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ABSTRACT

This paper explores the tropospheric jet shift to a prescribed zonal torque in an idealized dry atmospheric
model with high stratospheric resolution. The jet moves in opposite directions for torques on the jet’s
equatorward and poleward flanks in the troposphere. This can be explained by considering how the critical
latitudes for wave activity absorption change, where the eastward propagation speed of eddies equals the
background zonal mean zonal wind. While the increased zonal winds in the subtropics allow the midlatitude
eddies to propagate farther into the tropics and result in the equatorward shift in the critical latitudes, the
increased winds in the midlatitudes accelerate the eastward eddy phase speeds and lead to the poleward
shift in the critical latitudes.

In contrast, the jet moves poleward when a westerly torque is placed in the extratropical stratosphere
irrespective of the forcing latitude. The downward penetration of zonal winds to the troposphere displays
a poleward slope for the subtropical torque, an equatorward slope for the high-latitude torque, and less
tilting for the midlatitude torques. The stratospheric eddies play a key role in transferring zonal wind
anomalies downward into the troposphere. It is argued that these stratospheric zonal wind anomalies can
affect the tropospheric jet by altering the eastward propagation of tropospheric eddies. Additionally, the
zonal wind response to a subtropical zonal torque in this idealized model is of value in understanding the
tropospheric jet sensitivity to the orographic gravity wave drag parameterization in a realistic climate model.

1. Introduction

Recent observational studies suggest that variability
in the stratospheric flow has a substantial influence on
the tropospheric circulation on various time scales. On
the time scale of several weeks or months, large anoma-
lies in the strength of the stratospheric polar jet are
followed by similar-signed anomalies in the tropo-
spheric annular mode that can persist for up to 2
months in both hemispheres (Baldwin and Dunkerton
1999, 2001; Thompson et al. 2005). In the long-term
climate trend, the poleward shift of the Southern Hemi-
sphere surface westerlies in recent decades has been
attributed in part to the strengthening of the strato-

spheric polar vortex because of ozone depletion (e.g.,
Thompson and Solomon 2002; Chen and Held 2007).

The stratospheric influence on the troposphere is
also found in model simulations. The persistence and
the trend of the Northern Hemisphere annular mode in
a climate model can be strongly affected by the strato-
spheric polar vortex (Norton 2003; Scaife et al. 2005).
Despite the differences in model details and experi-
ment designs, a number of idealized models have gen-
erated a consistent downward influence of the strato-
sphere: as the subpolar stratospheric zonal winds are
increased, the tropospheric jet displaces poleward, and
this poleward displacement projects strongly onto the
leading mode of the intrinsic variability in the tropo-
sphere (Polvani and Kushner 2002; Taguchi 2003; Song
and Robinson 2004; Kushner and Polvani 2004; Haigh
et al. 2005).

However, the mechanism through which increased
lower-stratospheric winds shift the tropospheric jet re-
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mains obscure. Previous studies have mainly focused on
the effects of the eddy-induced zonal forcings and the
vertical wind shears in the lower stratosphere. These
zonal forcings can induce a meridional residual circula-
tion that extends downward and closes in the planetary
boundary layer. This provides a zonally symmetric
pathway to redistribute momentum in the vertical, gen-
erally referred to as “downward control” (Haynes et al.
1991). On the other hand, changes in the stratospheric
wind shear can either affect the vertical propagation
and reflection of planetary waves (e.g., Chen and Rob-
inson 1992; Perlwitz and Harnik 2003), or modify baro-
clinic eddy life cycles in the troposphere (Wittman et al.
2007). But to generate a jet shift with a deep annular
mode–like structure, the tropospheric eddies must be
modified (Kushner and Polvani 2004; Song and Robin-
son 2004). This can also be seen in Thompson et
al.(2006), in which the residual circulation forced by the
stratospheric eddies extends to the surface but zonal
wind changes decrease rapidly downward from the
level of forcing.

Central to the tropospheric jet shift is the eddy mo-
mentum flux, which, in the zonal momentum balance,
drives the barotropic component of the zonal wind
against the frictional damping near the surface. The
eddy momentum flux diverges from the subtropics into
the midlatitude jet in the upper troposphere, as the
midlatitude eddies propagate equatorward and get ab-
sorbed near their subtropical critical latitudes, where
the eddy phase speed equals the background zonal
mean wind [see Held and Phillips (1987) for a simple
example]. In a tropospheric model, the midlatitude jet
is displaced poleward as the strength of the surface fric-
tion is reduced (Robinson 1997), and Chen et al. (2007,
hereafter CHR) argue that the increased eastward
propagation of midlatitude eddies due to the zonal
wind acceleration plays a key role in generating this
poleward shift. It is then natural to ask whether in-
creased lower-stratospheric winds may affect tropo-
spheric eddies in the same way. CHR show that the
response to changes in surface friction can be approxi-
mated by prescribing the zonal torque associated with
anomalous winds at the surface. This suggests that one
may be able to relate both problems by considering
how the atmospheric response to a prescribed zonal
torque changes when the torque location is moved up
across the troposphere and into the stratosphere.

In this paper, we study the atmospheric response to a
prescribed zonal torque in a systematic manner. We
first examine the process that gives rise to the tropo-
spheric jet shift when a zonal torque is applied in the
troposphere, and then explore the stratospheric influ-
ence on the tropospheric jet with a zonal torque in the

stratosphere. Our work follows up on previous studies
by Song and Robinson (2004, hereafter SR) and Ring
and Plumb (2007, hereafter RP), who argue that one
can think of the tropospheric annular mode as an in-
ternal mode arising from the tropospheric eddy dynam-
ics. The response to external forcing can then be un-
derstood in terms of the projection of this forcing (or its
downward extension, for the stratospheric case) on the
internal mode. Our goal is to investigate the dynamical
mechanisms linking the external tropospheric or strato-
spheric forcing and the internal mode response in the
troposphere, and in particular whether changes in the
eddy phase speed and subtropical critical layer may be
important for the jet shift, which would be similar to the
case when friction is varied.

