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FIG. 1. Annual average westerly zonal wind (m s!1). (a) Cross
section of zonal-mean zonal wind; vertical axis is pressure (mb) and
horizontal axis is latitude; (b) zonal wind at 200 mb; (c) zonal wind
at 850 mb.

subtropics and the midlatitudes reflect the different dy-
namical processes that maintain the subtropical andmid-
latitude jet. The subtropical jet is driven by differential
heating between the Tropics and subtropics, which cre-
ates a pressure gradient forcing air poleward at upper
levels and equatorward at lower levels. The Coriolis
force acting on the meridional wind gives westerlies at
upper levels and easterlies at lower levels. Much of the
variability of the subtropical jet is determined by the
seasonal cycle of heating in the Tropics, giving a strong
jet in winter and a weak jet in summer. In the midlat-
itudes, on the other hand, the eddies play an essential
role by transporting westerly momentum from upper
levels in the subtropics and midlatitudes to low levels
in the midlatitudes. The source of the eddy activity is
the instability associated with the temperature gradient
in the lower troposphere of the midlatitudes. In the
Southern Hemisphere, the relatively constant ocean tem-
peratures play a major role in maintaining this gradient,
and thus the seasonal cycle in the midlatitudes is small
compared to the Northern Hemisphere. Therefore, a sig-
nificant portion of the zonal-mean variability in the mid-
latitude Southern Hemisphere is associated with dynam-
ical processes internal to the atmosphere and not with
variability associated with the external seasonal cycle.
It is this internal variability that is the focus of this paper.

4. Zonal wind–eddy feedback

The leading EOF of the daily zonal-mean zonal wind
is an equivalent barotropic dipole with maximum anom-
alies at 40" and 60"S (Fig. 2a). The deep vertical struc-
ture of the wind anomalies suggest that this EOF is
associated with the midlatitude jet and the eddies. Look-
ing at the annual mean zonal wind (Fig. 1a), we see that
the leading EOF represents north–south fluctuations in
the position of the midlatitude jet about its time mean
position of 50"S. This mode explains a significant
amount of the total variance (36%). The PC time series
associated with this leading EOF in the latitude–pressure
plane is the same as the leading EOF of the vertically
averaged zonal-mean zonal wind (Fig. 2; variance ex-
plained # 43%): the PC time series of the two modes
are correlated at 0.998. Since the vertically averaged
flow describes the variability, the direct effect of the
eddies on the zonal-mean wind is the convergence of
the vertically averaged eddy momentum flux (Hoskins
1983):

2$%[u]& 1 $(%[u'(']& cos ))
# ! ! F, (1)

2$t cos ) a$)

where %u& is the vertical average of u, [u] is the zonal
mean of u, u' is u ! [u], ) is the latitude, a is the radius
of the earth, and F is the residual momentum forcing.
The first term on the right will be called the eddy forc-
ing. In the midlatitudes of the Southern Hemisphere, the
residual momentum forcing F is dominated by boundary
layer friction. To diagnose the effect of the eddies on
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FIG. 2. (a) EOF1 of the zonal-mean zonal wind; (b) EOF1 of the
vertical and zonal-mean zonal wind. The percent variance explained
is given at top-right corner of plot.

FIG. 3. Cross-spectrum analysis between z and m: (a) real and
imaginary part of the cross-spectrum divided by the z power spectrum,
and the expected imaginary part; (b) coherence squared; (c) phase
difference between m and z. Positive phase difference means m leads
z. Horizontal axis is frequency for all plots.

