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ABSTRACT

The eddy-driven jet is located in the midlatitudes, bounded on one side by the pole and often bounded on

the opposite side by a strong Hadley-driven jet. This work explores how the eddy-driven jet and its variability

persist within these limits. It is demonstrated in a barotropic model that as the jet is located at higher latitudes,

the eddy length scale increases as predicted by spherical Rossby wave theory, and the leading mode of variability

of the jet changes from a meridional shift to a pulse. Looking equatorward, a similar change in eddy-driven jet

variability is observed when it is moved equatorward toward a constant subtropical jet. In both the poleward and

equatorward limits, the change in variability from a shift to a pulse is due to the modulation of eddy propagation

and momentum flux. Near the pole, the small value of beta (the meridional gradient of absolute vorticity) and

subsequent lack of wave breaking near the pole account for the change in variability, whereas on the equa-

torward side of the jet the strong subtropical winds can affect eddy propagation and restrict the movement of the

eddy-driven jet or cause bimodal behavior of the jet latitude. Barotropic quasilinear theory thus suggests that

the leading mode of zonal-wind variability will transition from a shift to a pulse as the eddy-driven jets move

poleward with climate change, and that the eddy length scale will increase as the jet moves poleward.

1. Introduction

The eddy-driven jet and its variability exist within the

region between the pole and the Hadley-driven subtropical

jet. While the leading mode of variability of the eddy-

driven jet is often associated with a meridional shifting of

the zonal-mean zonal winds, Eichelberger and Hartmann

(2007) showed in a simple general circulation model that

in the presence of a strong subtropical jet, the leading

mode describes a pulsing of the eddy-driven jet. As the

eddy-driven jet nears the pole its variability also changes

from a shift to a pulse, with the persistence of the variability

decreasing with jet latitude (Kidston and Gerber 2010;

Barnes et al. 2010; Barnes and Hartmann 2010).

The goal of this work is to investigate one overarching

question: what are the equatorward and poleward con-

straints on eddy-driven jet variability? More specifically,

we will focus on the following questions:

d Why does the variability of the jet change from a shifting

to a pulsing in the presence of a strong Hadley-driven jet

in observations?

d Why does the variability of the jet change from a shifting

to a pulsing as the eddy-driven jet is moved poleward in

a barotropic model?
d How does the scale of the eddies change as the jet

shifts poleward?
d How do changes in jet variability relate to changes in

eddy–mean flow feedbacks and persistence?

To answer these questions, we employ a stochastically

stirred barotropic model to mimic a midlatitude storm

track. A barotropic model is a good vehicle for under-

standing annular mode variability because these modes

require meridional transport of momentum by eddies as a

fundamental process for their existence. Meridional wave

propagation and wave–mean flow interaction theory are

therefore central and well captured in a barotropic model.

In this context, meridionally confined stirring in a baro-

tropic model is a reasonable analog for a baroclinic storm

track, since in both cases the generation of the eddies is

maximum in the jet core, and it is the meridional fluxes

into and out of the jet that are critical.

2. Methods

We follow Vallis et al. (2004) and Barnes et al. (2010)

and integrate the spectral nondivergent barotropic vor-

ticity equation on the sphere:
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where r is the damping parameter set equal to 1/6 day21

and k is the diffusion coefficient for parameterizing the

removal of enstrophy at small scales. The model is run at

a resolution of T42 and atmospheric eddies are modeled

as an Ornstein–Uhlenbeck stochastic process S defined

for each combination of total wavenumber l and zonal

wavenumber m:

Slm 5 (1 2 e2dt/t)1/2Qi 1 e2dt/tSi21
lm , (2)

where t denotes the decorrelation time of the stirring

(2 days) and dt is the model time step (3600 s); also, Qi

is a real number chosen uniformly between (2A, A) 3

10211, where A is the stirring strength [see Vallis et al.

(2004) for details]. The model is stirred over a range of

total wavenumbers, and the sensitivity of the results on

the stirring scale will be discussed in detail in section 3.

Finally, to mimic a meridionally confined ‘‘storm track,’’

the gridded stirring field is windowed in the meridional

direction with a Gaussian spatial mask centered at lati-

tude ustir and having a half-width of 128. To aid the

reader, we have defined a list of variables used regularly

in our discussion in Table 1.

The model is integrated from pole to pole, but since

the stirring is located in only one hemisphere, we restrict

our analysis to that half of the globe. Each integration is

spun up for at least 500 days and then integrated an

additional 12 000 days for analysis.

3. Eddy length scale

Much of this work investigates the interaction between

synoptic-scale eddies and the larger-scale mean flow.

Eddy wave propagation and the resulting momentum

fluxes are strongly dependent on the scale of the eddies

themselves, and as such, we begin by determining the

dependence of this scale on latitude. In addition, we

demonstrate an optimal eddy length scale for driving

a strong westerly jet.

a. Change in eddy length scale with latitude

When diagnosing Rossby wave propagation on the

sphere, it is useful to use Mercator coordinates so that

the zonal wavenumber k of the wave along a ray is con-

stant (Hoskins and Karoly 1981; Held 1983; Karoly 1983).

In this case, the total wavenumber K* is given by

K* 5
bM

uM 2 cM

� �1/2

, (3)

where cM is the phase speed of the wave in Mercator

coordinates, uM is the Mercator zonal velocity

uM 5 u/cosu, (4)

and bM is defined as

bM 5
2V cos2u
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which is cosu times the meridional gradient of absolute

vorticity on the sphere b*.

