by SST and radiative forcings can be ef-
fectively removed. In section 5, we describe the re-
sponse to global warming in the GFDL coupled climate
model. Finally, we provide brief conclusions and dis-
cussion in section 6.

2. Data and methodology

We first study the interannual variability of the lati-
tude of surface westerlies and the space–time spectrum
of upper tropospheric eddies in ERA-40 and AM2.1.
ERA-40 is the latest reanalysis product from the Euro-
pean Centre for Medium-Range Weather Forecasts
(Uppala et al. 2005); AM2.1 is the GFDL global atmo-
sphere and land model (Anderson et al. 2004). The
model simulations consist of 10 ensemble members,
forced by estimates of the observed changes in SSTs,
sea ice, well-mixed greenhouse gases, tropospheric and
stratospheric ozone, volcanic and anthropogenic aero-
sols, solar irradiance, and land use.

Both ERA-40 and AM2.1 display poleward shifts of
Southern Hemisphere surface westerlies in the late
twentieth century, which have been attributed, at least
partially, to stratospheric ozone depletion (Chen and
Held 2007). In spite of the decadal trend, the statistics
of interannual variability of surface westerlies in AM2.1
are almost identical to another ensemble of experi-
ments in which radiative forcings are fixed at 1860 con-
ditions. Therefore, the interannual variability of annu-
lar modes can be thought of as being generated, argu-
ably, by SST variations in the tropics and atmospheric
eddy–mean flow interactions in the extratropics. We
first validate the model performance by comparing the
ENSO-induced extratropical responses in ERA-40 and
AM2.1 and then examine the intrinsic variability of an-
nular modes in AM2.1, after subtracting the ensemble
mean model response to SST and radiative forcings.

The spatial patterns associated with the interannual
ENSO variability are obtained from linear regression

onto the detrended “Cold Tongue Index” (CTI) nor-
malized by its own standard deviation. The CTI is de-
fined as the SST anomalies averaged between 6°N and
6°S, 180° and 90°W (Deser and Wallace 1990), and the
regression onto the inverted CTI represents the La
Niña–induced response. Similar regression is also car-
ried out for a surface westerly latitude (SWL) index.
The SWL quantifies the variability of the surface west-
erlies and is defined as the mean latitude of zonally
averaged surface westerlies in midlatitudes weighted by
the wind strength:

SWL � �
20�

70°

��u cos�� d���
20�

70�

�u cos�� d� for

u � 0, �1�

where u denotes the zonal-mean surface zonal wind.
The time series of SWL represents the meridional
movement of surface westerlies and is highly correlated
with the corresponding annular mode index.

We compute the regression patterns of most fields,
using 24 years of reanalysis (1979–2002) in ERA-40 and
the ensemble mean of 10 realizations over 21 years
(1979–99) in AM2.1. Despite improved data quality in
the reanalysis after 1979, our results are rather similar
when the data prior to the satellite era are included.
Furthermore, AM2.1 can simulate the seasonal varia-
tion of ENSO-induced surface wind anomalies in ERA-
40 rather well with maximum shifts in the boreal winter
and austral summer (Chen 2007), consistent with the
observed extratropical upper tropospheric wind anoma-
lies (Seager et al. 2003; L’Heureux and Thompson
2006). Therefore, we focus on the seasonal average
from December to March (DJFM) in this study.

In calculating the phase speed spectrum, we first ob-
tain the space–time spectrum (Hayashi 1971) of eddy
momentum flux in each year, using the 120-day DJFM
daily data tapered by a Hanning window. Following the
method introduced in Randel and Held (1991), the
spectrum is further transformed as a function of angular
phase speed and wavenumber. Again, the anomalous
pattern is obtained through linear regression of the
yearly space–time spectrum. We use 44 years (1959–
2002) in ERA-40 so as to increase the statistical signifi-
cance in the spectral space. Meanwhile, 10 realizations
of 40 years (1960–99) in AM2.1 are employed to com-
pute the eddy spectrum, although the results are nearly
unchanged by using only half of the record.

Additionally, we have examined global warming pro-
jections for the twenty-first century in the GFDL
coupled atmosphere–ocean model, CM2.1 (Delworth et
al. 2006). To highlight the greenhouse gas signal, we
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present the results from the IPCC A2 scenario, a high-
emission scenario with CO2 concentrations rising to 820
ppm in 2100. The global warming response is calculated
as the 20-yr mean of 2081–2100 minus the 20-yr mean of
2001–20. In contrast to the ENSO response, the pole-
ward shift of surface westerlies under global warming
has a weaker seasonal dependence. The displacement
of Southern Hemisphere westerlies is pronounced
throughout the year, although the shift in the austral
winter is accompanied by a notable strengthening of the
westerlies (Chen 2007; Lorenz and DeWeaver 2007).