This study is also motivated by an attempt to under-
stand the model sensitivity when tuning the orographic
gravity wave drag (GWD) in climate models. While the
orographic GWD is localized above the steep topogra-
phy, an adjustment of the GWD profile in the vertical
has an impact on the global circulation, including me-
ridional shifts of the midlatitude jet (e.g., Stephenson
1994). To the extent that the zonal mean response is
mainly caused by the GWD on the zonal mean flow, it
is of value to examine the jet sensitivity to the vertical
level of a zonal torque imposed in a simple model.

We use the idealized dry model described in Held
and Suarez (1994) with enhanced stratospheric resolu-
tion. In contrast to previous model studies on strato-
sphere–troposphere coupling, this model does not have
a stratospheric polar jet. As a result, this configuration
minimizes the stratospheric intrinsic variability and its
influence on the troposphere in the control simulation,
making it easier to isolate the dynamical processes re-
sponsible for the model’s response to the external forc-
ing. As we shall see, the forced response in this model
is similar to that in models with a stratospheric polar jet,
which suggests that the insights that we obtain here may
still be relevant with a more active stratosphere and
stratosphere–troposphere coupling.

The paper is organized as follows. We first describe
the characteristics of the idealized dry model and con-
trol simulation in section 2. Then, we study the sensi-
tivity of the tropospheric jet latitude when the location
of the zonal torque is varied in section 3. Next, we
examine the processes that give rise to the tropospheric
jet shift for a tropospheric torque in section 4, and for
a stratospheric torque in section 5. Our aim is to sepa-
rate the direct response to the external forcings from
the projection onto the tropospheric internal variabil-
ity. In section 6, we discuss the implications of our re-
sults for the jet sensitivity to the orographic GWD pa-
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rameterization in a realistic climate model. Finally, we
provide a brief summary and discussion in section 7.

2. The idealized dry model

a. The model configuration

We employ the Geophysical Fluid Dynamics Labo-
ratory (GFDL) spectral atmospheric dynamical core.
The model uses a sigma vertical coordinate, with the
vertical differencing scheme described in Simmons and
Burridge (1981). The sigma value on the kth half-level
�k�1/2 is defined by the following profile so as to attain
a high resolution in the stratosphere:

�k�1�2 � exp����1 � k�N���, for k � 0, · · · , N,

�1�

where N is the total number of model levels, and 	 and

 are two constants. The values of 	 and 
 are obtained
by specifying the model upper boundary as �1/2 �
exp(�	) � 1 � 10�5 and the median vertical level as
�N/2�1/2 � exp(�	0.5
) � 0.1. As a result, about half of
the model levels lie in the stratosphere.

A sponge layer is applied in the top model levels to
prevent artificial wave reflection at the upper bound-
ary. Following Scott and Polvani (2006), we use linear
Rayleigh damping only on the eddies in the momentum
equations, as the damping on the zonal mean flow may
induce an unwanted downward influence. The damping
coefficient is specified as �sp[(�sp � �)/�sp]2 (for � 

�sp), in which the lowest level of the sponge layer is
�sp � 5 � 10�4, and the maximum damping rate is
��1

sp � 0.5 days.
The model is forced by zonally symmetric Newtonian

relaxation to the prescribed equilibrium temperature
field, which is isothermal in the stratosphere and
damped by Rayleigh friction near the surface, as in
Held and Suarez (1994). Since the model uses a flat
lower boundary, there are no stationary planetary
waves, but instantaneous planetary waves exist and are
important for propagating the stratospheric signal
downward. The hyperdiffusion (�8) is set so that the
diffusive damping time of the smallest retained spheri-
cal harmonic is 0.1 days. The model is run with T42
horizontal resolution and 40 vertical levels. The model
output is sampled daily, and the results presented are
averaged over the last 5200 days of 6000-day integra-
tions. In all of the simulations, the forcings and damp-
ings are hemispherically symmetric, and the similarity
between the climatologies in both hemispheres con-
firms the robustness of our results.

b. The control simulation

Figure 1 shows the time and zonally averaged zonal
wind, and the regressions of the zonally averaged zonal
wind and Eliassen–Palm (EP) flux divergence anoma-
lies on the standardized annular mode index in the con-
trol experiment. The annular mode index here is de-
fined as the first principal component of the zonally and
daily averaged surface pressure in one hemisphere. The
climatological mean zonal wind displays a tropospheric
jet with maximum wind at about 40° latitude and sigma
level � � 0.25. The regression maps show that the mid-
latitude jet vacillates about this mean latitude with
anomalous westerlies at 50° and easterlies at 30°, asso-
ciated with anomalous baroclinic eddy generation near
the surface and anomalous meridional wave propaga-
tion in the upper troposphere. The extratropical winds
in the stratosphere are weak in the climatological mean
and display relatively little variability, as expected from
the isothermal radiative equilibrium temperature in the
stratosphere. The EP vector regression map indicates
anomalous upward wave activity flux into the midlati-
tude lower stratosphere, and anomalous downward flux
into the subtropical upper troposphere. In comparison
with the statistics in Held and Suarez (1994), the mean
tropospheric jet in this model is shifted slightly equa-
torward, and the low-frequency jet vacillation is much
more persistent, as was also found by Gerber et al.
(2008).

We describe eddy characteristics with the phase
speed spectrum introduced by Randel and Held (1991).
The 5200-day time series is divided into 13 segments of
length T � 400 days and tapered by a Hanning window.
For each segment, wavenumber–frequency spectra are
calculated and then converted to wavenumber–angular
phase speed space. In the figures, we use angular phase
speeds multiplied by the earth’s radius (phase speeds
divided by cos �) for comparison with zonal winds. The
resolution in angular phase speed space �cA is limited
by the time period T and zonal wavenumber m, �cA �
a(2�/T)/m (where a is the earth’s radius). Since the
troposphere is dominated by medium-scale eddies (4 �

m � 7) in the model, we neglect the small contribution
of m � 1 to the spectra.