Hoskins and Karoly (1981) show that as a Rossby

wave travels poleward, the meridional wavenumber

decreases and the latitude at which k 5 K* acts as

a turning latitude for the wave. Otherwise, the wave

experiences a critical latitude when the phase speed

equals the background zonal velocity. Another way to

visualize this diagnostic is to rearrange (3) to obtain

K* 5 cosu
b*

u 2 c

� �1/2

, (6)

in terms of spherical coordinates. In this case, it is clear

that K* is the usual Rossby wave relation, with the factor

of cosu accounting for the spherical effect of k decreasing

with latitude.

We pose the following question: how does the Rossby

wave scale change as the eddy-driven jet is located closer

to the pole? Intuition would suggest that as b decreases

toward the pole, larger-scale waves are needed to bal-

ance zonal advection with retrogression associated with

b. To test whether the scaling predicted by (6) is valid,

the barotropic model is stirred at various latitudes to test

how the latitude of the jet influences the scale of the

Rossby waves. The wavenumbers over which the model

is stirred can effect the resulting eddy scale, so, to remove

any bias, we stir the model with white noise, constructed

such that each wavenumber pair (l, m) is stirred identi-

cally, where l is the total wavenumber of a spherical

harmonic expansion of vorticity and m is the zonal

TABLE 1. Definitions of frequently used variables in this study.

usub Latitude of the center of the subtropical jet

uedj Latitude of the resulting eddy-driven jet

ustir Latitude of the center of the stirring

Zlat Daily time series of the latitude of the eddy-driven jet

Zspeed Daily time series of the maximum speed of the

eddy-driven jet

Zeof1 Daily time series of the leading EOF of zonal-mean

zonal wind

l̂ Peak total wavenumber of the vorticity spectrum

l Zonal eddy length scale
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wavenumber. We stir over wavenumbers 1 # l # 42 and

m $ 1 and window the stirring field with a Gaussian mask

at varying ustir latitudes. The strength of the stirring is

normalized by ensuring that the time-averaged energy

injection rate of the stirring 2c � S averaged over the

hemisphere is constant across all integrations (Smith et al.

2002).

Figure 1a shows the stirring total-wavenumber l spec-

tra for three characteristic integrations and confirms that

the stirring input is the same for each integration. The

resulting vorticity-power spectra for the same integrations

are displayed in Fig. 1b, where we have excluded the

zonal-mean (m 5 0) component to focus on the eddy

contribution. Although the stirring spectrum is similar

in all integrations, the wavenumber of the peak of the

vorticity-power spectrum l̂ shows a clear shift to smaller

values as the jet is forced closer to the pole. To summarize

this result, we define l̂ from Fig. 1b by fitting a second-

order polynomial about the peak of the spectrum and

finding the peak wavenumber. Figure 2a shows l̂ plotted

as solid circles against the latitude of the resulting eddy-

driven jet uedj which is calculated by averaging the daily

latitudes of the maximum zonal-mean zonal winds.

The question remains whether the increase in eddy

scale with latitude is due simply to linear Rossby wave

scaling on a sphere. To investigate this question, we per-

form a series of quasilinear model integrations. The model

setup is identical to the fully nonlinear case, except that

the stirring powerS2 is 0.01 times its value in the nonlinear

runs and the zonal-mean vorticity tendency due to the

eddies is multiplied by 100. Because the wave amplitudes

remain small in these integrations, they behave linearly,

and so if quasilinear theory is enough to explain the for-

mation of the jet and the eddy scale, we expect the re-

sulting zonal flow to be similar to that of the nonlinear

integrations. The zonal-mean zonal winds for the fully

nonlinear and quasilinear runs are plotted for two stirring

latitudes in Fig. 3. While slight differences in the width

and strength of the jet are evident, the quasilinear zonal

wind is very similar to that of the fully nonlinear case,

showing that linear wave propagation gives a reasonable

approximation to the actual solution.

We plot l̂ for the quasilinear integrations in Fig. 2a as

open circles and see that even in the linear regime, the

eddy scale increases (l̂ decreases) as the jet moves pole-

ward, suggesting that this change can be understood with

linear arguments. The quasilinear eddy length scale is al-

ways smaller than the nonlinear counterpart, and this may

be partially due to the narrower jet in these integrations.

To determine whether linear theory [(6)] can predict

this change in eddy scale with jet latitude, in Fig. 4 we

plot the zonal wavenumber versus phase speed of the

vorticity power spectrum at the latitude of the jet for two

nonlinear integrations. The phase speed c is defined as

the power-weighted phase speed over all wavenumbers

(white cross in the figures), and the resulting theoretical

prediction given by (6) is plotted as black lines. It is clear

from Fig. 4 that the actual spectra closely resemble that

predicted by theory.

Figure 4 alone does not answer the question as to how

the Rossby wave scale changes with jet latitude, because

the spatial scale associated with k is a function of latitude

itself. The total spectral wavenumber, however, repre-

sents a physical scale of the eddies independent of lati-

tude. In this case, the prediction for l̂ is K* 3 (cosu)21 to

convert from a zonal wavenumber to a physical spatial

scale. This prediction is plotted as solid lines in Fig. 2a for

both the nonlinear and quasilinear integrations and does

a reasonable job predicting the eddy length scale.