the leading EOF of ![u]", we project the EOF pattern
of ![u]" onto the vertically averaged eddy forcing anom-
alies. The resulting eddy forcing time series is calledm(t).
For the remainder of this section, z(t) is defined to be
the zonal index (i.e., the leading PC of ![u]"), m(t) is the
eddy forcing of the zonal index, capital letters denote the
Fourier transform of the corresponding lower case var-
iable, and A* denotes the complex conjugate of A.
If z and m are linearly related, then relationship be-

tween z and m can be easily determined using cross-
spectrum analysis. The ratio of the cross-spectrum
(#MZ*) to the z power spectrum (#ZZ*) is plotted in
Fig. 3a. The imaginary part is quite close to the angular
frequency $, and the real part is nearly constant at low
frequencies. This implies that M # (% &1 ' i$)Z or,
equivalently,

dz z
# m & , (2)

dt %

where % is a constant. This is the equation that would
be obtained if F in (1) was parameterized by Rayleigh
damping with a decay timescale of %. The large coher-
ence squared (Fig. 3b) demonstrates that (2) is a good
approximation. The phase difference between z and m

(Fig. 3c) is about 90( for most frequencies but ap-
proaches zero at low frequencies. The expected phase
difference between z and m implied by (2), arctan($%),
matches the observed phase difference when the Ray-
leigh damping timescale % is 8.9 days (see appendix A).
Equation (2) implies that the phase relationship between
the eddy forcing and the zonal wind is constrained by
momentum conservation. Thus, in the presence of dis-
sipation, the eddy forcing always becomes more in
phase with the zonal-mean wind at low frequencies.
Therefore, composites of zonal-mean momentum fluxes
in a high or low index state will always show reinforcing
momentum fluxes regardless of whether there is a feed-
back. Also, because the eddies drive changes in the
zonal-mean wind, the eddy forcing always leads the
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the climatology and variability of the tropospheric flow are both 
strongly dependent on the momentum fluxes



  

Regressions on NAM at 10 hPa

timescale suggests stratospheric influence

eg Baldwin and Dunkerton 2001



  

5. Concluding remarks

The results in this study highlight the following pre-
viously overlooked aspects of stratosphere/troposphere
dynamical coupling:

1) The amplitude of the observed tropospheric re-
sponse to stratospheric variability is quantitatively
similar to the balanced response to anomalous wave
drag at stratospheric levels.

2) Anomalous radiative heating at stratospheric levels
contributes to the persistence of the tropospheric
response to stratospheric variability.

The first result demonstrates that amplification due
to internal tropospheric feedbacks is not required to
explain the amplitude of the tropospheric anomalies,
but it does not necessarily reveal the mechanisms that
drive the tropospheric response in the first place. The
second result provides a conceptually simple but previ-
ously overlooked mechanism whereby stratospheric
variability imparts persistence to the tropospheric cir-
culation.

The above conclusions contradict previous studies
that suggest internal tropospheric dynamics must some-
how amplify the observed tropospheric response for at
least two reasons:

1) The time scale of the response in Kushner and Pol-
vani (2004) is roughly 10 times longer than the time
scale of the observed relationships. At such long
time scales, the surface response to stratospheric
heating is substantially less than that simulated in
section 3.

2) Previous studies are based on analyses of the tropo-
spheric component of the annular mode (e.g., Song
and Robinson 2004), whereas as noted in section 2
the tropospheric response to stratospheric variabil-
ity is best estimated from analyses of the strato-
spheric component of the annular mode. The impact
of the choice of the level used as a basis of the
regressions is further exemplified in Fig. 10. Regres-
sions based on variations in the NAM at strato-
spheric levels are associated with minimum EP flux
divergence anomalies at 50 hPa of !0.4 m s!1 day!1

and minimum zonal-mean zonal wind tendencies at
925 hPa of !0.04 m s!1 day!1, a ratio of about 10:1.
In contrast, regressions based on variations in the
NAM at lower tropospheric levels yield analogous
ratios of only about 1:1.