Figure 2 shows the eddy momentum flux conver-
gence in the upper troposphere (� � 0.230) and eddy
heat flux in the lower troposphere (� � 0.843) as a
function of latitude and angular phase speed in the con-
trol experiment. The figure displays the familiar eddy
momentum flux divergence slightly poleward of the
subtropical critical latitudes and momentum flux con-
vergence into the midlatitude jet in the upper tropo-
sphere, as well as the poleward heat flux in the lower
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troposphere. Both the momentum and heat fluxes are
dominated by eddies with angular phase speeds be-
tween 0 and 10 m s�1, with a peak around 5 m s�1. A
key feature is that the absorption of upper-tropospheric
eddies in the subtropics is confined within a critical
layer of 10°–20° in latitude poleward of their linear
critical latitudes, and therefore the movement of the
critical latitudes is useful to understand the latitudinal
movement of eddy momentum fluxes and the eddy-
driven jet, as in CHR.

3. A sensitivity study

In this section, we examine the sensitivity of the tro-
pospheric jet latitude to a time-independent and zon-
ally symmetric zonal torque. The zonal torque that we
impose is identical in both hemispheres, in contrast to
the dipolar structure used in SR and RP. This intro-
duces an angular momentum source to the model,
which is eventually removed by surface friction in the
same hemisphere. Hence, it is not necessary to impose
an angular momentum source in one hemisphere and a
sink in the other. The zonal torque T has the following
form:

T � A0G��� cos������� for

�0.5 � ���� � 0.5, and

� 0 elsewhere, �2�

where A0 is the forcing amplitude. When the amplitude
of A0 is increased or the sign is changed, the tropo-
spheric response is fairly linear, as is also seen in SR
and RP. Therefore, we focus on the jet response to the
location of a westerly (eastward) torque with fixed am-

FIG. 1. For the control simulation, (a) the time and zonally
averaged zonal wind and the regressions of (b) the zonally aver-
aged zonal wind and of (c) the EP flux divergence anomalies on
the standardized annular mode index. The dashed–dotted lines in
the plots are the tropopause level, estimated by the standard
World Meteorological Organization (WMO) lapse rate criterion.
The contour intervals are 5 m s�1 for (a), 1.5 m s�1 for (b), and 0.5
m s�1 day�1 for (c). The dark (light) shading in (c) denotes the EP
flux divergence (convergence). The EP vectors in (c) denote wave
activity fluxes of 4 m s�1 day�1 � (��, �� ) [where (��, �� ) are
the lengths of the vectors projected on the vertical level and lati-
tude, respectively], and the vectors are plotted on selected grid
points representative of the wave activity pattern.

FIG. 2. For the control simulation, (a) the eddy momentum flux
convergence in the upper troposphere (� � 0.230) and (b) the
eddy heat flux in the lower troposphere (� � 0.843) as a function
of latitude and angular phase speed. The thick solid line in (a) is
the time and zonally averaged zonal wind at � � 0.230, divided by
cos � for comparison. The contour intervals are 0.03 m s�1 day�1

for (a) and 0.08 K m s�1 for (b). The dark (light) shading denotes
positive (negative) values.
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plitude A0 � 2 m s�1 day�1, which generates a zonal
wind response of comparable magnitude to the internal
wind variability in the model. Here, G(� ) controls the
meridional structure of the torque and consists of a
Gaussian function with its maximum at the forcing lati-
tude �0 and meridional half-width �w � 9°. The factor
cos[�(�)�] controls the vertical structure, in which �(�)
is centered at the forcing level �0, with a linear vertical
profile when �0 is below the sigma level 0.3, and with a
logarithmic profile when �0 is above this level:

���� � ��0 � ����w for �0 	 0.3, �w � 0.3, and

� �log10�0 � log10���ew

for �0 � 0.3, ew � 1.0. �3�

We perform a comprehensive sensitivity study with
respect to the location of the torque (�0, �0). Most
experiments display a tropospheric jet shift similar in
structure to the tropospheric annular mode (e.g., Figs. 4
and 9). Therefore, we describe the jet shift succinctly by
regressing the zonal wind change �U(�, �), in a least
square manner, to the internal annular mode pattern
UAM(�, �) shown in Fig. 1b:


U��, �� � �UAM��, �� � �, �4�

where � is the residual of a linear regression, and �U
and UAM are mass weighted at each latitude and sigma
level before the regression. The regression coefficient �
represents the forced jet movement relative to the in-
ternal jet variability, with the positive (negative) sign
indicating a poleward (equatorward) shift. Therefore,
when � � 1, the zonal wind response is similar in mag-
nitude to the wind variability associated with one stan-
dard deviation of the annular mode index in the control
simulation.

Figure 3 shows the jet shift as a function of the forc-
ing location. First, we study the dependence on the
forcing level when the torque is placed on either the
equatorward (�0 � 30) or poleward (�0 � 50) flank of
the jet center (Fig. 3a). The torque in Fig. 3a is placed
on the vertical levels at �0 � 0.85, 0.65, 0.45, 0.1, 0.056,
0.032, 0.01, and 0.003. As the torque is moved upward
in the troposphere, the annular mode–like response
changes relatively little. This result may seem counter-
intuitive, as a torque at the surface and in the upper
troposphere should have opposite effects on vertical
wind shears and baroclinic instability. Moreover, when
the torque is on the poleward flank of the jet, the sign
of the response also remains unchanged as the torque is
moved up into the stratosphere. In contrast, the jet
movement reverses in direction near the forcing level
� � 0.1 when the torque is located on the jet’s equa-

torward flank. In both cases, the tropospheric response
eventually becomes negligible when the stratospheric
torque is far away from the troposphere.

The vertical integral of the angular momentum
added at the forcing latitude �T d� � �A0G(�0)
cos[�(�)�] d� remains roughly constant for the torque
in the troposphere and decays exponentially with in-

FIG. 3. Sensitivity of the tropospheric jet latitude to the forcing
location. The jet movement � is defined in Eq. (4) as the forced jet
movement relative to the internal jet variability. (a) Shown is � as
a function of the forcing level on the jet’s equatorward flank
(�0 � 30) and poleward flank (�0 � 50). (b) The vertical integral
of angular momentum added at the forcing latitude, � T d�, is
shown for reference as a function of the forcing level. (c) Here, we
show � as a function of the forcing latitude and the forcing level.
The contour intervals greater (less) than 0.5 (�0.5) are shaded,
and the dark (light) shading denotes a poleward (equatorward)
shift. The dashed–dotted line is the tropopause level in the control
simulation.

