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ABSTRACT

Do barotropic or baroclinic eddy feedbacks dominate the atmospheric circulation response to mechanical

forcing?

To address this question, barotropic torques are imposed over a range of latitudes in both an idealized

general circulation model (GCM) and a barotropic model. The GCM includes both baroclinic and barotropic

feedbacks. The barotropic model is run in two configurations: 1) only barotropic feedbacks are present and

2) a baroclinic-like feedback is added by allowing the stirring region to move with the jet. The relationship

between the latitude of the forcing and the response is examined by systematically shifting the torques be-

tween the tropics and the pole. The importance of the mean state is investigated by varying the position of the

control jet.

Five main findings are presented: 1) Barotropic feedbacks alone are capable of producing the structure of

the GCM response to mechanical forcing but are not capable of accounting for its full magnitude. 2) Baro-

clinic processes generally increase the magnitude of the response but do not strongly influence its structure. 3)

For a given forcing, the largest response in all model configurations occurs 58–108 poleward of the forcing

latitude. 4) The maximum response occurs when the forcing is located approximately 108 poleward of the

control jet. 5) The circulation response weakens as the mean jet is found at higher latitudes in all model

configurations.

1. Introduction

Understanding the extratropical atmospheric re-

sponse to thermal and mechanical forcing is central to

a range of current problems in climate dynamics. Mid-

latitude atmosphere–ocean interaction is a function of

the tropospheric response to variations in surface dia-

batic heating, stratosphere–troposphere coupling is a

function of the tropospheric response to changes in the

shear of the flow at the tropopause level and/or diabatic

heating in the polar stratosphere, and the circulation

response to climate change likely depends in part on the

tropospheric response to diabatic heating in the tropical

troposphere and at the surface over the Arctic. In all

cases, the mechanisms that drive the tropospheric re-

sponse are not fully understood.

The problem lies not in the balanced response of

the extratropical atmosphere to external forcing. The

geostrophically and hydrostatically balanced response

to thermal and mechanical forcing is both well un-

derstood and straightforward to estimate (Haynes and

Shepherd 1989; Haynes et al. 1991). Rather, the problem

lies in understanding and predicting the subsequent

changes in the extratropical eddy fluxes of heat and

momentum. For example, most of the forcings above

lead to meridional shifts in the ‘‘eddy driven’’ jet. The

eddy-driven jet is collocated with large eddy fluxes of

heat in the lower troposphere and convergence of the

eddy-momentum flux at the tropopause level. Thus,

understanding and predicting the response of the jet to

external forcing can be accomplished only through un-

derstanding and predicting the response of its attendant

wave fluxes of heat and momentum.

The wave fluxes of momentum are particularly im-

portant, as they determine the barotropic component of

the flow, project strongly onto the annular modes and

their attendant climate impacts, and influence the lower-

tropospheric baroclinicity. The response of the wave

fluxes of momentum to a given forcing can arise through

two sets of processes:
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1) Through changes in the characteristics for meridional

wave propagation aloft (i.e., via barotropic processes).

For example, changes in the upper-tropospheric mean

flow influence the direction of wave propagation

into the stratosphere (e.g., Chen and Robinson 1992;

Simpson et al. 2009), the phase speed and critical

latitudes for meridionally propagating waves (e.g.,

Chen and Held 2007; Chen et al. 2008), the barotropic

stage of the life cycle of baroclinic waves (Wittman

et al. 2007), and the geometry of the critical latitudes

on the poleward and equatorward flanks of the jet

(e.g., Chen and Zurita-Gator 2008; Barnes et al. 2010;

Kidston and Vallis 2012).

2) Through changes in the growth of wave activity in

the troposphere (i.e., via baroclinic processes). The

growth of baroclinic waves is a function of the

baroclinicity (e.g., Lindzen and Farrell 1980), and

observations reveal robust linkages between vari-

ability in the baroclinicity of the flow and the

generation of wave activity in the lower troposphere

(Thompson and Birner 2012). The linkages between

the baroclinicity and wave generation are theorized

to play a key role in the dynamics that drive the

annular modes (e.g., Robinson 2000; Lorenz and

Hartmann 2001) and the extratropical response to

stratospheric variability (e.g., Song and Robinson

2004), to extratropical sea surface temperature anom-

alies (e.g., Brayshaw et al. 2008), and to the thermal

forcings associated with climate change (e.g., Kushner

et al. 2001; Yin 2005; Frierson et al. 2006; Lu et al.

2008, 2010; O’Gorman 2010; Butler et al. 2011).

The goal of this study is to present a methodology to

investigate the relative importance of barotropic and

baroclinic eddy feedbacks in determining the structure

and amplitude of the extratropical circulation response

to mechanical forcing. The study is modeled on the ex-

periments performed in Ring and Plumb (2007, hereafter

RP07), in which the dynamical core of a general circula-

tion model is subject to mechanical torques placed over

a range of extratropical latitudes. Here we perform sim-

ilar experiments, but apply a wider range of mechanical

forcings to a hierarchy of numerical models with varying

representations of extratropical wave–mean flow in-

teractions. As such, the results provide insight into 1) the

relationships between the forcing and response latitudes,

2) the relationships between the forcing latitude and

climatological-mean jet position, and 3) the physical

feedbacks that play a key role in determining the am-

plitude and structure of the atmospheric response to

mechanical forcing. The experiments are described in

section 2, results are given in sections 3–5, and discussion

and conclusions are given in section 6.

2. Experiments

We conduct a series of experiments similar to those

run in RP07, in which the extratropical atmosphere is

subjected to a series of mechanical torques centered at

a range of latitudes. In all experiments the torque is

applied as a tendency in the zonal-mean zonal wind. It is

Gaussian in latitude with an e-folding width of ;118
(similar to that used in RP07) and maximum amplitude

of 1m s21 day21. For each experiment, model integra-

tions are performed with forcing applied at 58 latitude
increments between the subtropics and high latitudes.

The relative importance of barotropic and baroclinic

processes in determining the circulation response to the

imposed mechanical torques is assessed using the fol-

lowing hierarchy of numerical experiments.

1) Experiments run with the full dynamical core of a

general circulation model (GCM). The eddy re-

sponse in the GCM reflects the full suite of (dry)

baroclinic and barotropic eddy feedbacks present in

the observed atmosphere.