The conclusions in this study suggest future research
on stratosphere/troposphere dynamical coupling focus
not on the feedbacks required to amplify the tropo-
spheric response but on the following two questions:

FIG. 9. The EP flux anomalies (vectors) and the horizontal (blue
contours) and vertical (red contours) components of the corre-
sponding divergences regressed onto standardized and inverted
JFM values of the NAM10 index time series. Results are shown for
the (top) preconditioning, (middle) growth, and (bottom) main-
tenance stages. The longest vector is "1 # 107 J m!2. Contour
interval is 0.1 m s!1 day!1.
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Fig 9 live 4/C

EP fluxes regressed on NAM at 10 hPa

from Thompson, Furtado, Shepherd 2006

the tropospheric response to stratospheric variability is also 
strongly dependent on the momentum fluxes.



  

• it’s clear how the momentum fluxes 
impact the wind and temperature fields

• it’s less clear how the wind and 
temperature fields impact the 
momentum fluxes

the problem...



  

we know such feedbacks exist....

FIG. 9. Difference in time-mean zonal-mean zonal wind for each trial vs the control. Contour interval is 1 m s!1 for
trials 1, 2, 5, 6, and 7 and 2 m s!1 otherwise. Solid vertical lines are positions of time-mean jets.
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tions of angular momentum forcings. Below we will
discuss the results of a suite of experiments, with the
torques centered in different locations. Most trials use
vertically localized forcings, but we conduct several tri-
als using barotropic forcings as well.

In each case we implant the angular momentum forc-
ings into a selected day of the control run, turn them on
smoothly over a period of 20 days, and then hold their
magnitudes steady for the duration of the run. Length-
ening the switch-on time for selected trials did not re-
sult in climatologies different than those shown here.

Figures 7 and 8 show the forcings used in two of our
trials (numbered 1 and 3, respectively, in Table 1).
These torques are similar to those used by Song and
Robinson (2004). The forcing is dipolar globally, but
monopolar in each hemisphere; no net angular momen-
tum is added or subtracted globally. These forcings are
zonally symmetric but Gaussian in latitude and pres-
sure. The e-folding decay scales of the forcing strength
are about 11° in the horizontal and 150 hPa in the ver-
tical. Note that while the forcings in Fig. 7 are centered
at the nodes of the EOF of zonal wind in each hemi-
sphere, the forcings in Fig. 8 project strongly onto the
EOFs.

Table 1 summarizes the changes in the positions of
the vertically localized forcings used in the various tri-
als. In the first six trials, we investigate the response of
the model to forcings located at the jet center, on the
jet’s poleward flank, and on the jet’s equatorward flank,
respectively, for forcings placed in both the lower and
upper troposphere. Trial 7 features a forcing centered
in between those used in trials 1 and 3. A forcing lo-

cated poleward of that in trial 3 is employed in trial 8.
For each trial, the amount of angular momentum added
to each hemisphere is the same as that in the other runs.

All but one of the runs shown below use climatolo-
gies of 5000 days, which are sampled once daily. This
length of time was found to yield statistically robust
results in most of the runs. Only trial 6 uses a 7000-day
climatology.

The change in zonal wind from the control run of the
model for each of the eight trials is shown in Fig. 9. In
trials 1 and 2, which feature a weak projection of the
forcing onto the annular modes, the forced responses
match poorly with the annular modes. In trial 1, the
response in each hemisphere is weak and monopolar.
The response in trial 2 is dipolar in the upper tropo-
sphere of the Southern Hemisphere, but the dipole
does not extend to the ground as in the other trials. The
response to that trial in the Northern Hemisphere is
monopolar.

The other six trials (trials 3 through 8), in which the

TABLE 1. Summary of trials with imposed vertically localized
angular momentum forcings.

Trial No. Latitude of forcing center
Level of

forcing center

1 Jet center 750 hPa
2 Jet center 250 hPa
3 11° poleward of jet center 750 hPa
4 11° poleward of jet center 250 hPa
5 11° equatorward of jet center 750 hPa
6 11° equatorward of jet center 250 hPa
7 5.5° poleward of jet center 750 hPa
8 16.5° poleward of jet center 750 hPa

FIG. 7. Torque applied in trial 1. Forcing contours are in m s!1

day!1 acceleration of angular momentum. Dotted lines are lead-
ing EOFs of zonal-mean zonal wind.