2258 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S VOLUME 65



creasing height for the torque in the stratosphere (Fig.
3b). It is remarkable that the tropospheric jet response
is comparable in magnitude when the torque is in the
troposphere and in the stratosphere, even though the
net momentum added is smaller in the latter case. This
suggests that the direct contribution of the zonal torque
to the angular momentum balance is not the key for the
jet shift, especially for the case of the stratospheric
torque.

Next, we look at the response with torque locations
in a latitude–sigma level domain below the lower
stratosphere (Fig. 3c). The torque is moved in latitude
from 20° to 70° in increments of 10°, and on sigma
levels at �0 � 0.85, 0.65, 0.45, 0.1, and 0.056. (Note that
the wind response is very large for the stratospheric
torque in the subtropics, and the time step for the
model integration is reduced by half to avoid numerical
instability.) As the near-surface torque (�0 � 0.85) is
moved from low latitudes to high latitudes, the jet re-
sponse makes the transition from an equatorward shift
to a poleward shift near the forcing latitude of 35°. The
jet shifts poleward for a westerly torque at the latitude
of the surface westerly maximum, consistent with the
response to a decrease in surface friction in CHR. As
the torque is moved from near the surface to the upper
troposphere, the jet response does not change very
much except near the jet core. Between the upper tro-
posphere and lower stratosphere, however, the transi-
tional latitude tilts equatorward. In particular, the tro-
pospheric jet shifts poleward for all of the cases in
which the torque is placed poleward of 30° in the lower
stratosphere (�0 � 0.056).

The internal annular mode explains [in the form of
Eq. (4)] at least 60% of the variance for the time and
zonally averaged zonal wind change in all but three
cases: (�0, �0) � (20°, 0.056), (30°, 0.1), and (40°, 0.45).
In the first experiment, the imposed torque is mainly
balanced by Coriolis deceleration. The small Coriolis
parameter in the subtropics results in a very large re-
sponse in meridional and zonal winds, and eddies
play only a minor role. The other two experiments lie
on the transition zone from an equatorward to a
poleward shift, as the torque is moved across the sub-
tropical tropopause and the jet center, respectively. In
the following sections, we study in more detail the dy-
namics of the response for those experiments in which
this response projects well onto the internal annular
mode.

4. Response to the tropospheric forcing

We first describe the response when the prescribed
tropospheric torque is located near the surface. We

concentrate on two experiments in which the zonal
torques (�0 � 0.85) are placed on the equatorward
flank (� � 30°) and poleward flank (� � 50°) of the jet
center. Figure 4 shows the time and zonally averaged
changes in the zonal wind and EP flux divergence for
both cases. The response displays a large-scale pattern
in the zonal wind and wave activity, which is highly
correlated with the internal annular mode in both the
stratosphere and troposphere, but has the opposite sign
for the two cases. Since the wind change shows little
resemblance to the external forcing, it is useful to think
of the response as a projection onto the internal annu-
lar mode as in RP. For the poleward torque case, a
westerly wind anomaly is also visible in the subtropical
upper troposphere, as the subtropical jet is stronger and
more distinctly separated from the eddy-driven jet than
in the control climatology.

Eddy feedbacks play a major role for the response
displayed in Fig. 4. To show this, we calculate the re-
sponse to the same prescribed torque in a zonally sym-
metric model without eddy feedbacks. The model is
constructed by making the full model axisymmetric and
including the eddy forcings in the control simulation,
using the method described in Kushner and Polvani
(2004). We integrate the model for 2000 days, and ob-
tain a steady-state solution that matches the control
climatology, except in the deep tropics. Figure 5 shows
the zonal wind changes in this model for the same sur-
face torques. The zonal wind change displays a fairly
barotropic structure from near the surface into the
stratosphere, with a slight decrease across the tropo-
pause. The barotropic structure of the zonal wind
changes is consistent with downward control theory. As
discussed by Robinson (2000), a surface torque can be
balanced locally by anomalous surface winds and the
associated frictional drag, and thus the torque does not
force the interior baroclinicity. It is obvious from Fig. 5
that the response of the symmetric model is very small
outside of the forcing regions, which implies that the
global annular mode–like response of the full model is
primarily driven by eddy feedbacks.

The full model response can thus be thought of as a
zonally symmetric balance between the prescribed
zonal torque and surface friction at first, followed by
the subsequent modifications on the eddies and the
eddy-driven zonal flow. However, it is still an open
question through which mechanism the original mean
flow anomalies lead to the anomalous eddy patterns. It
is well known that barotropic shears can modify the
nonlinear evolution of baroclinic anomalies, favoring
one of two distinct life cycles (LC1 and LC2) (Simmons
and Hoskins 1980; Thorncroft et al. 1993; Hartmann
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and Zuercher 1998). In LC1, the wave breaking is pri-
marily on the anticyclonic side of the jet, and the final
jet position moves to the poleward flank of the initial
jet. In LC2, with enhanced cyclonic shear in the initial
condition, waves break on the cyclonic side of the jet,
and the jet is displaced slightly equatorward. However,
the modification of wave breaking by barotropic shear
is a very complex problem, even for a single baroclinic
life cycle. On the other hand, CHR have proposed a
different mechanism for explaining the jet shift (when
friction is varied) that does not depend on changes in
the direction of the breaking. These authors show that
changes in the eddy phase speed can produce a merid-
ional displacement of the critical layers, leading in turn
to a shift of the full eddy pattern. CHR also construct a
shallow water model of the upper troposphere in which
eddy generation is parameterized as stochastic stirring
and show that changes in the phase speed of the pa-

rameterized eddies alone can produce a meridional dis-
placement of the westerlies in that model, even when
the barotropic shear does not change.