2) Experiments run with a barotropic model in which

the latitude of the stirring region (i.e., the source of

wave activity) is fixed in time. By construction, the

eddy response to a given forcing must be due solely

to barotropic eddy feedbacks fromwave propagation

and dissipation. (See schematic in Fig. 1a.)

3) Experiments run with a barotropic model in which

the latitude of the stirring region is in part de-

termined by the strength of the zonal flow. In this

case the source of wave activity migrates in response

to changes in both the eddy-momentum fluxes

(through their influence on the mean winds) and

the direct influence of the applied torque on the

mean winds. The total eddy response is thus influ-

enced by both barotropic and baroclinic processes.

(See schematic in Fig. 1b.)

In this study, we distinguish barotropic feedbacks as

those simulated by a barotropic model with fixed stirring

(constant eddy source). This definition of barotropic

feedbacks thus includes the interaction of the back-

ground flow with the wave propagation and dissipation.

We note, however, that the barotropic model also in-

cludes the influence of the background vorticity gradient

on the pseudomomentum source, which can also mod-

ulate the eddy fluxes (see Barnes and Garfinkel 2012 for

discussion of this feedback). Baroclinic feedbacks are

defined as changes in the position and strength of the

eddy source due to changes in the low-level baro-

clinicity. While the GCM inherently includes a suite of

barotropic and baroclinic feedbacks that may not be
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easily distinguished from one another, the subset of

barotropic model experiments that include a baroclinic-

like feedback (experiment 3) will only directly simulate

the movement of the eddy source (the ‘‘baroclinic

zone’’) with the movement of the zonal flow. We note,

however, that other distinctions between barotropic and

baroclinic feedbacks are also possible. For example,

baroclinic processes may modulate wave characteristics

such as phase speed and wavenumber rather than just

the strength and position of the wave generation. We

will not be directly simulating these feedbacks in the

barotropic model experiments.

Details of all experiment setups are provided below.

a. Experiment 1 setup: GCM

In the GCM experiments we apply the zonal torques

to the spectral dry dynamical core used in Held and

Suarez (1994). The model parameters are identical to

those in Held and Suarez (1994) unless otherwise men-

tioned. The model is integrated at T42 resolution, with

20 evenly spaced sigma levels and a time step of 1200 s.

The model forcing is zonally and hemispherically sym-

metric. The applied torques are identical at all model

pressure levels.

We shift the location of the model control jet as fol-

lows. As noted in Simpson et al. (2010) and Garfinkel

et al. (2013), modifying the equilibrium temperature

profile in the model can meridionally shift the eddy-

driven jet without significantly changing the jet speed or

the eddy fluxes. Following Garfinkel et al. (2013), the

control tropospheric equilibrium temperature profile

here is set by the following equation:

Teq(p, u)5max

�
200K, (T02 dTnew)

�
p

p0

�k�
, (1)

where

dTnew5 dTHS941A cos[2(u2 458)] sin[4(u2 458)] (2)

and the control equilibrium tropospheric temperature

profile defined by Held and Suarez (1994) is

dTHS945 (DT)y sin
2(u)1 (DT)z log

�
p

p0

�
cos2u . (3)

In all simulations, (DT)y5 60K, (DT)z5 10K,T05315K,

and all other variables have values defined in Held and

Suarez (1994).

The GCM is run under three different control clima-

tologies. The majority of the experiments are run in

a configuration that is most like that used in Held and

Suarez (1994) [with A 5 0 in Eq. (2)], and will be re-

ferred to as GCM45 experiments since the control jet is

located at 458N. We will investigate the influence of jet

location on the response to the torque in two additional

experiments in which A 5 22.0 (GCM43; control jet

near 438N) and A 5 15.0 (GCM49; control jet near

498N). Note that theTR2andTR4experiments of Simpson

et al. (2010) are obtained when A5 22.0 and A5 12.0.

The zonal-mean zonal-wind field is evaluated in the

lower troposphere (875 hPa), since that is where friction

acting on the wind field balances the vertically integrated

eddy-momentum flux convergence. The eddy-momentum

flux convergence is pressure-weighted averaged from

1000hPa to the top of the atmosphere, where the fluxes are

first calculated at each pressure level before the vertical

average is applied.

Figure 2a shows the 875-hPa zonal-wind profile for the

GCM45 control integration (solid black line). Easterlies

exist near the pole and equator, and the westerlies peak

near 458—with this maximum defining the position of

the eddy-driven jet. The near-surface westerlies are

maintained against drag by the eddies and as evidenced

in Fig. 2b, the vertically integrated eddy-momentum flux

convergence (EMFC) exhibits a very similar profile to

that of the low-level zonal winds. The EMFCmaximizes

FIG. 1. Schematics of the barotropic model experimental setups:

(a) stirring is fixed for the entire run and (b) stirring latitude is

partially determined by the latitude of maximum zonal-mean zonal

winds. Gray curves denote the control run and the black curves

denote the runs forced with an imposed torque poleward of the

control jet. Horizontal squiggles denote the stirring region and

vertical squiggles denote the eddy wave propagation away from the

stirring region.
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in midlatitudes and exhibits the largest divergence on

the jet flanks where breaking Rossby waves produce an

easterly torque.

b. Experiment 2 setup: Barotropic model with no
baroclinic feedback (BARO)

The goal of the study is to identify the relative roles of

barotropic and baroclinic feedbacks in the extratropical

atmospheric response to mechanical forcing. To help

identify the role of barotropic feedbacks, we analyze

output from a stirred barotropic model on the sphere.

In the model, stirring of the vorticity parameterizes

the wave source. The distribution of the stirring (i.e.,

strength, shape, and position) remains fixed at all times

in the BARO experiments, thus ensuring that the eddy

response to the applied torque is solely due to barotropic

processes. Details of the model are given in Barnes and

Garfinkel (2012) and Vallis et al. (2004), but we discuss

key parameters and setup here.

The barotropic model is spectral and nondivergent.