3. The ENSO-induced variability

Figure 1 shows the spatial pattern of DJFM mean
zonal wind anomalies at the surface and 250 hPa re-
gressed onto the inverted CTI for ERA-40 and for the
ensemble mean in AM2.1. As is well established in the
literature, the zonal winds are characterized by anoma-

lous surface easterlies and upper tropospheric wester-
lies over the tropical Pacific Ocean. There is a hemi-
spherically symmetric weakening in the upper tropo-
spheric winds over the subtropical Pacific, as expected
from cooler-than-normal SST anomalies in the tropical
Pacific and the thermal wind relationship. In the extra-
tropics, the Southern Hemisphere surface westerlies
displace poleward over the Pacific and Atlantic oceans,
but the Northern Hemisphere westerlies are weakened
on the equatorward side in the Pacific, and exhibit little
change in the Atlantic. The extratropical wind change
has an equivalent barotropic structure in the vertical
and extends eastward in the upper levels. All these
tropical and extratropical circulation responses associ-
ated with the cold phase of ENSO cycle are well simu-
lated in the model. As is noted in Seager et al. (2003)
and L’Heureux and Thompson (2006), the zonal wind
change associated with the ENSO cycle exhibits a great
degree of hemispheric symmetry over the Pacific Ocean

FIG. 1. Spatial pattern of the DJFM mean zonal wind anomalies at (top) the surface and (bottom) 250 hPa
regressed onto the inverted CTI for (left) ERA-40 and (right) the AM2.1 ensemble mean. Shading represents the
climatological mean winds; contours represent the anomalies associated with one standard deviation of the in-
verted CTI: intervals are (top) 0.3 m s�1and (bottom) 1 m s�1.
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and a notable zonally symmetric component, especially
in the SH and in the NH upper troposphere.

The relationship between the detrended CTI and
SWLs in the two hemispheres in DJFM is illustrated in
Fig. 2 for ERA-40 and for the AM2.1 ensemble mean
with the spread among 10 realizations. As is easily seen
in the figure, the El Niño events are associated with an
equatorward shift of SH surface westerlies, and both
the reanalysis and the model show a statistically signif-
icant correlation between the CTI and the SH SWL.
The correlation coefficient is 0.55 for ERA-40, and the
average of correlations in AM2.1, �ri�i /(��2

i )1/2 (where

ri and �i are the correlation coefficient and standard
deviation of SWL for the ith realization), is 0.52, sug-
gesting that ENSO explains about one quarter of the
latitudinal variability of SH surface westerlies, consis-
tent with the observed correlation between the CTI and
the SAM in the National Centers for Environmental
Prediction (NCEP)–National Center for Atmospheric
Research (NCAR) reanalysis (L’Heureux and Thomp-
son 2006). However, the NH SWL is not significantly
correlated with the CTI, which is especially noticeable
in the SWL time series in the reanalysis. We have sepa-
rated the contributions to the correlation coefficient
between the North Atlantic and North Pacific, and the
North Pacific is much more correlated with CTI than
the North Atlantic, as expected from the Pacific–North
American (PNA) teleconnection pattern. Since the At-
lantic storm tracks are at least as active as the Pacific
storm tracks, one can also see this zonal asymmetry
directly from Fig. 1. Keeping this zonal asymmetry in
mind, we proceed to examine the zonally averaged re-
sponse in the extratropical circulations.

We compare the ENSO-induced anomalies in the
surface winds and upper tropospheric eddies for ERA-
40 and for the AM2.1 ensemble means with the spread
among 10 realizations. Figure 3 shows the climatologi-
cal means (dashed lines) and ENSO regression patterns
(solid lines) for the DJFM and the zonally averaged
(bottom) surface stress and the corresponding (top)
transient and (middle) stationary eddy momentum flux
convergence with a pressure-weighted average between
100 and 500 hPa. The stationary eddies are defined by
the DJFM seasonal means, and transient eddies are the
deviations from the seasonal means. More precisely,
the stationary eddy momentum flux is defined as
[�*u*], and the transient eddy flux is [(��)*(u�)*], where
brackets (overbars) denote the zonal (time) means and
asterisks (primes) denote the deviations from zonal
(time) means. The cutoff period for transient waves
here is arbitrary. Later in the paper, we will further
divide transient waves into planetary-scale waves with
zonal wavenumbers 1–3 and medium-scale waves with
wavenumbers 4–7. The characteristics of planetary-
scale transient waves resemble those of stationary
waves defined here, and the behaviors of medium-scale
waves are quite similar in the two hemispheres.

The model simulates a consistent response in circu-
lation quite similar to the reanalysis. The anomalous
transient eddy momentum flux displays a latitudinal
fluctuation between divergence and convergence, with
a great degree of hemispheric symmetry (Seager et al.
2003; L’Heureux and Thompson 2006). In the extra-
tropics, the SH surface westerlies shift poleward, con-

FIG. 2. The DJFM-averaged (top) detrended and standardized
inverted Cold Tongue Index (CTI) and the ensemble means and
spreads of the detrended SWLs in the (middle) SH and (bottom)
NH from 1979 to 2002. Years on the axis represent the years of
JFM being averaged. SWL is the surface westerly latitude defined
in Eq. (1), and the positive value represents a poleward shift. The
black and white lines denote the SWLs for ERA-40 and the
model ensemble mean, respectively. The SWLs in each year for
the ensemble experiments are ranked in an ascending order as yi