To investigate whether the phase speed mechanism
can also be important in our problem, we have com-
puted the anomalous latitude–phase speed spectra of
upper-level eddy momentum flux convergence and
lower-level eddy heat flux for the two cases discussed
above (Fig. 6). When the torque is located on the pole-
ward flank of the jet (Fig. 6, right panels), the jet dis-
placement is accompanied by an increase in the eddy
phase speed in both the eddy momentum flux and eddy
heat flux spectra in the midlatitudes. One may thus
attribute the jet shift in this case to the poleward dis-
placement of the subtropical critical latitudes when
eastward eddy propagation is enhanced by the anoma-
lous westerly advection. This is similar to the transient
adjustment following a sudden decrease in surface fric-

FIG. 4. The time and zonally averaged changes in the (top) zonal wind and (bottom) EP flux divergence, for zonal
torques prescribed near the surface (�0 � 0.85) and placed on the jet’s (left) equatorward flank (�0 � 30) and
(right) poleward flank (�0 � 50). The triangular symbol denotes the forcing center, and the dark shading in the top
panels denotes the region where the torque is greater than 0.5 m s�1 day�1. In the bottom panels, the dark (light)
shading denotes the EP flux divergence (convergence). The dashed–dotted lines indicate the tropopause level in
the control simulation. The contour intervals are 1.5 m s�1 for the zonal wind, 0.5 m s�1 day�1 for the EP flux
divergence, and 4 m s�1 day�1 (��, �� ) for the EP vectors.
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tion in CHR. On the other hand, when the torque is
located on the equatorward jet flank (Fig. 6, left pan-
els), the subtropical critical latitudes shift equatorward
for nearly all phase speeds. The spectra for this case
show enhanced eastward propagation in the subtropics,
and a slight deceleration in the midlatitudes. However,
it is the changes in the mean wind that appear to be
more important for the equatorward shift of the critical
latitudes and subtropical divergence. The increased
zonal wind in the subtropics allows the midlatitude ed-
dies to penetrate farther into the tropics and pushes the
subtropical critical latitudes equatorward. This is con-
sistent with the zonal mean extratropical circulation re-
sponse to the warm phase of the ENSO cycle, during
which the increased subtropical winds permit the equa-
torward shift in the meridional propagation and refrac-
tion of Rossby waves (Chang 1995, 1998; Robinson
2002; Seager et al. 2003). As the eddy-driven circulation
moves equatorward, the midlatitude eddy phase speeds
are also seen to decrease somewhat in the lower-level
heat flux spectra, which provides a positive feedback to
the equatorward shift.

A nontrivial result is that, in both cases, the response
seems to be dominated by “fast” eddies with phase
speeds between 10 and 20 m s�1, rather than by the
slower eddies that are more important in the climatol-
ogy. This occurs because the contributions to the sub-
tropical divergence change from slower eddies are ei-
ther too small or canceled out in the zonal average.
Figure 7 shows the changes in the fluxes as a function of
zonal wavenumber and phase speed, area averaged
over two latitudinal bands (between 35° and 45° for the
eddy momentum flux, and between 45° and 55° for the

eddy heat flux). These bands are chosen to capture the
characteristics of the anomalous eddy momentum flux
and heat flux maxima associated with the jet move-
ment. The response to a torque on the jet’s poleward
flank displays an increase in phase speed in both the
momentum flux and heat flux, roughly following the
slope of the dispersion relationship in the climatology
that smaller eddies propagate faster eastward. How-
ever, because there is a cancellation for the dominant
climatological eddies (m � 5–6) when summing over
the zonal wavenumber, the net contribution seen in the
latitude–phase speed spectra arises from shorter (m �
6–8) and faster eddies. In the case of the subtropical
torque, faster eddies also dominate, but the slower ed-
dies change very little. The dominance of fast eddies in
the jet movement has also been noted by Son and Lee
(2005), when varying the equator-to-pole temperature
gradient in a similar model. Attributing the jet response
to these fast eddies, we expect the response to change
sign as the torque is moving from regions of eddy mo-
mentum flux divergence to regions of eddy momentum
flux convergence in the climatology. This transition oc-
curs roughly between 30° and 40° for the fast eddies,
consistent with Fig. 3c. A zonal torque over this region
has little effect because it affects both the zonal mean
wind and the eddy phase speed. (Note that there is no
jet shift for a surface torque at about 35°, whereas the
jet latitude is more like 40°.)

To conclude, we discuss how the results change when
the zonal torque is moved up in the troposphere. It is
again useful to think of the eddy-free response first. For
an interior torque, a mean meridional circulation is re-
quired in the symmetric problem to bring down the

FIG. 5. The zonal wind changes in a zonally symmetric model for the same surface zonal torques in Fig. 4. The
triangular symbol denotes the forcing center and the dashed–dotted lines indicate the tropopause level in the
control simulation. The contour interval is 0.5 m s�1.
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momentum forcing to the surface, where it can be bal-
anced by friction. Since this circulation also transports
heat, the response of the zonally symmetric model is no
longer purely barotropic as for the near-surface torque
considered earlier, but the baroclinic wind is also
changed. In fact, the equilibrium baroclinic response
can be quite large because the anomalous meridional
heat transport can only be balanced by slow radiative
restoration in the absence of eddy feedbacks (not
shown).

Things are very different however when eddy feed-
backs are allowed. We focus on the effect of the baro-
clinic forcing by considering the full-model response
when forcing with equal torques of opposite sign in the
interior (�0 � 0.45) and near the surface (�0 � 0.85). To
the extent that the full response is linear, this may be
regarded as the difference between the responses to an
interior and a near-surface torque at the same latitude.

Figure 8 shows the EP flux response when this dipolar
structure is located on either the poleward or the equa-
torward flank of the jet. We can see that in both cases
the anomalous westerly torque in the interior is roughly
balanced by anomalous EP flux convergence and the
anomalous easterly torque near the surface by anoma-
lous EP flux divergence. Moreover, the anomalous EP
convergence results almost entirely from the vertical
component, so that the imposed baroclinic forcing is
balanced locally and the response is negligible at other
latitudes. What this implies is that the strong negative
feedback by the eddy heat flux prevents the large
changes in baroclinicity predicted by the zonally sym-
metric model. The strong eddy feedback against
changes in baroclinicity is consistent with baroclinic ad-
justment and related theories (Schneider 2004; Zurita-
Gotor 2008). As a result of this feedback, the response
to a prescribed torque is only weakly sensitive on the

FIG. 6. The changes in the latitude–phase speed spectra of the (top) upper-level (� � 0.230) eddy momentum flux
convergence and (bottom) lower-level (� � 0.843) eddy heat flux, for the same surface torques on the jet’s (left)
equatorward flank and (right) poleward flank as in Fig. 4. The thick solid lines in the top panels are the time and
zonally averaged upper-level (� � 0.230) zonal winds, divided by cos � for comparison. The contour intervals are
0.015 m s�1 day�1 for the momentum flux convergence and 0.04 K m s�1 for the heat flux. The dark (light) shading
denotes positive (negative) values.
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forcing level, and remains quite barotropic even when
the torque is moved to the upper troposphere (Fig. 3).