Work by Kidston et al. (2010) using twenty-first-century

simulations suggests that the eddy length scale will increase

FIG. 1. (a) Vorticity stirring power vs total wavenumber l after

windowing the field. (b) Vorticity power vs total wavenumber l. In

all experiments, the zonal wavenumber m is restricted to the same

range as l, but we plot only the eddy contributions (m 6¼ 0).
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by 3%–7% as the climate warms and the jets shift pole-

ward. To test whether jet latitude can explain this scale

change, we follow Kidston et al. (2010) and define the eddy

zonal wavenumber at each latitude as

k(u) 5

�
k

k 3 j~y(k)j2

�
k
j~y(k)j2

, (7)

where ~y is the Fourier component of the 30-day high-

pass-filtered meridional wind [see Kidston et al. (2010)

for details]. The zonal eddy length l is defined as the

mean of 2pa cosu/k(u) over the hemisphere.

The results are plotted in Fig. 2b and show that indeed,

as previously seen using the total spectral wavenumber

(Fig. 2a), the physical scale of the equilibrated Rossby

waves increases as the mean jet is found at higher lat-

itudes. In addition, we calculate a percentage change in

eddy length scale of about 5% due solely to a shift of

the midlatitude jet from 468 to 528N. Although it ap-

pears to be the simplest explanation, further work is

required to determine whether this barotropic-scale

argument is the primary explanation for the behavior in

more complex models.

b. Importance of synoptic waves for driving a jet

Figure 1b demonstrates that even with white stirring,

the equilibrium-eddy scale is skewed toward small wave-

numbers. It is in fact these synoptic-scale Rossby waves

that are responsible for the formation and maintenance

FIG. 2. (a) The total wavenumber at which the eddy vorticity spectrum is maximum l̂ for both nonlinear and

quasilinear integrations. The wavenumbers predicted by theory are denoted by the black lines (see text for details).

(b) Zonal eddy length scale l vs eddy-driven jet latitude for the nonlinear integrations.

FIG. 3. Zonal-mean zonal winds for the nonlinear and quasilinear integrations for two different stirring latitudes.
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of a strong zonal jet. To demonstrate the sensitivity of the

resulting jet to eddy scale, the model is integrated for

three different stirring configurations. The model is stir-

red with white noise (1 # l # 42), synoptic-scale (4 # l #

10), and high-wavenumber (10 # l # 42) stirring. In all

three integrations, m is confined to the same range as l. As

in previous experiments, a Gaussian mask with half-width

128 is applied to the stirring fields to mimic a localized

storm track, and the stirring is centered at 458N for all

three integrations.

The stirring strength for each run is defined such that

the globally integrated energy injection rate 2 c � S is

constant across the integrations. Figure 5a plots the pre-

scribed stirring power versus total wavenumber for the

three integrations. While we define the synoptic stirring

experiment over wavenumbers 4–10, the resulting stirring

spectrum exhibits power up to wavenumber 15. This

apparent inconsistency is due to the Gaussian window,

which slightly alters the final stirring spectrum on the high-

wavenumber edge. We have confirmed that the latitude

of the window does not affect the stirring spectrum, but

rather the spectrum is most sensitive to the width of the

window, which remains constant throughout this work.

The resulting vorticity power spectra and zonal winds

are plotted in Figs. 5b and 5c for the three integrations.

Note that l̂ is similar for both the white noise and

synoptic stirring integrations, as may be expected when

the jet scale and eddy scale coevolve to a dynamical

equilibrium. For white noise stirring, the zonal-mean jet

forms at the latitude of stirring, with easterlies on both

flanks, indicative of the presence of large-scale Rossby

waves that are able to propagate and break to the north

FIG. 4. (a) Zonal wavenumber and (b) phase-speed vorticity–power spectrum. Black lines denote the theoretical

prediction (6) and the white crosses denote the power-weighted-average wavenumber and phase speed. Contours for

ustir 5 308 (ustir 5 508) are shaded every 3.5 (5.0) 3 10213 s22.

FIG. 5. (a) Vorticity stirring power vs total wavenumber l after windowing the field. (b) Resulting vorticity power vs total wavenumber l.

In all three experiments, the zonal wavenumber m is restricted to the same range as l, but we plot only the contributions from waves with

m 6¼ 0. (c) Zonal-mean zonal-wind profiles.
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and south. The synoptically stirred jet has stronger

winds that lie slightly poleward of the stirring, and the

easterlies on the poleward flank of the jet are much

weaker compared to the white noise wind profile. The

reason for this is that only very large-scale waves are

able to propagate and decelerate the flow near the pole

(as described in section 4), and unlike the white noise

stirring, the synoptic stirring omits wavenumbers 1–3.

In the integration where only high wavenumbers are

stirred, the vorticity spectrum peaks around 19, and the

jet is weak and equatorward of the region of stirring.

These features are due to the inability of the small-scale

waves to propagate and break near the pole, and so the

equilibrium jet can only be sustained at a more equa-

torward latitude. The importance of synoptic scales can

also be seen by the fact that synoptic stirring produces

a stronger jet than white noise stirring, although the

energy injection rate is identical for each. The difference

lies in the forcing in the synoptic range, where the syn-

optic stirring has nearly twice the power at these scales.

c. Section summary

The following three points are the main concepts from

section 3.

d Synoptic-scale Rossby waves (4 # l # 10) are essential to

the formation and maintenance of the eddy-driven jet.
d As the mean jet is located closer to the pole, the eddy

length scales must increase because of the need to

balance zonal advection with retrogression associated

with the smaller value of b. Model results confirm that

this scale is reasonably predicted by linear Rossby wave

theory.
d The predicted change in eddy length scale due only to

a poleward shift of the jet agrees with scale changes

seen in GCM global warming simulations.