(i � 1, . . . , 10). The shading is between (y1 	 y2)/2 and (y9 	
y10)/2; the dark shading is between (y3 	 y4)/2 and (y7 	 y8)/2.
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sistent with the movement of transient eddy momen-
tum flux convergence in the upper troposphere. The
NH response is more complicated. The NH surface
westerlies are clearly reduced on the equatorward side
of the westerly maximum, but the ensemble mean in-
crease on the poleward side in the model is smaller than
the spread among different realizations. The transient
momentum flux convergence displaces poleward, but
this displacement is partially undermined by anomalous
stationary eddy flux, which displays a seemingly oppo-
site effect to transients in ERA-40 and a small en-
semble-mean response with a large fluctuation among
the AM2.1 realizations. As the result, the NH response
to ENSO is not well projected onto the NAM. In the
subtropics, the transient eddy momentum flux diver-
gence moves poleward in both hemispheres, whereas

anomalous stationary eddies strengthen the climato-
logical stationary divergence at about 15°N. From the
perspective of angular momentum balance, the surface
westerly movement linearly related to ENSO is mainly
driven by transient eddies rather than by stationary ed-
dies in the upper troposphere, although the momentum
flux convergence is somewhat offset by the mountain
torque in the NH (not shown).

We decompose the transient eddy momentum flux
convergence at 250 hPa as a function of latitude and
angular phase speed for ERA-40 and the AM2.1 en-
semble mean (Fig. 4). We use angular phase speed mul-
tiplied by the radius of the earth (phase speed divided
by cos 
 ) in the plots to take the spherical geometry
into account. As shown in Randel and Held (1991), the
climatological means are characterized by eddy mo-

FIG. 3. ENSO-induced anomalies in the upper tropospheric eddy momentum flux convergence and surface stress for
(left) ERA-40 and for (right) the AM2.1 ensemble means with the spread among 10 realizations. The black/white solid
lines are the La Niña regression patterns of the DJFM and zonally averaged (bottom) surface stress and the corresponding
(top) transient and (middle) stationary eddy momentum flux convergence with a pressure-weighted average between 100
and 500 hPa, and the dashed lines are 1/10 of the climatological means. The model ensemble spread is ranked and plotted
in gray shading as in Fig. 2.
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mentum flux divergence in the subtropics and conver-
gence in the midlatitudes, and the subtropical diver-
gence is located slightly poleward of the critical lati-
tudes. The anomalous ENSO-regressed spectra show a
large hemispheric symmetry in the divergence and con-
vergence anomalies in both the reanalysis and model.
In the subtropics, the anomalous eddy momentum flux
displays a meridional dipolar structure parallel to the
subtropical critical line, implying a poleward shift of the
subtropical momentum flux divergence. As is evident in
the figure, the midlatitude eddies in the climatology can
rarely penetrate beyond their critical latitudes, and thus
the poleward shift of the subtropical divergence can be
attributed to the weakening of subtropical winds during
the cold ENSO phase, which prevents the equatorward
penetration of midlatitude eddies. In the extratropics,
the momentum flux convergence is displaced poleward,
with strong anomalous convergence at about 50°N in
the reanalysis. This displacement can be thought of as

the result of either the poleward refraction of transient
eddies (Seager et al. 2003) or the change of eddy life
cycles due to the decreased surface baroclinicity (Or-
lanski 2003).

Since the model spectrum is similar to the observed
but smoother due to a large ensemble of experiments,
we further examine the transient eddy momentum flux
within given latitude bands as a function of zonal wave-
number and phase speed for the AM2.1 ensemble mean
(Fig. 5). The eddy spectra are area averaged over four
latitude bands about the climatological mean midlati-
tude convergence and subtropical divergence maxima
in the two hemispheres: 55°–45°S, 35°–25°S, 15°–25°N,
and 35°–45°N. These averaged spectra thus represent
the mean phase speeds and zonal wavenumbers of tran-
sient eddies being generated in the midlatitudes and
absorbed in the subtropics. As these latitudes also
roughly coincide with the anomalous eddy momentum
flux maxima or minima, the averaged spectra capture

FIG. 4. The climatological means (shading) and La Niña-induced anomalies (contours) in the eddy momentum
flux convergence at 250 hPa in DJFM as a function of latitude and angular phase speed (multiplied by the earth’s
radius) for (left) ERA-40 and (right) the AM2.1 ensemble mean. The black solid lines denote the time and zonally
averaged zonal winds at 250 hPa divided by cos
 for comparison, and the dashed lines denote winds under the La
Niña condition. Contour intervals are 2 � 10�3 m s�1 day�1; red (blue) color denotes the eddy momentum flux
convergence (divergence).
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the character of the eddies responsible for the anoma-
lous movement of surface westerlies.