5. Response to the stratospheric forcing

We study the stratospheric influence on the tropo-
sphere by considering again two experiments in which
the lower-stratosphere (�0 � 0.056) zonal torques are
located in the subtropics (�0 � 30) and high latitudes
(�0 � 70). Figure 9 shows the time and zonally aver-
aged changes in the zonal wind and EP flux divergence.
In both cases, the westerly torque leads to a zonal wind
increase that penetrates downward into the tropo-
sphere. However, this penetration is not vertical as is
the case for the upper-troposphere torque but rather
displays a slope that is different for each case. There is
a poleward tilt for the subtropical torque, an equator-
ward tilt for the high-latitude torque, and less tilting for

midlatitude torques (not shown). The slope of the zonal
wind response also agrees with the directions of anoma-
lous wave propagation. Since the structure of the re-
sponse is different in the three cases, it is not very
meaningful to describe the stratospheric response in
terms of its projection on the internal mode.

On the other hand, the tropospheric response to the
stratospheric torque still displays the familiar annular
mode structure described in previous sections, with one
important difference: the sign of the response no longer
depends on the forcing latitude. This is not surprising
because the tilting of the zonal wind change is such that,
in the troposphere, the westerly acceleration occurs
roughly at the same latitudes for both forcings. This
tropospheric pattern is consistent with an increase in
the eddy phase speed and a poleward displacement of
the jet. Westerly wind anomalies are again also seen in
the upper troposphere as the subtropical jet strengthens

FIG. 7. The changes in the zonal wavenumber–phase speed spectra of the (top) upper-level (� � 0.230) eddy
momentum flux and (bottom) lower-level (� � 0.843) eddy heat flux, for the same surface torques on the jet’s (left)
equatorward flank and (right) poleward flank as in Fig. 4. The momentum flux is area averaged between 35° and
45°, and the heat flux is averaged between 45° and 55°. The contour intervals are 0.007 m2 s�2 for the momentum
flux and 0.01 K m s�1 for the heat flux. The dark (light) shading denotes positive (negative) values.
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FIG. 9. The time and zonally averaged changes in the (top) zonal wind and (bottom) EP flux divergence for zonal
torques in the lower stratosphere (�0 � 0.056), which are placed in the (left) subtropics (�0 � 30) and (right) high
latitudes (�0 � 70). The triangular symbol denotes the forcing center, and the shading in the top panels denotes
the region where the torque is greater than 0.5 m s�1 day�1. The contour intervals are 1.5 m s�1 for the zonal wind,
0.5 m s�1 day�1 for the EP flux divergence, and 4 m s�1 day�1 (��, �� ) for the EP vectors.

FIG. 8. The EP flux divergence difference for zonal torques in the tropospheric interior (�0 � 0.45) and near the
surface (�0 � 0.85), which are placed on the jet’s (left) equatorward flank and (right) poleward flank. The
triangular symbols mark the locations of the anomalous westerly torque in the interior and the anomalous easterly
torque near the surface. The contour intervals are 0.5 m s�1 day�1 for the EP flux divergence, and 4 m s�1 day�1

(��, �� ) for the EP vectors. Note that the vertical scale is linear in the plots.
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and gets detached from the poleward-displaced eddy-
driven jet.

The response to a stratospheric forcing cannot simply
be thought of as a zonally symmetric balance with sur-
face friction plus tropospheric eddy feedbacks. This can
be easily seen in the zonal wind responses for the lower-
stratospheric torques in the zonally symmetric model in
Fig. 10. The zonal wind changes are a factor of 8 stron-
ger than those in the full model, and the downward
penetrations of the zonal winds are vertical. In particu-
lar, the downward penetration for the subtropical
torque is such that, in the presence of tropospheric eddy
feedbacks, it would lead to a jet shift in the opposite
direction to that in the full model. These results suggest
that the stratospheric eddies are important not only for
the magnitude of the stratospheric response, but also
for the direction of the tropospheric jet shift. One can
think of the tropospheric response as resulting from the
tropospheric eddy feedback on a mean flow that is
modified not just by the prescribed torque, but also by
the stratospheric eddies.

We extract the effects of the stratospheric eddies by
removing the projections of the model responses on the
internal annular mode with the least square regression
in Eq. (4). Figure 11 shows the resulting residual pat-
tern in the zonal wind and EP flux divergence, com-
pared with the EP flux divergence response due to
planetary waves alone (m � 3). The residual wave ac-
tivity displays a pattern in which anomalous waves
originate from the surface, propagate vertically across
the tropopause, and converge into the regions of the

stratospheric westerly torque. (Note that such a clear
residual wave activity pattern can be obtained only if
the imposed torque is separated from the tropospheric
annular mode.) We refer to this residual pattern as the
“stratospheric eddy response.” A comparison with the
full response shows that the stratospheric eddy re-
sponse is primarily due to planetary waves for the sub-
polar forcing, but is dominated by medium-scale waves
for the subtropical forcing. The net effect of the pre-
scribed forcing and the stratospheric eddies is to in-
crease the zonal winds mostly in the stratosphere.
While the wave activity residual includes some tropo-
spheric eddies, more experiments with the zonally sym-
metric model confirm that the stratospheric eddies
alone can generate similar zonal wind changes in the
stratosphere (not shown), as is also seen in Kushner
and Polvani (2004).