Stirring is applied as an additional term in the vorticity

tendency equation and is scale specific; stirring occurs

over total wavenumbers 8–12, which requires that the

zonal wavenumber be greater than 3 in order to em-

phasize synoptic-scale eddies. The stirring is modeled as

a stochastic process, with the vorticity tendency in-

troduced by the stirring ranging between (2A, A) 3
10211 s21 and a decorrelation time of 2 days [see Vallis

et al. (2004) for additional details].

The stirring is windowed with a Gaussian in physical

space (denoted W) in order to produce a meridionally

confined storm track. The Gaussian at each time step (t)

has a width given by sstir and is centered on the stirring

latitude (ustir), which is set equal to a fixed latitude (ufixd)

throughout the integration:

W(t, u)5 exp[2x(t, u)2] , (4)

x(t, u)5
[u2 ustir]ffiffiffi

2
p

sstir

, and (5)

ustir 5 ufixd . (6)

In all experiments here, sstir5 128, which corresponds to
a half-width of about 148. Note that although the stirring

shape and position do not vary with the flow, the stirring

is wide enough to allow for meridional movement of the

jet and the momentum fluxes within the stirring domain.

The model is integrated with a time step of 1800 s, and

each control run is spun up for 500 days before being

integrated an additional 5000 days for analysis. The in-

tegrations with an imposed external torque are branched

off of the control integration at day 500 and integrated an

additional 5000 days.

We will be comparing output from the barotropic and

general circulation models to test the relative impor-

tance of different eddy feedbacks in the response to

identical forcings. For this reason, we wish to limit as

much as possible the differences between the model

climatologies. To do this, we set the damping time scale,

amplitude, and location of the stirring so that two as-

pects of the climatology in the barotropic model match

as closely as possible those from full GCM: 1) the lati-

tude and strength of the maximum zonal-mean zonal

wind and 2) the magnitude of the eddy-momentum flux

convergence (see Table 1).

The crosses in Fig. 2a show the resulting zonal-mean

zonal wind for the control BARO experiment. The

crosses in Fig. 2b show the eddy-momentum flux con-

vergences. Here we have used a frictional time scale of

6.5 days, stirring strength of A5 9.0, and a fixed stirring

latitude of ufixd 5 408N. The latitude and strength of the

FIG. 2. (a) 875-hPa zonal-mean zonal-wind profiles of the GCM

control experiments and the control barotropic model integrations

with stirring at 408. (b) As in (a), but for the vertically integrated

eddy-momentum flux convergence.
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maximum zonal-mean zonal winds agree well with that

of the GCM by construction (Fig. 2a). However, the

wind profiles themselves are determined purely by the

eddy fluxes in each model (i.e., the internal dynamics of

the flow). The agreement between the climatological-

mean zonal flow of the GCM and barotropic model at-

test to the utility of the barotropic model for simulating

that part of the GCM zonal wind that is driven by eddy-

momentum fluxes.

c. Experiment setup 3: Barotropic model with
baroclinic feedback (FDBK)

In the BARO experiment setup described above, the

stirring latitude remains fixed throughout the entire in-

tegration. Hence, meridional shifts in the momentum

fluxes and zonal jet do not influence the location of the

stirring. In the FDBK experiment setup, we use the

same barotropic model and setup as in BARO, except

here the latitude of the stirring is determined in part

by the zonal-mean zonal flow. Specifically, a meridio-

nally confined storm track is created from the global

stirring by windowing the gridded stirring field with

a spatial mask W as in the BARO experiments. The

quantities W and x are defined as in Eqs. (4) and (5),

but in this case

ustir(t)5
1

2
[(12afdbk)ufixd1afdbkujet(t)] , (7)

where ujet(t) is the latitude of the maximum zonal-mean

zonal winds at time step t and is calculated during model

integration at each time step. In this way, ustir moves

with the jet to simulate the linkages between the zonal-

mean upper-level flow and lower-level baroclinicity (i.e.,

since the zonal flow goes to zero at the surface, the

vertical shear of the flow is proportional to the flow at

upper levels). The location of the stirring is thus given in

part by ufixd, which can be viewed as reflecting the in-

fluence on baroclinicity of forcings that are fixed in time

(e.g., meridional gradients in radiation, ocean currents,

etc.), and ujet, which can be viewed as reflecting the

influence on baroclinicity of both the momentum fluxes

and the torque.

The strength of the baroclinic-like feedback is set by

afdbk, which is a value between 0 and 1. Note that when

afdbk 5 0, there is no feedback between the zonal flow

and the latitude of the stirring regions, and the stirring is

identical to that in the BAROexperiment. The feedbacks

are introduced on day 500 of the control BARO experi-

ment to allow the jet and eddies to come into equilibrium

without the baroclinic feedback present and then spun up

an additional 500 days before the 5000-day integration.

The amplitude of afdbk was chosen as follows. Figures

3a,b show histograms of the daily latitude of ujet (solid

black lines) and uemfc (the latitude of the maximum eddy-

momentum flux convergence; dashed black lines) for the

control (unforced) GCM45 and BARO runs. Both the

GCM and the barotropic model show distributions of jet

latitude that are narrower than the distributions of the

eddy-momentum flux convergence; highlighting that the

maximum eddy forcing on daily time scales does not al-

ways align with the zonal jet. This is possible when the

zonal-wind acceleration due to the shifted eddy forcing is

not enough to shift the zonal-wind maximum. Note,

however, that the eddy-momentum flux convergence and

the surface winds must balance in steady state.

Careful comparison of Figs. 3a and 3b demonstrates

that the widths of the distributions of ujet and uemfc are

larger in GCM45 than in BARO, implying that the jet

and eddies can move farther away from their time-mean

locations in theGCM. Table 2 shows that this is the case,

where the standard deviations of ujet is 4.08 in the GCM,

but 3.08 in BARO and the standard deviation of uemfc

is 1.08 larger in the GCM.

We run five different FDBK control experiments,

where afdbk varies between 0.25 and 0.75. The histo-

grams are shown in Figs. 3c–f and the corresponding

spreads are given in Table 2. As the feedback is in-

creased in the barotropic model (afdbk increases), the

standard deviation of ujet and uemfc increases as well,

demonstrating that increasing the feedback parameter

allows the eddies and the eddy-driven jet to shift further

from ufixd on any given day.

TABLE 1. Summary of mean states in the control simulations. The GCM values are calculated using the 875-hPa winds. Values have been

rounded to the nearest 0.28 and 0.5m s21.