In the SH, the climatological mean eddy spectra av-
eraged in the midlatitudes (55°–45°S) are dominated by
eddies with zonal wavenumbers 5–6 and angular phase
speeds 10�20 m s�1, whereas the eddies averaged in
the subtropics (35°–25°S) are predominantly wavenum-
bers 4–5 and phase speeds 0�10 m s�1. Note that the
negative (positive) eddy momentum flux anomalies in
the SH represent the strengthening (weakening) of the
climatological momentum flux pattern. The smaller
phase speeds in the subtropics are expected since
slower eddies can propagate farther equatorward than
faster eddies. The La Niña-induced eddy anomalies av-
eraged in the midlatitudes have nearly the same disper-

sion characteristics as the dominant eddies generated in
the climatology, although the intensity of the fastest
and shortest waves is increased slightly. Meanwhile, the
anomalous spectra averaged in the subtropics show a
considerable reduction of eddies faster than the eddies
typically reaching and being absorbed in these lati-
tudes. Given the relatively small changes in the midlati-
tude where baroclinic eddies are generated and the sub-
stantial decreases in the subtropics where eddies are
absorbed, this is consistent with the mechanism de-
scribed in Seager et al. (2003), namely, that transient
eddies are refracted poleward owing to the weakening
of subtropical winds and the poleward shift of critical
lines. Note that the increase in the fastest eddies with
phase speeds 20�30 m s�1 in midlatitudes is related to

FIG. 5. The climatological means (shading) and La Niña-induced anomalies (contours) in the eddy momentum
flux as a function of zonal wavenumber and angular phase speed at 250 hPa in DJFM for the AM2.1 ensemble
mean. The spectra are area averaged in the latitude bands (left) 55°–45°S and 35°–25°S and (right) 35°–45°N and
15°–25°N. Contour intervals are 4 � 10�3 m2 s�2; the solid (dashed) contours denote positive (negative) values,
zeros omitted. Note that the eddy momentum flux has opposite signs in the two hemispheres and the negative
(positive) eddy momentum flux anomalies in the SH represent the strengthening (weakening) of the climatological
momentum flux pattern. The dotted line in the right panels denotes the period of 15 days in the spectral space.
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the anomalous convergence at 55°S in the latitude–
phase speed spectra (Fig. 4) and that the overall in-
crease in the momentum flux averaged between 55° and
45°S may just reflect the poleward shift of the momen-
tum flux, which has a peak at �35°S in the mean cli-
mate (Fig. 3).

The NH eddy response is analogous to the SH in
some aspects but with more complexity. The climato-
logical mean eddy spectra consist of medium-scale ed-
dies of wavenumbers 5–6 and planetary-scale eddies of
wavenumber 3 in both midlatitudes (35°–45°N) and
subtropics (15°–25°N). In the midlatitudes, the me-
dium-scale eddies extend in the wavenumber–phase
speed space in a manner similar to the dispersion rela-
tionship in the SH (albeit with somewhat smaller phase
speeds) and, therefore, are likely to be generated
through baroclinic instability. The planetary-scale ed-
dies, on the other hand, are quasi-stationary with phase
speeds near zero. These are likely to be forced by zonal
asymmetries in the lower boundary conditions such as
topography or diabatic heating (see the review in Held
et al. 2002). Note that these waves have a characteristic
period longer than 15 days, indicated by the dotted line
in the figure. In the La Niña anomalies, the medium-
scale eddy response is similar to its SH counterpart,
characterized by the weakening of faster eddies among
all the disturbances arriving at the subtropics. There is
also a poleward refraction of the midlatitude eddies
implied by the wavenumber–phase speed distribution,
roughly coincident with the climatological distribution.
The planetary-scale eddy response in the model ap-
pears mainly in the subtropics, dominated by the weak-
ening of eddy momentum flux transport by zonal wave-
number 2. This is consistent with the anomalous decel-
eration by stationary waves near 15°N in Fig. 3. The
different responses in medium-scale and planetary-
scale transient eddies may be attributed to the nature
by which they are generated, but this is beyond the
scope of this study.

4. The internal variability

We further explore the internal interannual variabil-
ity in the surface westerlies and eddy spectra. More
specifically, we refer to the internal variability as the
extratropical wind variation independent of SST and
radiative forcings, hence plausibly attributed to extra-
tropical eddy–mean flow interaction. Although the ob-
served annular mode variability can be partially ex-
plained by ENSO (L’Heureux and Thompson 2006),
Limpasuvan and Hartmann (2000) demonstrate that
the observed annular pattern can be well reproduced in
an atmospheric GCM with fixed SST forcings. Here, to

isolate the extratropical internal variability of the an-
nular mode from the AM2.1 simulations forced by ob-
served changes of SSTs and radiative agents, we sub-
tract the ensemble mean response from each of the 10
simulation members. Regression is then conducted for
each member between the resultant anomalous fields of
interest and the detrended and standardized SWL in-
dex. The spatial pattern of the internal variability of the
annular mode is finally attained by averaging over the
10 realizations.