Despite the increased upward EP flux across the
tropopause, we argue that the increased lower-
stratospheric wind is the key for the tropospheric jet
shift. The lower-stratospheric wind shears can alter the
baroclinic eddy life cycle in the troposphere through
changes in the phase speed of the tropospheric eddies
(Wittman et al. 2007). As stratospheric signals are
transmitted downward by planetary waves mainly
through the midlatitude tropopause on the poleward
flank of the tropospheric jet (Fig. 9), it seems plausible
that the stratospheric westerly torque can accelerate
the phase speed of the tropospheric eddies. The only
exception is the torque in low latitudes far away from
stratospheric eddies (�0 � 20°, �0 � 0.056). We have

FIG. 10. The zonal wind changes in the zonally symmetric model for the same lower-stratospheric torques in the
(left) subtropics and (right) high latitudes as in Fig. 9. The triangular symbol denotes the forcing center. The
dashed–dotted lines in the plots are the tropopause level in the control simulation. The zonal wind changes are
denoted by the shading with an interval of 12 m s�1, and by the contours with an interval of 1.5 m s�1 for values
less than 12 m s�1.
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FIG. 11. The residual patterns obtained by removing the annular mode projection in the (top) zonal wind and
(middle) EP flux divergence, in comparison with (bottom) the responses in the EP flux divergence due to the
planetary waves (m � 3), for the same lower stratospheric torques in the (left) subtropics and (right) high latitudes
as in Fig. 9. The contour intervals are 1.5 m s�1 for the zonal wind, 0.5 m s�1 day�1 for the EP flux divergence, and
4 m s�1 day�1 (��, �� ) for the EP vectors.
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also examined the latitude–phase speed spectra and
wavenumber–phase speed spectra of the upper-level
eddy momentum flux and lower-level eddy heat flux
responses (not shown). These spectra are remarkably
similar to those for a tropospheric torque on the pole-
ward flank of the jet, displaying increases in the phase
speed of midlatitude eddies for both eddy fluxes. As
such, the lower-stratospheric wind anomalies can be
thought to project onto the tropospheric annular mode.

Like the upper-tropospheric torque, the eddy fluxes
play an important role in balancing the stratospheric
torque; however, the dynamics is more complex now
because meridional wave propagation in the strato-
sphere is also important. This is also different from a
balance by residual circulations, which penetrates
downward vertically. In our model, waves enter the
stratosphere primarily through the middle- and high-
latitude tropopause. Since waves are only forced by
baroclinic instability and upscale nonlinear transport in
our model, there is not a significant long-wave spec-
trum in the midlatitudes. It is thus possible that the
response to a stratospheric torque would be more com-
plicated in a model with midlatitude planetary wave
forcing.

As the torque is moved aloft in the stratosphere, the
eddies are less efficient in balancing the torque and the
meridional circulations become more important. Figure
12 shows the time and zonally averaged responses in
the zonal wind, EP flux divergence, and the Coriolis
deceleration of the meridional residual circulation for a
zonal torque in the subtropical middle stratosphere
(�0 � 30, �0 � 0.01). In contrast to the lower-
stratospheric torque in Fig. 9, the middle-stratospheric
torque is mainly balanced at the center by the Coriolis
deceleration because of anomalous equatorward re-
sidual circulation, and this results in very intense zonal
winds at the forcing center. There also exists anomalous
equatorward wave propagation at the forcing level that
attempts to reduce the meridional shears of the zonal
winds, which might be related to barotropic instability
in the stratosphere. Despite these differences, the in-
fluence on the troposphere shows the same character-
istics as before, with the zonal wind response again tilt-
ing poleward and anomalous upward wave propagation
from the middle- and high-latitude tropopause into the
torque region. This suggests that the stratospheric ed-
dies still control the direction of the tropospheric jet
shift, rather than the strong meridional circulations.
These stratospheric eddies transfer positive zonal wind
anomalies down to the tropopause level on the pole-
ward flank of the jet, and project onto the positive
phase of the tropospheric annular mode.

FIG. 12. The time and zonally averaged responses in (a) the
zonal wind, (b) the EP flux divergence, and (c) the Coriolis de-
celeration of the meridional residual circulation for the zonal
torque in the subtropical middle stratosphere (�0 � 30°, �0 �
0.01). The triangular symbol denotes the forcing center. The con-
tour intervals are 1.5 m s�1 for the zonal wind, 0.5 m s�1 day�1 for
the EP flux divergence and the Coriolis deceleration, and 4 m s�1

day�1 (��, �� ) for the EP vectors.
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6. The jet response to the orographic GWD
parameterization

In this section, we discuss the implications of our
results for the orographic GWD parameterization using
GFDL climate model AM2.1. AM2.1 is a global atmo-
sphere and land model forced by the observed values of
radiative forcing agents, sea surface temperatures, and
sea ice (GFDL Global Atmospheric Model Develop-
ment Team 2004) that is integrated from January 1983
to December 1998 for this study. The model uses the
GWD parameterization described in Stern and Pierre-
humbert (1988), in which the GWD is deposited at the
level where the momentum flux transferred from below
exceeds the saturation flux. The surface momentum
flux �s is parameterized as


s � U3G*
F2

F2 � a2 , �5�

where U is the surface wind; F is the Froude number,
which is a function of surface orography; and G* and a
are two nondimensional constants that are both tuned
to a value of 1 to optimize the simulated zonal mean
winds. We change the parameter G* in our sensitivity
study, which results in a change in the parameterized
momentum flux at the surface and the gravity wave
drag deposited in the lower stratosphere.