4. Changes in jet variability with latitude

We now investigate the interactions between the

eddies and the mean flow as the latitude of the jet is

varied. Previous studies have shown that the latitude of

the jet influences the persistence of jet anomalies and

that the leading mode of variability changes from a shift

to a pulse as the mean jet is found closer to the pole (Barnes

et al. 2010; Barnes and Hartmann 2010). In a barotropic

model, changes in the variability of the jet are solely

due to changes in the eddy–mean flow interaction, and

so in this section we investigate the effect of latitude on

jet variability and suggest a mechanism associated with

changes in eddy length scale and wave propagation.

We integrate (1) on the sphere and stir the model over

total wavenumbers 8 # l # 12, but require that m $ 4 to

ensure that we are not forcing at the scale of the zonal

mean flow itself. In section 3 we showed that the formation

of a jet is most dependent on these synoptic-scale wave-

numbers, and we have confirmed that white noise forcing

does not change the basic behavior of these integrations.

To determine the dependence of jet variability on latitude,

ustir is varied in 58 increments between 358 and 658N, giving

rise to the formation of jets at varying latitudes. The stir-

ring strength is held at a constant value for all integrations

to simulate eddies of a similar strength, but the results are

similar if the energy injection rate is held constant instead.

We begin by plotting snapshots of the absolute vor-

ticity field for the most poleward and equatorward ustir in

Fig. 6. From these plots, it is clear that the model dis-

plays Rossby wave breaking and the stretching of vor-

ticity filaments reminiscent of the real atmosphere.

Figure 7a displays the resulting zonal-mean zonal-wind

profiles for the same integrations. Defining uedj as the

mean of the time series of daily latitudes of maximum

zonal-mean zonal winds Zlat, Fig. 8a shows that in all cases

uedj lies on or slightly poleward of ustir. The propensity for

the jet to lie poleward of the stirring latitude is likely due

to the 1/b relationship between u and the vorticity stirring

source in the pseudomomentum budget, which causes

eddies in the poleward half of the stirring region to more

strongly force the jet.

Barnes et al. (2010) showed that as the mean jet is

located nearer to the pole, the easterlies on the poleward

flank vanish on account of a lack of wave breaking and

associated deceleration of the winds there. Figure 7a

shows a similar result. We diagnose eddy propagation

and wave breaking using K*, as defined previously in (6).

According to linear theory, k turns when it reaches the

latitude where k 5 K* and propagates toward larger

values of K*, breaking near its critical latitude, found

where K* is large (Hoskins and Karoly 1981; Held 1983).

We define c in (6) as done in the previous section by

calculating the vorticity-power-weighted phase speed at

the latitude of the jet. The resulting K* profiles are

plotted in Fig. 7b and show that when ustir 5 358, the eddies

break on both flanks of the jet, producing easterlies.

However, when ustir 5 658 all wavenumbers encounter

a turning latitude on the poleward edge of the jet, and thus

waves only propagate and break on the equatorward

flank. Profiles of K* suggest that only the largest waves

can propagate near the pole, and this result is consistent

with the shift of the eddy length scale to larger wavelengths

as the stirring moves poleward, as seen in section 3.

To further support the lack of equatorward momen-

tum flux by the eddies when the jet is at high latitudes,

we plot phase speed/latitude momentum flux spectra in

Fig. 9. It is clear from these plots that for ustir 5 358, a small

amount of equatorward eddy momentum flux occurs on
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the poleward flank of the jet, but when the stirring is moved

to 658, the eddies only transport momentum poleward.

The question remains: how does the variability of the

jet change as uedj is located closer to the pole? Histograms

of jet latitude Zlat are plotted in Fig. 7c and show that jets

closer to the pole move around less than those closer to

the equator. To explore this change in jet variability with

latitude, we define two more time series to describe the

variability of the jet. The daily maximum zonal-mean

zonal-wind strength Zspeed captures the daily strength-

ening and weakening of the jet peak. In addition, we

utilize empirical orthogonal function (EOF) analysis to

define the mode of variability that describes the largest

variance of the zonal-mean zonal-wind field and denote

the associated principal component time series as Zeof1.

Figure 8b displays the percentage of the total variance

of the zonal-mean zonal-wind field explained by each of

the three time series (Zlat, Zspeed, Zeof1). The histograms

in Fig. 7c suggest that the jet shifts less at higher lati-

tudes, and indeed Fig. 8b shows that Zlat explains less of

the total variance at high latitudes, and Zspeed explains

more. The leading EOF captures the pattern that ac-

counts for the highest percentage of the total variance,

and we see that at low to midlatitudes, Zeof1 appears

similar to Zlat, but poleward of 558N the leading mode of

variability is described by the speed of the jet, not its

shift. Figure 8c displays the magnitude of the EOF jet

shift, defined as the meridional distance between the

latitude of the mean jet and the latitude of the jet as-

sociated with one standard deviation of Zeof1. As the jet

moves poleward, the leading mode of variability is as-

sociated less with meridional movement and more with

the strength of the jet.

We can understand these changes in variability with

latitude by considering the influence of the pole on eddy

propagation and wave breaking. The strength of the

positive feedback between the zonal flow and the eddies

depends on the ability of the mean flow to influence the

eddies by setting the critical latitudes and, in turn, the

ability of the eddies to influence the jet by decelerating

the flow where they break and thence flux momentum

back into the jet core. When the jet is far from the pole,

random fluctuations of the eddy forcing shift the jet,

which shifts the critical latitudes, which in the end shifts

the distribution of momentum flux such that the jet can

be maintained in its new position. When the jet is near

FIG. 6. Absolute vorticity fields for integrations with ustir 5 358 and ustir 5 658. The shading is contoured every 2.5 3 1025 s21 where darker

colors denote larger values.
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the pole, random fluctuations of the eddy forcing may

still move the eddy-driven jet poleward, but the small

value of b* due to the small value of b in (6) creates

a turning latitude and thus the jet is unable to set a new

poleward critical latitude. Since the critical latitudes set

the eddy momentum flux distribution, the eddy-driven

jet will not be sustained there.