GCM CNTRL BARO CNTRL FDBK CNTRL

Name ulat (8) uspd (m s21) ufixd(8) ulat (8) uspd (m s21) ufixd(8) ulat (8) uspd (m s21)

GCM43 42.8 10.5 35 38.0 11.0 35 39.8 10.5

GCM45 45.4 11.0 40 43.6 10.5 40 45.8 10.0

GCM49 49.4 12.0 45 49.2 10.5 45 52.4 10.5

50 54.7 10.5 50 57.2 11.0

55 59.0 11.0 55 60.6 11.0
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FIG. 3. Histograms of the daily latitude of

maximum zonal-mean zonal wind (ujet) and

eddy-momentum flux convergence (uemfc)

for unforcedGCM45 and barotropic model

experiments. For the barotropic model,

ufixd 5 408 for all runs. The term afdbk re-

fers to the strength of the feedback pa-

rameter in Eq. (7). The vertical gray lines

denote the mean jet latitude. The GCM45

results are for the 875-hPa zonal wind and

the vertically integrated eddy-momentum

flux convergence. All histograms have been

smoothed with a 1–2–1 filter.
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For afdbk 5 0.25, the mean jet position (vertical lines

in Fig. 3) remains near 458N, similar to the BARO and

GCM45 experiments. However, for afdbk $ 0.4, the jet

and EMFC distributions shift poleward. This propensity

for the eddies and jet tomigrate poleward is likely due to

the mechanism first explored Feldstein and Lee (1998),

where the preference for waves to propagate and break

on the equatorward flank of the jet causes the jet and

eddies to shift poleward over time.

For the subsequent analysis, we have chosen to set the

feedback parameter afdbk 5 0.4. An afdbk of 0.4 gives

the largest agreement between the GCM response and

the barotropic model response (quantified by the spatial

covariance of the responses to be discussed in section 4).

In addition, an afdbk of 0.4 gives an e-folding time scale

(t) of the FDBK control annular-mode time series (the

annularmode is defined as the leading EOF of the zonal-

mean zonal wind) of approximately 13 days. This value

compares reasonably well with the observed e-folding

time scale of the tropospheric southern annular mode

(Gerber et al. 2008). We note, however, that while the

FDBK control experiment with afdbk 5 0.4 gives a rea-

sonable annular-mode time scale, the GCM substantially

overestimates this time scale by a factor of 2 (36 days).

This bias in the GCM toward long time scales is well

documented and appears to be sensitive to model reso-

lution, topography, and mean state (Gerber and Vallis

2007;Wang et al. 2012).Annular-mode time scales for the

BARO and FDBK runs with varying feedback strengths

are given in Table 3, and the persistence of the annular

mode increases with increasing feedback strength.

The primary results in the next section were also

tested for afdbk 5 0.25 and 0.5. The findings for these

additional experiments are presented in appendix A.

The magnitude of the response changes as the feedback

changes, but the results are otherwise qualitatively

similar.

3. The GCM response to an external torque

We will first discuss the circulation response in the

GCM45 experiments. By construction, the response in-

cludes the full suite of (dry) baroclinic and barotropic

feedbacks. We will then compare the full GCM re-

sponses to those derived from the barotropic model

experiments with different representations of the eddy

feedbacks.

Figure 4 shows the zonal-mean near-surface zonal-

wind response in the GCM45 experiments. The format

used to construct Fig. 4 will be used throughout the

study. The abscissa denotes the latitude at which the forc-

ing is centered, the ordinate is used to denote the latitude

of the response, and the dotted black line denotes the

TABLE 2. Standard deviation of the daily latitude of themaximum

zonal-mean zonal winds (sjet) and zonal-mean eddy-momentum

flux convergence (semfc) for unforced GCM45 and barotropic

model experiments. For the barotropic model experiments, ufixd 5
408 for all runs. The term afdbk refers to the strength of the feedback.

TheGCM45 results are for the 875-hPa zonal wind and the vertically

integrated eddy-momentum flux convergence. Values have been

rounded to the nearest 0.58.

Control experiment sujet (8) suemfc
(8)

GCM45 4.0 8.5

BARO

afdbk 5 0.00 3.0 7.5

FDBK

afdbk 5 0.25 4.0 7.5

afdbk 5 0.40 4.5 8.0

afdbk 5 0.50 5.0 8.5

afdbk 5 0.75 7.0 9.0

TABLE 3. Annular-mode e-folding time scales (t) for the GCM

and barotropic model integrations where ufixd 5 408N and afdbk

refers to the strength of the feedback parameter in Eq. (7).

GCM CNTRL BARO and FDBKCNTRL

t (days) afdbk t (days)

GCM43 41 0.00 6

GCM45 36 0.25 9

GCM49 20 0.40 13

0.50 13

0.75 22

FIG. 4. GCM45 experiment results for imposed barotropic

torques. Plotted is the response of the 875-hPa zonal winds. Also

plotted are the control jet latitude position (solid lines), zonal-

wind EOF1 extrema (dashed lines), and the one-to-one line

(dotted line).
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one-to-one line (i.e., if the response occurred at the same

latitude as the forcing, it would lie along the one-to-

one line). The thick solid lines denote the position of

the control jet and the dashed lines denote the centers of

action of the model annular mode in the zonal-mean

zonal wind. In theGCM45 simulations, the control jet lies

at 45.48N and the centers of action of the annular modes

at 35.48 and 54.58N. The forcing is applied between 258
and 708N in increments of 58. We do not apply the forcing

equatorward of 258N since the momentum balance in the

GCM and barotropic model differ significantly there,

with the GCM exhibiting a Hadley circulation, which the

barotropic model cannot simulate.