Figure 13 shows the 16-yr wintertime (December–
February, DJF) and zonal mean zonal wind in the con-
trol experiment in which G* � 1.0, and the zonal wind
response as G* is reduced from 1.5 to 0.5. We also show
the regression of the zonal wind anomaly onto the stan-
dardized Northern Hemisphere annular mode index,
defined as the first principal component of the monthly
DJF sea level pressure field poleward of 20°N in the
control experiment. Despite the amplitude difference,
the regression pattern simulated in the model re-
sembles the annular mode structure in the observa-
tions. The GWD in the model is mainly deposited
above the subtropical jet core in the lower stratosphere.
The decreased easterly drag leads to an increase in the
zonal wind, which penetrates downward and poleward,
and projects onto the internal annular mode only in the
troposphere. The zonal wind change is similar to the
response to the subtropical stratospheric torque in the
idealized model (Fig. 9). This suggests that the strato-
spheric polar vortex is not fundamental for the down-
ward influence, although it may still play an important
role in the vertical propagation of planetary waves. The
same is true for the case of a high-latitude torque, as the
downward and equatorward penetration of the zonal
wind in our model also resembles that in SR and the
observed observed zonal wind change associated with

FIG. 13. The 16-yr wintertime (DJF) and zonally averaged (a)
zonal wind in the control experiment in which G* � 1.0, (b) the
zonal wind response as G* is reduced from 1.5 to 0.5, and (c) the
regression of the zonal wind anomaly onto the standardized
Northern Hemisphere annular mode index in the control experi-
ment in the GFDL AM2.1. Here, G* is the GWD parameter, with
a larger value denoting stronger zonal wind deceleration. The
shading in (a) and (b) denotes the zonal wind acceleration by
GWD, with an interval of 1 m s�1 day�1. The contour intervals are
5 m s�1 for (a), 1.5 m s�1 for (b), and 0.5 m s�1 for (c).
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anomalous stratospheric wave drag (e.g., Black 2002;
Thompson et al. 2006). These results suggest that our
understandings from the idealized model may also be
relevant for the tropospheric jet shift in response to the
stratospheric forcing, even when a stratospheric polar
jet exists.

The tropospheric jet sensitivity in Fig. 3 implies that
the level of gravity wave breaking may have a consid-
erable impact on the tropospheric jet latitude. First, if
some of the GWD were deposited below the tropo-
pause level, the tropospheric jet would shift poleward,
with little dependence on the drag profile in the tropo-
sphere, consistent with Stephenson (1994). On the
other hand, if the gravity wave breaking were to occur
at a higher level in the stratosphere, the decreased air
density would result in a greater zonal wind decelera-
tion so as to satisfy angular momentum conservation,
and therefore we should anticipate a more dramatic jet
shift (associated with the increased forcing amplitude)
than is seen in Fig. 3.

We have also looked at the spatial distribution in the
surface wind response (not shown). Although the
GWD in the lower stratosphere is localized over steep
topography, the surface wind response displays a zon-
ally symmetric component; that is, the surface wester-
lies are displaced poleward in both the Atlantic and
Pacific Oceans. This surface wind response is very simi-
lar to the internal annular mode pattern, justifying that
our understandings from a model with zonally symmet-
ric lower boundary conditions are relevant to GCMs
with more complex boundary conditions.

7. Discussion and conclusions

We study the tropospheric response to prescribed
zonal forcing in an idealized dry model. The tropo-
spheric jet shifts equatorward for a westerly (eastward)
zonal torque on the equatorward flank of the jet in the
troposphere. In contrast, the tropospheric jet moves
poleward for a torque on the poleward flank of the jet
in the troposphere, and for a torque in the extratropical
stratosphere. These jet movements project strongly
onto the internal annular mode in the troposphere.

These jet movements can be explained based on the
changes in the critical latitudes of tropospheric eddies.
For a westerly torque near the surface, the response can
be thought of as a zonally symmetric balance between
the torque and surface friction at first (with surface
winds modified until the increased surface friction bal-
ances the torque). The zonally symmetric response in
the zonal wind is nearly barotropic above the forcing.
This zonal wind change can have different impacts on
eddies in the midlatitude region of baroclinic growth

versus the subtropical region of barotropic decay.
While the increased zonal winds in the subtropics allow
the midlatitude eddies to propagate farther into the
tropics and result in the equatorward shift in the critical
latitudes, the increased winds in the midlatitudes accel-
erate the eastward eddy phase speeds and lead to the
poleward shift in the critical latitudes. Finally, as the
torque is moved into the tropospheric interior, the eddy
fluxes redistribute momentum vertically, producing a
zonal wind response that is still nearly barotropic.

For the torque in the stratosphere, the stratospheric
eddies play a more important role in controlling the
tropospheric jet latitude than the residual circulations.
Despite the lack of the stratospheric polar jet in this
idealized model, the tropospheric response to the pre-
scribed stratospheric forcing is similar to that in models
with a more realistic stratosphere. The downward pen-
etration of zonal winds to the troposphere displays a
poleward slope for the subtropical torque, an equator-
ward slope for the high-latitude torque, and less tilting
for the midlatitude torques. These slopes are the signa-
tures of anomalous wave propagation in the strato-
sphere, in contrast to the vertical downward penetra-
tion, assuming that only the residual circulation
changes. As the tropospheric eddies enter the strato-
sphere through the middle- and high-latitude tropo-
pause, they transfer positive zonal wind anomalies from
the torque region to the midlatitude lower stratosphere.
We argue that these wind anomalies modify the eddy
phase speeds in the upper troposphere, and displace the
tropospheric jet as in the case of tropospheric forcing.
However, further research is necessary to investigate
how the stratospheric planetary-scale eddies interact at
the tropopause level with the tropospheric medium-
scale eddies. Such interactions are also observed, al-
though not fully understood, in the life cycle of sudden
stratospheric warming (e.g., Limpasuvan et al. 2004).

Concerned about the resolution dependence of the
low-frequency variability in this type of model (Gerber
et al. 2008), we have performed the control simulation
and four experiments studied in sections 4 and 5 at
higher horizontal resolution (T85) with the vertical
resolution unchanged. The high-resolution runs pro-
duce qualitatively similar annular mode–like responses
in the troposphere, and similar tilting structures of
zonal winds in the stratosphere for the stratospheric
torques (not shown). However, the decorrelation time
scales of the annular modes in these experiments drop
between 20 and 30 days, a range about the true time
scale for the low-frequency variability in this model sys-
tem (Gerber et al. 2008). This is approximately four
times shorter than the time scales in the T42 simula-
tions, and the tropospheric annular mode responses at
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T85 are about three times smaller in magnitude than
those at T42, which may be related to the fluctuation–
dissipation theorem introduced by Leith (1975; E. Ger-
ber and A. Plumb 2007, personal communication).
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