FIG. 8. As in Fig. 7, but for trial 3.
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surface

Tropics

WarmCool

changes in lower tropospheric baroclinicity

Robinson 2000; Lorenz and Hartmann 2001

EPz (poleward meridional heat flux)

but we’re not sure exactly how such feedbacks operate.
one possibility:

Pole



  

surface

waves propagate meridionally in upper troposphere; 
momentum flux converges in ‘stirring’ region 

TropicsPole
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FIG. 3.  (top) Reproduction of Fig. 1, left.  (middle) The radiative temperature response to 

SH polar stratospheric temperature forcing (the temperature effect).  (bottom) The 

radiative temperature response to SH polar stratospheric temperature and ozone forcings 

(the sum of the temperature and emissivity/transmissivity effects).  Positive contours are 

solid, and negative contours are dashed.  The contour interval is 0.5 K (-0.75, -0.25, 0.25, 

0.75, …).  Gray shading in the top panel indicates regions that are 95% significant. The 

region above the solid black line is used to set the stratospheric conditions for the 

radiative calculations, and regions below 700 hPa are omitted due to the high altitude of 

the Antarctic continent. 
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a) burrowing meridional circulation: DCWEF (Robinson 2006) 
b) longwave radiative fluxes from stratosphere (Grise/Thompson/Forster 2008)

how does this relate to stratosphere/troposphere coupling?



  

increased [U] -> higher Cph -> waves ‘break’ farther poleward

Chen and Held (2007; see also Wittman et al. 2007)

South

Westerly

a second possibility:



  

understanding the eddy response to changes in the mean flow is key for 
understanding stratosphere/troposphere coupling.

it is also key for understanding the climate response to anthropogenic 
emissions



  

 

 Heating 2 Profile, Year 1-5                                                              

  

             
 

 

 

understanding the eddy response to thermal forcing 
(Butler and Thompson in prep)
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Heating 3 Profile, Year 1-5                                                              
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eg Polvani and Kushner 2002



  see also Eichelberger and Hartmann 2005
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conclusions....
• we know tropospheric eddy feedbacks 

amplify tropospheric forcing
• we know they almost certainly amplify 

stratospheric forcing
• we know they are key in climate change 

simulations.
• but we don’t know exactly how they operate.
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• The amplitude and persistence of the 
tropospheric response are consistent with the 
balanced response to stratospheric wave 
drag/diabatic heating.
• But the barotropic structure of the response 
requires changes in the tropospheric 
momentum fluxes.
• Understanding stratosphere/troposphere 
coupling requires understanding internal 
tropospheric dynamics.



  

• Changes in the zonal flow in the lower 
stratosphere/upper troposphere change the 
eddy flux of momentum there.

G!!, p" # !
!"0a cos!"$1! · F 0 # p $ 100 hPa

!"0a cos!"$1! · F % tan"%

4 #200 $ p
100 $% 100 hPa $ p $ 200 hPa

0 p & 200 hPa,

!7"

FIG. 2. (left) Zonal-mean zonal wind tendencies regressed onto standardized and inverted JFM values of the NAM10 index time series
and averaged over the stages indicated. (right) As in (left), but for the combined simulated response to stratospheric wave driving,
stratospheric radiative heating, and friction, averaged over the same stages. Contour intervals are 0.05 m s$1 day$1 for black contours
(0.1, 0.15, 0.2, . . .) and 0.02 m s$1 for gray contours (shown at 0.02, 0.04, 0.06, . . . for absolute values less than 0.1). The zero contour
is omitted. Shading denotes absolute values greater than 0.1 m s$1 day$1. Numbers denote local maxima and minima.
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Fig 2 live 4/C
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a) circulation driven by stratospheric cooling
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b) circulation driven by tropospheric warming
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[U] regressed on SH annular mode

stratospheric and tropospheric flow are coupled
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simple to visualize how momentum fluxes can drive [U]
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