In the real atmosphere, the dominant variability of the

midlatitude jet involves both a shift and a pulse. The

leading mode of variability of the North Atlantic jet

is termed the North Atlantic Oscillation (NAO) and

describes oscillations between an equatorward eddy-

driven jet and a poleward, strengthened jet (Hurrell

et al. 2003). Woollings et al. (2010) argue that charac-

terizing the full range of variability of the North Atlantic

jet requires descriptions of both the strength and the

latitudinal position of the jet. Both of these results are

consistent with our findings that the variability of a jet in

midlatitudes experiences a mix of shifting and pulsing

variability due to its proximity to the pole.

Section summary

As the eddy-driven jet moves poleward,

d the leading mode of variability of the eddy-driven jet

changes from a meridional shift to a pulse of the jet,

and
d the feedback between the zonal flow and the eddies is

reduced due to the inability of the eddies to propagate

and break at high latitudes.

5. Dynamics of a pulsing jet

Previous studies have demonstrated that a pulse of the

eddy-driven jet is less persistent than a meridional shift

of the jet because of the presence of a positive eddy

feedback during the shifting mode and no such feedback

during the pulsing mode (Lorenz and Hartmann 2001;

Eichelberger and Hartmann 2007). Here, we suggest a

mechanism for the presence of a negative feedback dur-

ing pulsing mode events, which forces the jet back to its

equilibrium state and accounts for the lack of persistence.

Figure 10a shows composites of the zonal wind of the

ustir 5 358N integration for the top and bottom 10% of

Zspeed. The profiles of K* associated with these wind

fields are plotted in Fig. 10b for phase speeds calculated

as before and this figure shows that ultimately K* de-

creases at the jet core for strong winds, implying that

only the largest Rossby waves can propagate and break

away from the jet within the stronger zonal flow. We

plot the momentum flux convergence 2 days after the

strengthening event in Fig. 10c to demonstrate that

the eddy momentum forcing is weaker immediately

FIG. 7. (a) Average zonal-mean zonal-wind profiles for inte-

grations where the stirring latitude is varied; (b) K* times the radius

of the earth for the vorticity power-weighted phase speed at the

latitude of the jet. The filled circle denotes the latitude of the eddy-

driven jet. (c) Histograms of daily eddy-driven jet latitude fre-

quency for different ustir. Mean jet latitudes are plotted as thick

dashed horizontal lines.
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following the pulse. This reduction in momentum flux

convergence after the initial pulse acts as a negative

feedback on the stronger jet, and the jet subsequently

weakens back to its original strength. A similar story is

seen when the jet weakens from its equilibrium value. In

this case, K* suggests that more waves are able to prop-

agate away and break, and thus more momentum con-

verges into the jet region. Once again, this is a negative

feedback on a weakened jet, and the jet profile returns to

its equilibrium value.

The linear diagnostic K* suggests that after a strength-

ening of the jet, the anomalous eddy propagation is into

the jet and the anomalous eddy momentum flux across

the jet flanks is out of the jet, acting to weaken the jet.

Likewise, after the weakening of the jet, the anomalous

eddy propagation is out of the jet, resulting in more eddy

momentum being fluxed into the jet core. To confirm that

this is the case, we calculate lagged correlations of Zspeed

and the anomalous eddy momentum flux across latitude

circles 108 equatorward and poleward of the mean jet.

The results for the ustir 5 358 integration are plotted in

Fig. 11, where positive correlations imply anomalous

eddy momentum fluxes into the jet (eddy propagation

away from the jet) and positive lags imply that the jet

leads the forcing. Focusing on the equatorward latitude

circle first, there is an anomalous positive flux of mo-

mentum into the jet a day or two before a pulsing event,

which is clear evidence of the eddies strengthening the jet.

Lorenz and Hartmann (2001) showed that a positive

eddy–mean flow feedback manifests itself as positive

correlations at positive lags. However, Fig. 11 shows that

no feedback is present, and the eddies extract momentum

from the jet at positive lags, returning the jet to its mean

state. This is consistent with Figs. 10b and 10c, which

suggests that the stronger jet inhibits wave propagation

away from the jet, reducing the amount of momentum

fluxed into its core.

We can also compare the eddies on each flank of the

jet and, focusing now on the poleward latitude circle of

Fig. 11, one might be surprised to see that it is not

identical to that of the equatorward curve; rather, the

anomalous momentum flux across this poleward latitude

circle is out of the jet core at all lags. This implies that

a strengthening jet has anomalous equatorward eddy

propagation across its poleward flank, both before and

after the event. The reason for this relates to the linear

Rossby wave propagation arguments of the previous

sections, whereby the pole inhibits Rossby wave prop-

agation. So, the only way for the poleward eddies to

strengthen the jet is for the waves to propagate anoma-

lously equatorward, not poleward. Figure 11 demon-

strates that even fewer waves propagate poleward during

a strengthening event, a conclusion that was also drawn

FIG. 8. (a) The latitude of the eddy-driven jet vs the latitude of

eddy stirring. The dashed line denotes the one-to-one line. (b) The

percentage of the total variance of the zonal-mean zonal wind

explained by Zeof1, Zlat, and Zspeed. (c) The shift of the eddy-driven

jet associated with one standard deviation of the leading EOF Zeof1

vs uedj for integrations with varying stirring latitudes.
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from Fig. 10b, where the value of K* suggests that fewer

waves are able to propagate toward the pole when the jet

strengthens and b* increases.