Figure 6 shows the regression patterns of DJFM
mean zonal wind anomalies at the surface and at 250
hPa for the internal variability in the two hemispheres.
The zonal wind variability in both hemispheres displays
a similar dipolar structure in latitude extending from
the surface to the upper troposphere with the typical
character of annular modes (cf. Limpasuvan and Hart-
mann 2000): the SH wind anomalies are nearly zonally
symmetric at all levels and the NH wind anomalies be-
come more zonally symmetric at the higher level. In
contrast to the ENSO-induced zonal wind variability,
the intrinsic wind variability is more zonally symmetric
and restricted only in the midlatitudes of one hemi-
sphere. This is especially clear in the NH, where ENSO
is mainly linearly related to surface westerlies in the
North Pacific, but the intrinsic wind variability shows a
large response in both the North Pacific and North At-
lantic.

The intrinsic surface wind anomalies are compared
with anomalous eddy momentum fluxes in the upper
troposphere. Figure 7 shows the ensemble mean pat-
terns regressed onto the internal variability indices in
the two hemispheres, for the DJFM and zonally aver-
aged (bottom) surface stress, and the corresponding
(top) transient and (middle) stationary eddy momen-
tum flux convergence averaged between 100 and 500
hPa. The figure also shows the ensemble spread over 10
realizations in shading. The internal variability of sur-
face westerlies in the hemisphere of interest is charac-
terized by the meridional vacillation about the westerly
maximum, and the westerly anomalies in the other
hemisphere are nearly zero in the ensemble mean,
which is a key distinction from the hemispherically sym-
metric variability associated with ENSO.

While the intrinsic surface westerly anomalies in the
SH are mainly driven by transient eddies in the upper
troposphere, the intrinsic surface westerly anomalies in
the NH are driven by both stationary and transient ed-
dies. This is consistent with Limpasuvan and Hartmann
(2000), who conclude that the stationary eddies, de-
fined by monthly means, contribute significantly to the
eddy momentum flux associated with the NAM. In
comparison with the SST-forced response, the intrinsic
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transient momentum flux anomalies in the SH display a
similar dipolar structure in midlatitudes, whereas the
intrinsic convergence anomalies in the NH occur at
higher latitudes. Moreover, the stationary eddies dis-
play an intrinsic momentum flux pattern in NH mid-
latitudes that appears not to be directly related with
ENSO (cf. Figs. 3 and 7).

The transient eddy momentum flux convergence at
250 hPa is plotted as a function of latitude and angular
phase speed (Fig. 8). In the SH, the intrinsic eddy mo-
mentum flux anomalies mark the divergence at 40°S
and convergence at 60°S, both associated with eddy
phase speeds between 15 and 25 m s�1. In the NH,
there is a noticeable anomalous divergence maximum
at �35°N with phase speeds between 10 and 20 m s�1,
and the anomalous convergence maximum is less well
defined and spans the latitudes from 50° to 70°N. The
zonally averaged convergence anomalies (Fig. 7) ex-
hibit a peak value at 60°N, which can be attributed to

the eddies with phase speeds between 0 and 10 m s�1.
Therefore, the phase speed spectra illustrate a distinc-
tion between the eddies associated with the internal
dynamics in the two hemispheres: While the SH intrin-
sic variability is mainly associated with faster eddies in
the climatological spectra, the NH intrinsic variability
involves all of the eddies maintaining the mean climate.

The transient eddy momentum flux at 250 hPa is fur-
ther examined in the zonal wavenumber–phase speed
space (Fig. 9). We only show the averages over the
midlatitudes where most of the anomalies are seen in
Fig. 8. In the SH, the eddy momentum flux anomalies
averaged in midlatitudes (55°–45°S), in the positive
phase of internal variability, are characterized by a co-
herent spectral structure with a marked increase in
phase speed and a small change in zonal wavenumber.
In the NH, the medium-scale and planetary-scale ed-
dies averaged in midlatitudes (35°–45°N) display two
distinct regression patterns. The anomalous medium-

FIG. 6. As in Fig. 1 but for the DJFM mean zonal wind anomalies at (top) the surface and (bottom) 250 hPa
regressed onto the internal variability indices in the (left) SH and (right) NH in AM2.1. Shading represents the
climatological mean winds; contours represent the anomalies associated with one standard deviation of the SWL
index: intervals are (top) 0.3 m s�1 and (bottom) 1 m s�1.
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scale eddies have characteristic phase speeds between
10 and 20 m s�1, and the comparison with Figs. 7 and 8
indicates that the associated eddy forcing is well pro-
jected onto the surface wind vacillation, as for the SH
counterpart. However, the anomalous planetary-scale
eddies are dominated by eddies with nearly zero phase
speeds, and the comparison with Figs. 7 and 8 suggests
that they are largely responsible for the anomalous con-
vergence at 60°N. This connection can be seen more
clearly in the eddy spectrum averaged between 45° and
55°N (not shown). The anomalous planetary-scale tran-
sient eddies have similar phase speeds and wavenum-
bers to the climatological means, consistent with the
notion that these eddies are refracted poleward in the
positive phase of the NAM (Limpasuvan and Hart-
mann 2000; Lorenz and Hartmann 2003).