Before we consider the responses in Fig. 4, it is useful

to consider the response that would result in the absence

of eddy feedbacks. At steady state the vertically in-

tegrated zonal-mean momentum equation can be ap-

proximated as

05

�
›(u0y0)
›y

�
2

usfc
tf

1F torque , (8)

where F torque denotes the external momentum forcing,

usfc denotes the boundary layer wind, tf denotes the

frictional damping time scale, and angle brackets denote

the vertical integral. If the eddy fluxes are unchanged,

then the torque is balanced by friction and

F torquetf ; usfc . (9)

Hence, in the absence of eddy feedbacks, the zonal-wind

response in Fig. 4 would be organized along the one-to-

one line with the same amplitude at all latitudes. [This

can be seen in Fig. 8a where we show that the zonal-

mean zonal-wind response lies along the forcing axis in

the barotropic model with no eddies (A 5 0).] Clearly,

this is not the shape of the response in Fig. 4. Consistent

with RP07, the response peaks not when the forcing is

applied at the axis of the jet (458) but when it is applied

on the jet flank (558). The easterly wind anomalies in the

figure are the hallmark of the eddy forcing, as discussed

below.

The results in Fig. 4 are reproduced in Fig. 5a. Figure 5d

shows the corresponding changes in the eddy-momentum

flux convergence. The most robust aspect of the GCM

eddy response is that the imposed torque leads to changes

in the eddy fluxes of momentum, regardless of the

latitude of the forcing. Beyond this, the response can

be divided into two regimes:

FIG. 5. Response of (a)–(c) the zonal-mean zonal winds and (d)–(f) eddy-momentum flux convergence for imposed barotropic torques.

Each column refers to a different model experiment. All other lines are as in Fig. 4. Note the different scales in (d)–(f).
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1) When the torque is applied between latitudes 258 and
608N, the eddy response is marked by anomalous

eddy-momentum flux convergence on the poleward

side of the forcing and anomalous eddy-momentum

flux divergence on the equatorward side of the

forcing. The eddies thus act to shift the zonal winds

poleward of where they would equilibrate with the

torque alone.

2) When the torque is applied poleward of 608N, the

anomalous eddy-momentum flux convergence max-

imum is located south of the torque.

The results in Fig. 5d confirm that the eddy response

to mechanical forcing is largest when the forcing is ap-

plied on the jet flank, but they also reveal that regardless

of the forcing latitude, the maximum zonal-wind re-

sponse lies roughly 58–108 poleward of the torque. For

example, when the forcing coincides with the poleward

center of the model annular mode (558N), the response

itself peaks near 658N.

That the eddy response lies poleward of the forcing

latitude is consistent with the nature of meridionally

propagating waves. In regions where the flow already

permits a range of phase speeds, increases in the flow

have little effect on the range of phase speeds that are

permitted there. In contrast, in regions where the flow is

relatively weak, incremental changes in the zonal flow

have a much larger effect on the range of phase speeds

permitted there. The changes in the wave forcing should

thus peak on the flanks of the jet, where the flow is rel-

atively weak, thus shifting the jet poleward (or equa-

torward, in the case of a low-latitude torque).

For example, consider Fig. 6, where we plot the upper-

level (275 hPa) zonal-mean zonal winds for the GCM45

control (solid black curve) and the integration with an

imposed torque at 558N (dashed black curve). The red

curves denote the total eddy-momentum flux conver-

gence profiles for each integration. The winds increase

by 14m s21 at the latitude of the forcing (from ;18 to

32m s21) and 6m s21 on the flank of the jet at 708N
(from ;4 to 10m s21). The increase in wind speed is

larger at the latitude of the forcing, but has a relatively

small effect on the phase speeds permitted there since

1) waves with phase speeds ,18m s21 account for the

FIG. 6. Example of the 275-hPa zonal-mean zonal winds for the

GCM45 control integration (solid black line) and for when a torque

is imposed at 558N (dashed black line). Also plotted are the ver-

tically integrated eddy-momentum flux convergence profiles for

the control integration (solid red line) and forced integration

(dashed red line).

FIG. 7. Spatial covariance between the GCM45 and barotropic

model (a) zonal-wind and (b) eddy responses (refer to Fig. 5) as

a function of the distance of the forcing from each integration’s

control jet position. The covariance is calculated between 108 and
808N and scaled with arbitrary units for plotting.
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majority of the momentum fluxes in the extratropics

and 2) waves with phase speeds from 0–18m s21 were

already permitted at the latitude of the forcing. It fol-

lows that the relatively small increase in the flow from

4 to 10m s21 at 708N has a more pronounced effect on

the permitted wave fluxes.

Figures 5a,d demonstrate that the eddies induce a di-

polar response in the winds for forcing on the flanks of

the control jet. When the torque is applied at the lati-

tude of the control jet, the zonal-wind response is weak

since the eddies oppose the torque there; that is, there is

anomalous divergence at the torque latitude. Similar

conclusions were reached in RP07, but our inclusion of

forcings across a wider range of latitudes yields the fol-

lowing additional insights into the GCM response to

mechanical forcing:

1) For each forcing latitude, the maximum wind and

eddy response lies 58–108 poleward of the forcing.

The eddies thus act to shift the zonal winds poleward

of where they would equilibrate with the torque in

the absence of eddy feedbacks.

2) The circulation response is largest when the torque is

applied approximately 108 poleward of the control

jet latitude. (Again, the maximum response is found

58–108 poleward of the torque.)

RP07 suggest that the maximum wind response occurs

when the torque projects onto the centers of action of

the annular mode in the wind field. We find a similar

result for GCM45 but for two key additional findings:

1) consistent with insight 1 above, the maximum re-

sponse is shifted poleward of the annular-mode maxi-

mum and 2) as we note in section 5, the response is

sensitive to the climatological-mean state of the flow.

Since part of the motivation for this work is to extend

the results of RP07, appendix B presents additional

GCM simulations using parameters similar to those used

in RP07.

4. Barotropic versus baroclinic feedbacks

The response of the GCM to mechanical forcing in-

cludes both (dry) barotropic and baroclinic eddy feed-

backs. In this section we will use the BARO and FDBK

configurations to estimate the relative importance of

each feedback process in the circulation response. The

middle and right columns of Fig. 5 show the results from

the barotropic model experiments: the barotropic case

(BARO; middle) and the case where the eddy source

moves with the peak in the zonal-mean zonal winds

(FDBK; right). The wind responses in both barotropic

model configurations are dominated by accelerated

winds along the torque axis, with the weakest responses

found when the forcing is near the control jet latitude (as

is true for the GCM). Both experiments also exhibit

dipolar responses in the winds when the forcing is placed

on the flanks of the jet. In all cases, the wind responses

are weaker in the runs without the baroclinic eddy

feedback.