As the jet shifts poleward, the dominant variability

changes from a shift to a pulse, and the eddies act as

a negative feedback on the strengthening and weak-

ening jet. Consistent with this mechanism, recent work

has shown that the leading mode of variability becomes

less persistent as the jet is found at higher latitudes,

both in a barotropic model and in general circulation

models (Barnes et al. 2010; Barnes and Hartmann

2010).

It is possible that barotropic instability on the pole-

ward jet flank may also bring about the decay of a puls-

ing jet. However, for the wind profiles simulated by this

model, only the lowest zonal wavenumbers are unstable

and the growth rates are very slow, with e-folding times

on the order of weeks. In addition, eddy momentum

fluxes by the unforced wavenumbers 1–3 contribute lit-

tle to the total momentum flux into and out of the jet

during pulsing events (not shown), implying that normal

mode growth on the polar flank of the jet cannot explain

the decay of the pulsing mode in the model.

Section summary

The following three points are the main concepts from

section 5.

d When the jet strengthens, u and b* increase, resulting

in a modified K* profile.
d Plots of K* suggest that the eddies are less likely to

propagate away from the jet core during a strength-

ening event, which acts as a negative feedback on the

pulsing jet.

FIG. 9. Contours of transient eddy momentum flux vs latitude and phase speed for integrations with ustir 5 358 and

ustir 5 658. Shading denotes plus and minus one standard deviation of the daily zonal-mean zonal winds.

FIG. 10. (a) Zonal-mean zonal-wind profiles for the mean and extremely strong- and weak-jet-strength days; (b) K* times the radius of

the earth for the vorticity power-weighted phase speed at the latitude of the jet. (c) Profiles of the eddy momentum-flux convergence for

the mean and 2 days after extremely strong- and weak-jet-strength days. Plots are of the ustir 5 358N integration.
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d For jets close to the pole, the eddies on the poleward

flank are less able to propagate poleward, and thus

the momentum flux toward the jet center is reduced.

In this situation, the eddies on the equatorward side

dominate the driving, and it is the convergence of

poleward momentum flux that drives the pulsing of

the jet.

6. Influence of the subtropical jet on eddy-driven
jet latitude and variability

Thus far, we have looked poleward to determine the

constraints on jet variability and the eddy–mean flow

interaction set by the dependence of b on latitude. In this

section, we look equatorward to study the influence of

a strong subtropical jet on the location and variability of

the eddy-driven jet. We demonstrate that the subtropical

winds can influence the location of the critical latitudes

through modification of u in (6), thus influencing the

latitude of the eddy-driven jet and breaking the positive

feedback loop between the eddies and the eddy-driven

jet, thereby changing the eddy-driven jet’s variability.

To analyze the influence of the subtropical jet on eddy–

mean flow interactions, the latitude of the subtropical jet

usub is held fixed at 308N. The stirring is varied every 58

from 358 to 658N with stirring over 8 # l # 12 and m $ 4

and constant stirring strength A.

The subtropical jet is modeled as a Gaussian in zonal

wind

usub(u) 5U exp
2(u 2 usub)2

2s2
sub

#
,

"
(8)

where ssub 5 68 and U is the speed of the subtropical jet,

which is set to 20 m s21, and we have verified that the

subtropical jet is barotropically stable with these pa-

rameters. The vorticity equation from (1) is integrated

forward with the stirring S and relaxed back to the

subtropical jet profile zsub derived from (8):

›z

›t
1

u

a cosu

›z

›l
1

y

a

›z

›u
1 yb

5 S 2 r(z 2 zsub) 2 k=4(z 2 zsub), (9)

where values for r and k are as in section 4.

a. Eddy-driven jet variability in the presence
of a subtropical jet

Eichelberger and Hartmann (2007) showed that the

leading mode of variability of the eddy-driven jet changes

from a shift to a pulse in the presence of a strong sub-

tropical jet and they suggest that the subtropical jet acts

as a waveguide, allowing the eddies to propagate down-

stream, inhibiting the positive feedback between the

eddies and the background flow. Our work suggests that

similar relationships are found in barotropic simulations.

Figures 12a–d display zonal-mean zonal-wind profiles

for different latitudes of eddy stirring. The solid curve

denotes the total zonal-mean zonal wind, while the

dashed line denotes the part associated with the fixed

subtropical jet (8). Because the zonal wind would ex-

actly equal the specified subtropical jet if eddies were

not present, we subtract the subtropical profile from the

total zonal-wind profile to obtain the zonal wind de-

viation associated with eddies, or the ‘‘eddy-driven jet.’’

Plotted alongside the zonal-wind profiles in Figs. 12a–d

are histograms of Zlat, defined as the daily latitude of

maximum zonal-mean eddy-driven zonal wind. When

ustir 5 358N, the subtropical and eddy-driven jets merge

and become one strong jet, similar to that seen in the

North and South Pacific during their respective winter

seasons (Eichelberger and Hartmann 2007; Nakamura

and Shimpo 2004). When the jets are merged in the baro-

tropic model, the meridional movement of the eddy-

driven jet is restricted, as indicated by the narrowness

of the histogram. As the stirring moves poleward, the

eddy-driven jet shifts more freely, with the jet latitude

histogram skewed toward high latitudes.

Since the critical latitudes depend on the difference

between the eddy phase speeds and the background flow

u, the presence of a strong subtropical jet has the po-

tential to greatly influence the location of eddy wave

breaking, and thus the location of the eddy-driven jet.