The phase speed spectrum provides detailed infor-

mation on eddy characteristics related to the internal
variability. For example, the anomalous medium-scale
and planetary-scale eddies in the NH reveal two distinct
time scales roughly separated by a 15-day period, which
was employed as a cutoff period in Lorenz and Hart-
mann (2003) for the high-frequency eddies associated
with the NAM variability. Moreover, the spectra pro-
vide new insights into the annular mode variability: The
positive phase of annular modes is associated with in-
creased phase speeds of medium-scale eddies, as well as
the poleward shift in the propagation and absorption of
Rossby waves in the upper troposphere, although the
eddy spectrum alone cannot settle the causality rela-
tionship between the phase of annular modes and the
variability of wave activity.

The eddy phase spectrum also reveals the difference
between the intrinsic and ENSO-forced variability. Al-

FIG. 7. As in Fig. 3 but for the internal variability in the upper tropospheric eddy momentum flux convergence and
surface stress with the spread among 10 realizations in the (left) SH and (right) NH in AM2.1. The white solid lines are
the regression patterns of the (bottom) surface stress and the corresponding (top) transient and (middle) stationary eddy
momentum flux convergence averaged between 100 and 500 hPa; dashed lines are 1/10 of the climatological means. The
model ensemble spread is ranked and plotted in gray shading as in Fig. 2.
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though the intrinsic eddy variability occurs mostly in
the midlatitude convergence and in the eddies faster
than typical eddies in the mean climate, the ENSO-
induced change occurs largely in the subtropical diver-
gence and in nearly all phase speeds, especially in the
AM2.1 ensemble mean; albeit the ENSO signal extends

up to 60°S/50°N, which is more likely due to the eddy
feedbacks to the poleward jet movement rather than to
the direct response to tropical forcing. For the medium-
scale eddies in the midlatitudes, the positive phase of
internal variability is best described as a poleward shift
associated with increased eddy phase speeds, but the

FIG. 8. As in Fig. 4 but for the climatological means (shading) and internal variability patterns (contours) in the
eddy momentum flux convergence at 250 hPa in DJFM, as a function of latitude and angular phase speed in (top
left) the SH and (top right) NH in AM2.1. The bottom panels are the corresponding regression patterns about the
detrended and standardized SWL indices in ERA-40. Black solid lines denote the time and zonally averaged zonal
winds at 250 hPa divided by cos
 for comparison; dashed lines denote the winds in the positive phase of the annular
mode: contour intervals are 2 � 10�3 m s�1 day�1. The red (blue) color denotes the eddy momentum flux
convergence (divergence).
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ENSO response displays relatively little change (except
for those anticipated from eddy feedbacks) in the char-
acter of eddies in midlatitudes, consistent with a pole-
ward refraction by the subtropical wind anomalies.

We have attempted to compute the patterns of inter-
nal variability in the reanalysis. The lower panels of Fig.
8 show the phase speed spectrum anomalies regressed
onto the detrended and standardized SWL in ERA-40.
The eddy spectrum anomalies in the reanalysis are simi-
lar to those in the model in several ways, including
increased convergence and divergence associated with
eddies of phase speeds between 15 and 30 m s�1 in the
SH and anomalies over a wide range of phase speeds in
the NH. However, the signals in the reanalysis are
noisier than those in the model, and there are minor yet
discernable signals outside the hemisphere in question,
especially in the NH of the regression pattern about the
SH surface westerly variability, which we attribute to
the insufficiency of independent events in calculating
the full space–time spectrum of eddies. To obtain the
structure of intrinsic variability, one would additionally
need to eliminate influences from major ENSO and
volcanic events, and thus independent samples would
be even smaller. Therefore, we leave out a thorough
comparison between the reanalysis and the model in
this section although the regression patterns of zonally
averaged fields are fairly similar.

5. The global warming trend

In this section, we study the responses to global
warming (IPCC A2 scenario) in the latitude of surface

westerlies and the eddy spectra in CM2.1 and compare
them with the ENSO-induced and intrinsic interannual
variability. Figure 10 shows the spatial pattern of the
DJFM mean zonal wind response at the surface and at
250 hPa. The surface westerlies are displaced poleward
in both hemispheres, and the wind anomalies have a
zonally symmetric component that resembles those in
the internal variability case more than in the ENSO-
induced variability. The resemblance becomes less in
the upper troposphere. In the SH, the midlatitude jet
moves poleward with anomalous westerlies in the sub-
tropics, analogous to the separation of the eddy-driven
jet from the subtropical jet in idealized models, as the
equator-to-pole temperature gradients or water vapor
contents are altered (e.g., Son and Lee 2005; Frierson et
al. 2006, 2007a). In the NH, the zonal wind response is
less clear on the equatorward flank of the Pacific and
Atlantic jets, whereas the zonal wind on the poleward
flank is intensified and more zonally symmetric.