The eddy responses can be divided into two regimes:

1) the forcing is located south of ;608N and the baro-

tropic eddy feedbacks act against the torque over a lati-

tude band centered around the forcing and support the

torque poleward of the forcing (Fig. 5e) and 2) the

forcing is located poleward of ;608N and the eddy re-

sponse is restricted to latitudes equatorward of the

forcing. In the case of regime 1, the barotropic eddy

feedbacks act against the torque for forcing near the jet

latitude (blue shading near 458N in Fig. 5e), consistent

with the findings of Barnes and Garfinkel (2012) where

they demonstrated that barotropic eddies oppose ex-

ternal forcing on the mean flow at the latitude of the

forcing.

The eddy responses in the GCM45, BARO, and

FDBK experiments exhibit several similarities. In all

configurations, forcings located equatorward of ;608N
are associated with eddy-momentum flux convergence

poleward of the forcing and eddy-momentum flux

FIG. 8. As in Fig. 5, but displaying the barotropic model wind response due solely to (a) the forcing alone (no eddies) and (b),(c) the eddies.
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divergence equatorward of the forcing. Forcings located

poleward of ;608N are associated with eddy-momentum

flux convergence and divergence anomalies that are

both centered equatorward of the forcing. The primary

difference between BARO and FDBK lies in the mag-

nitude of the responses: in general the eddy response is

50% larger in the FDBK configuration. For the most

part, it appears that barotropic dynamics may play a key

role in setting the structure of the response in the GCM,

while baroclinic feedbacks set the amplitude. Note that

both GCM45 and FDBK show local maxima in the eddy

response when the forcing is placed near the EOF maxi-

mum and similarities between the GCM and FDBK wind

responses are also notable in this region. On the other

hand, BARO exhibits a local eddy response maximum

when the forcing is placed just poleward of the jet lati-

tude, and this is not found in the GCM or FDBK results.

Figure 7 quantifies the similarities and differences

between 1) the GCM45 response and 2) the responses of

the two barotropic model configurations. The figure

shows the spatial covariance of the responses between

108 and 808N. The response fields are first interpolated to

a 0.58 grid, and then the response profiles for different

forcing positions are projected onto each other as a

function of the distance of the forcing from the control

jet. This is done to account for differences in the mean

FIG. 9. As in Fig. 5, but for the three GCM experiments only and with (top) the vertical structure of the zonal-mean zonal winds for each

model setup.
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states of the various model configurations. The co-

variance (rather than correlation) is chosen so as to take

into account both the pattern and magnitude of the re-

sponses, and the values are scaled so that the largest

agreement is equal to 1.

Figure 7a reveals that the addition of a baroclinic-like

feedback to the barotropic model acts to noticeably

improve the zonal-wind response similarities with the

full GCM response. The improvement is evident for all

forcing latitudes. The agreement between the zonal-

wind responses for both BARO and FDBK and the

GCM response are largest for forcing on the flanks of

the control jet and smallest for forcing about 58 south of

the control jet.

Figure 7b shows the associated spatial covariances of

the eddy responses (Figs. 5d–f). Again, for forcing on

the flanks of the jet, the FDBK experiment provides

better agreement with the GCM than the BARO ex-

periment. And again, the agreement with the GCM is

lowest just south of the control jet latitude for both

experiments. In general, the FDBK experiment does

a better job than BARO for forcings applied poleward

of the jet and similarly for forcings applied equator-

ward. The weak agreements between the GCM and

FDBK responses are visually apparent in Figs. 5d,f,

where FDBK exhibits little response for forcing 108
south of the jet.

Thus, the FDBK results suggest that a key to simu-

lating the GCM response for forcing away from the jet is

allowing the stirring region, and thus the baroclinic

zone, to move with the circulation. Comparing BARO

with FDBK in Figs. 5e,f, barotropic feedbacks appear

to explain approximately two-thirds of the FDBK re-

sponse, leaving the other one-third to be explained by

baroclinic-like feedbacks.

Finally, we quantify the magnitude of the wind re-

sponse due solely to the eddies in the barotropic ex-

periments. In the barotropic model, the control winds

are purely eddy driven, allowing the direct response of

the zonal winds to the torque to be computed. As shown

in Eq. (9) and Fig. 8a, we can empirically determine the

response of the winds due purely to the torque by run-

ning additional barotropic model experiments without

eddies (where A 5 0). We have performed such in-

tegrations, and find that the maximum wind response is

approximately 6.0m s21 (refer to Fig. 8a). Equation (9)

predicts a maximum of 6.5m s21, but neglects the

higher-order diffusion term in the model that removes

enstrophy at small scales, resulting in a slightly weaker

wind response.

By subtracting u (Fig. 8a) from the total zonal-mean

zonal-wind response of the forced integrations with

eddies (Figs. 5b,c), one can calculate the indirect re-

sponse of the winds to the torque via eddy feedbacks

alone (Figs. 8b,c). Note that since the torque is zonally

symmetric and thus applied only to the zonal-mean

budget, the eddy response is brought about solely by

changes in the zonal-mean winds and thus signifies ei-

ther a barotropic or baroclinic-like eddy-mean flow

feedback. As expected, eddy feedbacks explain all of the

wind response away from the torque latitude. For forc-

ing near the jet center, the eddies generally oppose the

torque.

5. Dependence of the response on the mean state

In this section, we investigate the role of the mean

state on the response of the circulation to an external

torque. We perform this analysis based upon the recent

results of Garfinkel et al. (2013) and Simpson et al.