Figure 13a shows the eddy-driven jet latitude versus

stirring latitude. As the stirring moves away from the

subtropical jet, the latitude of the eddy-driven jet varies

more slowly, such that the stirring lies poleward of the

mean jet at ustir 5 508N. To understand this result, we

use the reasoning in section 4 and diagnose the locations

of eddy wave breaking.

FIG. 11. Lagged correlation over all pulsing days of Zspeed and the

anomalous eddy momentum flux into the jet core at latitudes 108

equatorward and poleward of the time-mean jet for ustir 5 358.
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FIG. 12. (a)–(d) Histograms of daily eddy-driven jet latitude frequency for different

stirring latitudes. The zonal-mean wind profiles of the total zonal wind, fixed subtropical

jet, and resulting zonal eddy-driven jet are plotted in scaled units (20 m s21 ; 0.15). (e)–(h)

The value of K* times the radius of the earth for the vorticity power-weighted phase speed at

the latitude of the jet. The filled circle denotes the latitude of the eddy-driven jet.

2904 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 68



Figures 12e–h show profiles of K* for the four in-

tegrations. As the eddy stirring moves poleward, the

equatorward critical latitude (maximum of K*) remains

stationary because it is set by the stationary subtropical

winds. Even though the stirring moves poleward, the

propagation environment for the eddies does not, and

the eddy-driven jet does not move with the stirring, re-

sulting in an eddy-driven jet equatorward of the stirring

latitude. This can also be seen in Figs. 12a–d, where the

most frequent latitude of the eddy-driven jet moves by

only 48 even though the stirring moves from 358 to 508N.

Interestingly, Lee and Kim (2003) used an idealized

model to demonstrate that the most favorable region for

baroclinic wave growth and latitude of the eddy-driven

jet is approximately 208–308 poleward of a modest sub-

tropical jet. Results presented here suggest a similar

barotropic relationship, such that the eddy-driven jet is

likely to be found 158 poleward of a strong subtropical

jet due purely to the latitudes of eddy wave breaking set

by the background flow.

Figures 12a–d suggest that when the eddy-driven and

subtropical jets are merged, the meridional shifting of

the eddy-driven jet is suppressed, and as the stirring is

moved poleward, the meridional variability of the eddy-

driven jet increases. To show this more clearly, we fol-

low section 4 and define Zspeed as the daily maximum

zonal-mean zonal-wind strength, and Zeof1 as the lead-

ing principal component of the zonal-mean zonal winds.

Figure 13b shows the percentage of the total zonal-mean

zonal-wind variance explained by Zeof1, Zlat, and Zspeed.

When the stirring is at 358N, the pulsing of the jet ex-

plains more variance than the shifting, reminiscent of

the variability of a jet near the pole. As the stirring

moves away from the subtropical jet, the meridional

shifting of the jet describes more of the variance. To

display the type of variability associated with the leading

EOF, Fig. 13c shows the shift of the eddy-driven jet as-

sociated with one standard deviation of Zeof1. When the

eddy-driven jet is merged with the subtropical jet, the

leading mode of variability is associated with a small

shift of 18 of the jet. As the eddy-driven jet moves away

from the subtropical jet, the leading mode of variability

becomes associated with a stronger shift of the zonal

winds, consistent with what was shown in Fig. 13b. These

results are similar to what Eichelberger and Hartmann

(2007) found over the Pacific Ocean in observations,

where the presence of a strong subtropical jet causes the

variability of the eddy-driven jet to change from a shift

to a pulse of the zonal-mean zonal winds.

The shifting variability of the eddy-driven jet is

inhibited by the subtropical winds because when the

subtropical jet sets the critical latitudes, the positive

feedback chain between the eddies and the eddy-driven

jet is broken: the eddies continually break and thus re-

inforce the eddy-driven jet, but the eddy-driven jet does

not set the equatorward breaking latitude since the

winds are too weak and are dominated by the strong

subtropical winds. In this case, the easterly eddy accel-

erations remain focused in the center of the subtropical

jet, and so the distribution of momentum flux conver-

gence (jet forcing) is set by the stationary subtropical jet.

As the stirring moves poleward, the eddy-driven jet

slowly breaks away from the subtropical winds and be-

gins to set its own critical latitudes, allowing the eddy-

driven jet to move more freely.

b. Bimodal eddy-driven jet latitude

When the eddy stirring moves poleward of 508N, the

distribution of the latitude of the eddy-driven jet becomes

more complex. Figures 14a–c show the jet latitude his-

tograms along with the resulting zonal-wind profiles for

three such integrations. Unlike the distributions plotted

in Figs. 12a–d, the eddy-driven jet latitudes become bi-

modal, with a clear preference to lie either on the flank of

the subtropical jet or farther poleward, at the latitude of

the eddy stirring.

Figures 14d–f show the eddy-driven zonal winds

composited on days when the jet is poleward or equa-

torward of 548N. As the stirring moves poleward from

558 to 658N, the latitude of the equatorward eddy-driven

jet stays fixed at 468N, indicating that this mode is still

slave to the subtropical jet and its stationary critical

latitude. The poleward eddy-driven jet moves with the

eddy stirring, which suggests that the jet is free to set its

own critical latitudes, although the influence of the pole will

restrict its meridional shifting as discussed in section 4.

Figures 14g–i display profiles of K* for days when the

jet is poleward and equatorward of 548N. The profiles

are calculated using the vorticity-power weighted phase

speed c at the latitude of the eddy-driven jet, and the

black dots denote the position of the eddy-driven jet.