We next examine the upper-tropospheric momentum
flux responses associated with the displacement of sur-
face westerlies. Figure 11 shows the responses for the
DJFM and zonally averaged (bottom) surface stress,
and the corresponding (top) transient and (middle) sta-
tionary eddy momentum flux convergence averaged be-
tween 100 and 500 hPa. From the angular momentum
balance, the surface wind shift in the SH is mainly
driven by transient eddy momentum fluxes, but for the
surface westerly movement in the NH, both transient
and stationary eddies are important. Although the tran-
sient eddy response in the two hemispheres displays a
poleward shift similar to the positive phase of internal

FIG. 9. As in Fig. 5 but for the (shading) climatological means and (contours) internal variability patterns in the
eddy momentum flux as a function of zonal wavenumber and angular phase speed at 250 hPa in DJFM in the (left)
SH and (right) NH in AM2.1. The spectra are area averaged in the latitude bands (left) 55°–45°S and (right)
35°–45°N. Contour intervals are 4 � 10�3 m2 s�2; solid (dashed) contours denote positive (negative) values, zeros
omitted. Note that the eddy momentum flux has opposite signs in the two hemispheres. The dotted line in the right
panels denotes the period of 15 days in the spectral space.
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variability, the stationary eddy response in the NH is
more of a weakening than of a shift relative to the
climatological mean (Joseph et al. 2004). Moreover, the
anomalous stationary momentum flux convergence at
about 40°N is not very well defined.

The response of the transient eddy momentum flux
convergence at 250 hPa is plotted in the latitude–phase
speed spectrum (Fig. 12). In the SH, both the eddy
momentum flux convergence and divergence increase
for phase speeds between 15 and 30 m s�1 and decrease
somewhat for phase speeds between 0 and 15 m s�1.
The decrease in the subtropical divergence between 20°
and 40°S is related to the subtropical westerly anoma-
lies in Fig. 10. In the NH, the subtropical divergence
and midlatitude convergence, like their SH counter-
parts, display an increase in phase speed from �5�5
m s�1 to 10�20 m s�1 except there is anomalous con-
vergence by planetary-scale eddies at about 60°N. The

response in the planetary-scale transient eddies corre-
sponds to the weakening of stationary waves in Fig. 11.
In both hemispheres, the increases in eddies with faster
phase speeds are remarkably similar to the anomalous
patterns in the positive phase of internal variability;
however, in the response to global warming, the de-
creases in slower phase speeds become noticeable as
well. As the subtropical critical latitude of midlatitude
eddies tilts poleward for more rapid eastward propaga-
tion, the increased eddy phase speeds are accompanied
by a poleward shift of the subtropical momentum flux
divergence.

The transient eddy momentum flux at 250 hPa is
again plotted in the wavenumber–phase speed spectra
averaged about the anomalous eddy flux maxima and
minima (Fig. 13). In the SH, the eddy momentum flux

FIG. 10. As in Fig. 1 but for the zonal wind responses under
global warming at (top) the surface and (bottom) 250 hPa. Shad-
ing represents the climatological mean winds; contour intervals
are (top) 0.6 m s�1 and (bottom) 1.5 m s�1.

FIG. 11. As in Fig. 3 but for the responses under global warming
in the upper tropospheric eddy momentum flux convergence and
surface stress. Black solid lines are the responses of the (bottom)
surface stress and the corresponding (top) transient and (middle)
stationary eddy momentum flux convergence averaged between
100 and 500 hPa; dashed lines are 1/5 of the climatological means.
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averaged in the midlatitudes (55°–45°S) displays an in-
crease in phase speed with little change in wavenumber,
roughly following the slope of the dispersion relation-
ship in the time mean. The change in phase speed is also
evident in the subtropics (35°–25°S) where the domi-
nant eddies are slower than those diverging from the
midlatitudes, and the response of subtropical eddies
can be roughly traced back to their midlatitude origins.
In the NH, the medium-scale eddies respond to global
warming by a similar increase in phase speed in the
subtropics (15°–25°N) and midlatitudes (35°–45°N), al-
though the pattern is less well defined. For the medium-
scale eddies in both hemispheres, the increased mo-
mentum fluxes at faster phase speeds are similar to
those in the positive phase of internal variability, but
the decreased momentum fluxes at slower phase speeds
become more noticeable in the global warming re-
sponse. The planetary-scale eddies also show an in-
creased poleward momentum flux transport in midlati-
tudes by zonal wavenumber 2, which corresponds to the

anomalous convergence in 60°N in Fig. 12 and is more
notable if the spectrum is averaged between 45° and
55°N (not shown).

6. Conclusions and discussion

In this paper, we have identified and compared the
characteristics of surface wind changes and associated
anomalous eddy momentum flux spectra: during the
cold phase of the ENSO cycle in the reanalysis and
GFDL atmosphere-only climate model, for the positive
phase of the internal annular modes in the atmosphere
model, and under global warming in the coupled atmo-
sphere–ocean model.