(2010, 2012), where the magnitude of the tropospheric

jet response to stratospheric forcing decreases as the

mean jet is located farther from the equator. Consistent

with those studies, Barnes and Hartmann (2011) and

Barnes and Polvani (2013) demonstrate that the me-

ridional shifts in the flow associated with the annular

FIG. 10. As in the bottom row of Fig. 9, but the dashed lines denote the eddy-momentum flux convergence EOF1 extrema.
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mode varies across a range of models as a function of the

mean jet latitude, with higher-latitude jets experiencing

smaller shifts in the flow, and vice versa. By modifying

the equilibrium temperature gradient to move the tro-

pospheric jet (refer to section 2), we can investigate to

what degree the response magnitude to the same me-

chanical torque is a function of themean jet latitude.We

will show that the latitude of the jet appears to play

a role in modulating the response and that this effect is

present in the barotropic model runs.

a. Varying the mean state in the GCM

Figure 9 displays results for the three GCM configu-

rations outlined in section 2, with the GCM45 experi-

ment repeated for comparison. The jet latitude and jet

speed for each run are summarized in Table 1. The

vertical structure of the zonal-mean zonal winds is

shown in the top rows of Fig. 9, with the black vertical

line denoting the mean jet latitude. The second and

third rows of Fig. 9 display the response of the 875-hPa

winds and the vertically integrated EMFC to the ap-

plied torques (as in Fig. 5). Many of the features pre-

viously described for the GCM45 experiment are also

present in the GCM43 and GCM49 configurations and

so will not be discussed here. What is of interest to us

are the differences in the responses between the three

simulations.

Comparison of the responses in Fig. 9 shows that

contrary to the results of RP07, the wind and eddy re-

sponses are not always maximized for forcing at the

zonal-wind EOF latitude (dashed lines). For example, in

GCM43 the maximum wind response occurs for forcing

poleward of the zonal-wind EOF maximum, near 558N;

in GCM49, the maximum eddy response occurs for

forcing equatorward of the EOF maximum, again near

558N. The maximum eddy response does align re-

markably well with the EOFs of the eddy-momentum

flux convergence, as shown by the dashed lines in

Fig. 10. With this in mind, one would not necessarily

expect the wind response to align with the zonal-wind

EOF, as the wind response is a function of both the

eddy response and the direct forcing by the torque.

Hence, the pattern of variability in the EMFC may be

a better indicator of the structure of the circulation

response to external forcing, at least on the poleward

flank of the jet.

In the rest of this section we will focus on the weak-

ening of the wind and eddy responses to the torque in

Fig. 9 as the jet moves poleward. A dependence on lat-

itude of the tropospheric response to stratospheric per-

turbations was found by Garfinkel et al. (2013) and

Simpson et al. (2010, 2012) and Fig. 9 shows a reduced

wind and eddy response going from GCM43 to GCM45

to GCM49. A weakening of the eddy response can be

brought about in two ways (or a combination of the

two): 1) a decrease in the difference between the mag-

nitude of the forced and control EMFC while the

structure of the EMFC remains fixed or 2) a decrease in

the shift of the EMFCwhile themagnitude of the EMFC

remains fixed. We cannot comment on the former since

the control EMFC profiles differ by approximately 10%

among the configurations (although the largest con-

trol EMFC corresponds to the configuration with the

smallest response).We do, however, find evidence of the

latter—that is, that the eddy fluxes shift less for higher-

latitude jets. This is evident in Fig. 11a, which displays

the time-mean EMFC profiles of the integrations where

FIG. 11. (a) Total eddy-momentum flux convergence for forced

GCM runs when the torque is applied approximately 108 pole-
ward of the jet. The curves are plotted as a function of relative

latitude, defined as the distance from the control jet latitude

for each GCM configuration. (b) The shift of the jet (latitude

of maximum zonal-mean zonal winds) vs the relative forcing

latitude (distance from the control jet latitude) in the three GCM

experiments.
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FIG. 12. The eddy response from the barotropic model experiments (left)

BAROand (right) FDBK for varyingmean states. Stirring latitude (and thus

jet latitude) increases from (top) to (bottom), with the ufixd denoted in the

bottom right corner of each panel.
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the torque is applied 108 poleward of the control jet

latitude. The amount of shift is the distance between

the peak EMFC and the zero line. Going from the

lowest-latitude jet to the highest (blue curve, black curve,

red curve), the amount that the eddy fluxes shift with the

forcing decreases.

The differences in eddy responses among the three

GCM experiments feed back on the mean flow, and Fig.

11b shows that the jet shifts most when the EMFC re-

sponse shifts most (lower-latitude jets). For GCM43, the

jet can shift as far as 118 from its control latitude, while

GCM49 shifts a maximum of 98. These results are con-

sistent with those of Garfinkel et al. (2013) and Simpson

et al. (2010, 2012), where higher-latitude jets shift less

in response to the same forcing. In addition, Table 3

confirms that the annular-mode time scales in the GCM

experiments decrease as the control jet is located at

higher latitudes, suggestive of a weaker eddy–mean

flow feedback.

Note that unlike the model setup of Garfinkel et al.

(2013) (which has a well-resolved stratosphere), the

subtropical jet in our GCM simulations is very weak

(as in Simpson et al. 2010). Thus, although Garfinkel

et al. (2013) and Barnes and Hartmann (2011) show

that the circulation may also be less sensitive to a me-

chanical forcing for low-latitude jets in the presence of

strong subtropical winds, our results do not directly

conflict with their results owing to the weak subtropical

jet in our simulations and the fact that the midlati-

tude jet is never located south of 408 latitude in these

experiments.

b. Varying the mean state in the barotropic model

The GCM results point to a potential latitudinal

constraint on the response of the circulation to a me-

chanical torque, and we next present a similar de-

pendence on the mean state in the barotropic model.

Figure 12 displays the EMFC response for the baro-

tropic experiments (columns) with ufixd varying every 58
between 358 and 558N (rows). The jet wind speeds and

EMFC magnitudes are similar among all control runs

(not shown), and so comparisons of response magni-

tudes are justified. As the jet is formed at higher lati-

tudes, the EMFC response poleward of the high-latitude

forcing decreases. This is the case for FDBK (the in-

tegrations most like the GCM) but also for the BARO

experiment, where only barotropic feedbacks are present.

For the highest-latitude jet (ufixd 5 558), the eddy re-

sponses appear very similar between FDBK and BARO.

This suggests that for high-latitude jets, the baroclinic

feedbacks (shifts of the wave source) contribute less to the

total eddy response, with barotropic feedbacks explaining

the majority of the response.

c. Summary of mean state results

The results of this section can be summarized in Fig. 13,

where we plot the normalized maximum eddy response

poleward of the control jet (irrespective of the specific

forcing latitude) against the latitude of the control jet.