Since the K* profiles for all three integrations are simi-

lar, we will focus on the profiles for ustir 5 658N. When

the jet is equatorward, the wave breaking diagnostic

suggests that waves starting at the center of the jet will

propagate both poleward and equatorward toward large

values of K*. At these critical latitudes, the waves will

break and produce an easterly acceleration of the winds,

consistent with Figs. 14d–f. In this jet configuration, the

equatorward critical latitude is set by the subtropical

winds and thus does not vary. When the eddy-driven jet

is poleward, the profile of K* is nearly identical to that of

the ustir 5 658N with no subtropical jet present (see Fig.

7b). Waves propagate toward large values of K*, and so

waves starting at the center of the jet (658N) will prop-

agate equatorward only and break where K* has a local
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maximum (508N). In this instance, the poleward dis-

placed jet is no longer as influenced by the subtropical

critical latitudes.

Note that since the subtropical critical latitudes

do not change, some eddies will always break there,

causing a constant (albeit weak) region of westerlies at

458N even when the eddy-driven jet is in its poleward

mode (Fig. 14f).

Trimodal behavior of the eddy-driven jet was recently

documented by Woollings et al. (2010) in the North

Atlantic during winter [December–February (DJF)],

but not in the other seasons. During the winter months,

the North Atlantic subtropical jet is strongest, and our

results suggest that the presence of a strong subtropical

jet could be enough to produce bimodal behavior of the

latitude of the eddy-driven jet. Future work will explore

whether this barotropic interaction between the sub-

tropical and eddy-driven jet is enough to at least par-

tially explain the preferred eddy-driven jet latitudes in

the observations.

One might argue that the influence of the subtropical

winds on the eddy-driven jet may be due to a change in

the source of the eddies, rather than their dissipation.

We have diagnosed terms in the pseudomomentum

budget [see Vallis et al. (2004) for a discussion] for both

fully nonlinear and quasilinear integrations and have

found that changes in the latitude of the eddy-driven jet

are largely associated with changes in the dissipation

and not changes in the source of pseudomomentum.

This implies that it is the modulation of the eddy wave

breaking, and not the eddy source, that provides the

mechanism by which the subtropical and eddy-driven

jets interact in this model.

c. Section summary

As the eddy-driven jet moves away from a fixed sub-

tropical jet,

d the leading mode of variability of the eddy-driven jet

describes less of a pulse and more of a meridional shift

of the eddy-driven jet, and
d the eddy-driven jet latitude becomes bimodal, repre-

sentative of a free eddy-driven jet that sets its own

critical latitudes and an eddy-driven jet that is wedged

between its own poleward critical line and the sub-

tropical jet.

7. Discussion and conclusions

The structure and variability of eddy-driven jets is

strongly controlled by the location of critical latitudes and

eddy wave breaking. In high latitudes, the effects of b

on Rossby wave propagation on the poleward side of the

FIG. 13. (a) The latitude of the eddy-driven jet vs the latitude of

eddy stirring. The dashed line denotes the one-to-one line. (b) The

percentage of the total variance of the zonal-mean zonal wind ex-

plained by Zeof1, Zlat, and Zspeed. (c) The shift of the eddy-driven jet

associated with one standard deviation of the leading EOF Zeof1 vs

uedj. A subtropical jet is fixed at usub 5 308N with a strength of

20 m s21 for all integrations.
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jet produce changes in the eddy–mean flow interaction,

causing the leading mode of variability to change from

a shift to a pulse of the jet. The presence of a strong sub-

tropical jet near the equatorward edge of an eddy-driven

jet reduces the eddy-driven jet variability by fixing the

regions of wave breaking. As the source of eddies moves

away from the subtropical winds, the latitude of the eddy-

driven jet becomes bimodal, with one regime describing

a free eddy-driven jet and the other regime describing an

eddy-driven jet influenced by the subtropical jet.

This work identifies a robust increase in eddy length

scale as the eddy-driven jet is located at higher latitudes

in a nonlinear barotropic model, which highlights that

the latitude of the eddy-driven jet and the characteristic

eddy scale are inextricably linked. We find that in both

the fully nonlinear and quasilinear integrations, the eddy

length can be predicted by linear Rossby wave theory,

which predicts an increase in eddy length scale of about

5% for a midlatitude jet shifting poleward from 468 to 528N.

This percentage increase agrees well with what is seen in

FIG. 14. (a)–(c) Histograms of daily eddy-driven jet latitude frequency for different stirring latitudes. The zonal-mean wind profiles of

the total zonal wind, fixed subtropical jet, and resulting zonal eddy-driven jet are plotted in scaled units (20 m s21 ; 0.15). (d)–(f) Zonal-

mean zonal-wind profiles composited when the eddy-driven jet Zlat is equatorward and poleward of 548N. (g)–(i) The value of K* times the

radius of the earth composited as in (d)–(f) for the vorticity power-weighted phase speed at the latitude of the jet. The filled circle denotes

the latitude of the eddy-driven jet.
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global warming simulations (Kidston et al. 2010), suggest-

ing that the eddy scale increase in these complex GCMs

may be a simple consequence of barotropic dynamics.

While this work analyzed an idealized barotropic model,

the question ‘‘how might the pattern of atmospheric vari-

ability change with a poleward shift of the jet?’’ is appli-

cable to the real atmosphere. This work suggests that the

‘‘annular modes’’ will transition from a shift to a pulse of

the zonal-mean zonal winds as the eddy-driven jet moves

poleward with climate change. Additional analyses of

more complex models and observations are required to

determine whether the barotropic mechanisms described

here are the most parsimonious explanation for the ob-

served and modeled behaviors of eddy-driven jets.
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