Despite the fact that the cold phase of the ENSO
cycle can project significantly upon the positive phase
of the SAM, the ENSO-induced changes display pat-
terns in the eddy momentum flux spectra distinct from
those associated with the intrinsic annular mode vari-
ability. The response to ENSO is characterized by a
meridional shift of the critical latitudes of the equator-
ward propagating eddies, a picture consistent with the
refraction of midlatitude eddies due to the subtropical
wind anomalies, as discussed by Seager et al. (2003),
whereas the internal variability marks a change in the
eastward propagation speed of midlatitude eddies. In-
terestingly, the model response to global warming bears
a remarkable resemblance to the annular mode of the
respective hemisphere. Moreover, the response in eddy
momentum flux spectra exhibits a trend toward faster
eddy phase speeds in both hemispheres, in a manner
similar to the positive phase of the internal variability.
This suggests that the annular mode trend due to green-
house gas increases may be more related to the pro-
cesses associated with the extratropical internal vari-
ability such as the wind or temperature anomalies in the
upper troposphere/lower stratosphere, rather than be-
ing forced from deep tropics, especially in view of the
contrast between the robustness of the annular-mode-
like midlatitude response versus the great uncertainties
in the tropical diabatic processes (see the IPCC WG1
AR4 report at http://ipcc-wg1.ucar.edu/wg1/wg1-report.
html).

It is also of interest to observe that ENSO can excite
a pattern that projects only significantly on the SAM,
but not the NAM, whereas the global warming can ex-
cite both SAM- and NAM-like responses. Obviously,
the zonal asymmetry in the land–sea distribution mat-
ters to the teleconnection from the tropics to middle
and high latitudes. Meanwhile, this result hints that
there are elements in the atmospheric forcing of the
global warming case that are not completely under-
mined by the barriers of land—one of the probable

FIG. 12. As in Fig. 4 but for the climatological mean (shading)
and the global warming response (contours) in the eddy momen-
tum flux convergence at 250 hPa in DJFM as a function of latitude
and angular phase speed. Black solid lines denote the time and
zonally averaged zonal winds at 250 hPa divided by cos
 for com-
parison; dashed lines denote the winds under global warming:
Contour intervals are 6 � 10�3 m s�1 day�1. The red (blue) color
denotes the eddy momentum flux convergence (divergence).
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candidates is the radiative forcing by the greenhouse
gases at the upper troposphere and the lower strato-
sphere (C. Deser 2007, personal communication).

Recently, Lorenz and DeWeaver (2007) find that the
poleward shift of zonal winds in IPCC models is asso-
ciated with an increase in the tropopause height and
show that similar changes in circulation can be simu-
lated in a simple GCM when the tropopause height is
raised by directly cooling the stratosphere. This repro-
duces the results in Williams (2006), who argues that it
is through changing the eddy scale that the tropopause
height influences the position of the tropospheric jet.
Here, our space–time spectral analysis, instead, sug-
gests that the changes in eddy momentum fluxes are
more likely due to increases in eddy phase speeds in the
GFDL coupled model.

Furthermore, Chen and Zurita-Gotor (2008) show
that increased extratropical stratospheric winds can
lead to a poleward shift in the tropospheric jet through
an increase in the eastward propagation of tropospheric
eddies in a similar simple GCM. Therefore, the pro-
jected jet shifts in both hemispheres under global
warming may be explained, at least in part, as a conse-
quence of increased zonal winds in the lower strato-
sphere, due to upper tropospheric warming and lower
stratospheric cooling and the tropopause slope. These
increased winds may accelerate the eastward phase
speeds of midlatitude eddies, resulting in a poleward
shift of the eddy momentum flux convergence and the
associated surface winds, analogous to the interpreta-
tions for the positive annular trend due to stratospheric
ozone depletion (Chen and Held 2007). Lorenz and

FIG. 13. As in Fig. 5 but for the climatological means (shading) and global warming responses (contours) in the
eddy momentum flux as a function of zonal wavenumber and angular phase speed at 250 hPa in DJFM. The spectra
are area averaged in the latitude bands (left) 55°–45°S and 35°–25°S and (right) 35°–45°N and 15°–25°N. Contour
intervals are 0.02 m2 s�2; solid (dashed) contours denote positive (negative) values, zeros omitted. Note that the
eddy momentum flux has opposite signs in the two hemispheres. The dotted line in the right panels denotes the
period of 15 days in the spectral space.
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DeWeaver (2007) also show that the ensemble mean
zonal wind response in IPCC models is significantly
correlated with cooling over the polar cap in the lower
stratosphere, consistent with the importance of the sub-
polar lower stratospheric winds.

On the other hand, the tropical–extratropical inter-
action can still play an important role in generating a
poleward shift of surface westerlies. Lu et al. (2008)
show that expansion of the Hadley cell is significantly
correlated with the poleward shift of surface westerlies
in boreal winter/austral summer. It is argued that the
increase in static stability of the subtropical and mid-
latitude troposphere, a result of the quasi-moist-adia-
batic adjustment to the surface warming, can stabilize
the eddy growth on the equatorward side of the storm
track and plausibly push the eddy activity and the as-
sociated surface westerlies poleward (see also Lu et al.
2007; Frierson et al. 2007b). It remains a challenge to
quantify and discriminate the contributions to the an-
nular mode trend due to the lower stratospheric wind
anomalies and tropospheric static stability changes. We
are currently designing and performing idealized model
experiments to further address this issue.
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