We normalize the maximum eddy response by the max-

imum eddy-momentum flux convergence of the corre-

sponding control integration. For all model configurations,

the relative maximum eddy response is largest when the

mean jet is at lower latitudes.

6. Discussion and conclusions

In this study, we address the following question: ‘‘Do

barotropic or baroclinic eddy feedbacks dominate the

atmosphere’s response to a mechanical forcing?’’ We

present a hierarchy of barotropic model and GCM

simulations where an external torque is applied over

a range of latitudes and the response of the circulation is

analyzed. The GCM simulations include both baro-

tropic and baroclinic feedbacks. The barotropic model

simulations are run under two configurations: the first

includes only barotropic feedbacks (the BARO simu-

lations) and the second includes both barotropic feed-

backs and a parameterized baroclinic feedback (the

FDBK simulations). Comparing the GCM, BARO, and

FDBK simulations allows us to estimate the relative

importance of baroclinic and barotropic feedbacks in

the total circulation response.

The purpose of the study is thus twofold. One, it

highlights a methodology for investigating the role of

different eddy feedbacks in the circulation response to

FIG. 13. Normalized maximum eddy-momentum flux convergence

response poleward of the control jet irrespective of forcing latitude vs

the control jet latitude for all experiments and model setups. The

maxima are normalized by the maximum eddy-momentum flux

convergence of the corresponding control integration.
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mechanical torques. Two, it investigates the relative

importance of various eddy feedbacks in the circulation

response to mechanical forcing.

Key findings include the following:

1) Barotropic processes are capable of capturing many

aspects of the structure of the vertically integrated

GCM response to an external torque, but are unable

to account for the magnitude of the response.

2) Baroclinic processes appear to play a key role in

setting the amplitude of the atmospheric response.

The role of baroclinic processes arises through the

influence of the momentum fluxes and the torque on

lower-tropospheric baroclinicity and thus the loca-

tion of the wave source.

3) For a given forcing, the largest response of the

circulation and the eddy forcing is found poleward

of the latitude of the applied torque, not at the

latitude of the forcing. The maximum response of

the circulation is found ;58–108 poleward of the

torque. The poleward displacement of the response

is consistent with the relative effects of the climato-

logical mean and perturbed zonal flow on the range

of permitted eddy phase speeds (Fig. 6).

4) The circulation response is largest when the torque

is applied approximately 108 poleward of the

climatological-mean jet latitude.

5) The magnitude of the response to a torque is a

function of the mean jet latitude: the response to

the same torque is decreased as the climatological-

mean jet latitude is increased. This effect is found in

the both the barotropic model and the GCM.

These results have various implications for under-

standing climate variability and change; for example,

1) Observations and numerical experiments reveal

that stratospheric processes have a demonstrable

effect on surface climate on both month-to-month

time scales (Baldwin and Dunkerton 2001) and

in association with the stratospheric ozone hole

(Thompson et al. 2011). The results shown here

suggest that the structure of the tropospheric re-

sponse is determined to first order by barotropic

feedbacks at the tropopause level and that the

magnitude of the response is enhanced by baro-

clinic feedbacks (e.g., owing to the influence of the

momentum fluxes on lower-tropospheric barocli-

nicity; Song and Robinson 2004).

2) Climate models consistently predict a poleward shift

of the jet in response to increasing greenhouse gases

(e.g., Kushner et al. 2001; Miller et al. 2006; Barnes

and Polvani 2013). The methodology applied here

investigates the shift of the jet in numerical models

with varying representations of wave–mean flow

interactions. The analyses thus provide a framework

for investigating the mechanisms of the shift in more

complex climate models.

3) The dependence of the amplitude of the response

to the mean jet latitude suggests that the sensitivity

of the circulation to external forcing in the current

climate may be an upper limit on the sensitivity of

the circulation in future climate states. Additionally,

the ubiquitous equatorward jet latitude bias among

climate models (Barnes and Polvani 2013; Kidston

and Gerber 2010) suggests that the current genera-

tion of climate models may overestimate the response

of the circulation of the current climate to anthro-

pogenic forcing.

Acknowledgments. EAB is funded by a NOAA Cli-

mate and Global Change Fellowship through the Uni-

versity Corporation of Atmospheric Research Visiting

Science Program. DWJT is supported by the NSF Cli-

mate Dynamics program.

FIG. A1. Comparison of the eddy-momentum flux convergence responses for varying feedback parameters afdbk for the FDBK barotropic

model experiment.
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APPENDIX A

Results for Additional Feedback Strengths

Figure A1 shows the eddy-momentum flux conver-

gence response for afdbk 5 0.25, 0.4, and 0.5 for the

FDBK barotropic model experiment. Results are qual-

itatively similar in all cases (after one accounts for the

variations in the mean jet position), demonstrating that

the main features of the eddy response are robust to

small variations in the feedback between the stirring

position and the flow. However, stronger feedbacks

give larger responses owing to the ability of the flow to

respond to the applied forcing and shift further away

from ufixd.

APPENDIX B

Comparison with Ring and Plumb (2007)

Part of the motivation for this work is to extend the

results of RP07, and here we briefly place their results

in the context of our own. We perform an experiment

identical to GCM45 but with the Rayleigh friction

doubled to 0.5 days (from 1 day) to mimic the experi-

ments performed by RP07. The only difference between

this setup (denoted RP) and that of RP07 is that they

introduce a hemispheric asymmetry in the equilibrium

temperature profile in order to simulate austral winter.

Here, we have kept the two hemispheres symmetric, but

otherwise, all other parameters are identical to RP07 to

the best of our knowledge.

Figure B1 shows the zonal-wind and eddy response

for the RP experiment. The jet is located around 358N,

58 south of the jet latitude in GCM43. Comparing with

Fig. 9, the response of the eddies is larger in RP than

the GCM43 case (note the different color scales), while

the wind response is much smaller. The reduced wind

response is largely due to the doubling of the drag in the

simulation. The maximum jet shift for any forcing lati-

tude in RP is 13.58 (not shown)—more than the GCM

experiments discussed here. The maximum eddy re-

sponse appears relatively insensitive to the forcing lati-

tude, unlike in the simulations previously discussed (and

shown in Fig. 9). The reason for the flattening of the

eddy response with respect to the forcing latitude for

low-latitude jets requires additional study.
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