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ABSTRACT

The observed low-frequency variability of the zonally averaged atmospheric circulation in the winter
hemisphere is found to be amenable to an interpretation where the subtropical jet is flanked by a secondary
midlatitude one. Observations also suggest that the link between the stratosphere and the troposphere
modulates the variability of the tropospheric double-jet structure. Moreover, the summer hemisphere is
characterized by a strong midlatitude jet sided by an intermittent subtropical one and easterly winds in the
stratosphere. This work addresses the question about the role of eddies in generating and maintaining these
key features of the general circulation by means of a simplified general circulation model. Model solutions
for different parameter settings and external radiative forcings in the stratosphere are studied with and
without eddies active on the system. The following main findings are noted. 1) Eddy dynamics alone,
through the baroclinic instability processes in an atmosphere subjected to radiative forcing and dissipation,
may account for the observed meridional variance of the tropospheric jets. 2) The Hadley cell can extend
to the pole overlying the Ferrel cell, a feature supported by observations in the summer hemisphere. 3) The
meridional temperature gradient reversal in the summer stratosphere contributes to the observed low-
frequency variability introducing an intermittent formation of a subtropical jet and the occurrence of
easterlies in the tropical stratosphere. 4) Poleward propagation of the zonal wind anomaly is, when it occurs,
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Tropospheric Double Jets, Meridional Cells, and Eddies: A Case Study and

related to the activity of synoptic eddies.

1. Introduction

The most prominent feature of the general circula-
tion is the presence of a mean westerly jet at the tropo-
pause level in the Tropics. Moreover, when we con-
sider, for example, the observed Northern Hemisphere
zonally averaged zonal wind standard deviation, we
find two relative maxima located in the subtropics and
midlatitudes. Thus, a central problem is the finding of
the physical mechanisms that originate and maintain
these observed features. Since the works of Rossby and
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Starr (1949) and Palmén (1949), the issue has been
whether the climatological jet is created and main-
tained by the transport properties of the eddies, gener-
ated by the baroclinic instability of the thermal wind, or
by the combined effects of the imposed radiative dif-
ferential heating and the Coriolis torque, as the angular
momentum conservation principle suggests. A diffi-
culty with the latter approach is that the meridional
velocity, produced by the buoyancy forces associated
with the differential heating, is so small that the time
involved in the cell is of the order of 100 days. In such
a slow motion, the Coriolis torque must be balanced by
dissipation of the zonal velocity, so that the determina-
tion of the diffusion coefficient becomes the key to the
solution. On the other hand, the eddy-driven case is
strongly related to the nature of the eddy transports.
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These transports are the outcome of complex nonlinear
processes that involve both the zonal mean fields and
the eddies. In absence of an accepted parameterization,
these processes can be only simulated.

Observations, however, may be of some help in sug-
gesting the origin of the jet(s). Following the papers of
Rossby and Willet (1948) and Namias (1950), it has
been recognized that the jet(s) axis occasionally under-
goes a vacillation, so that its position is not always lo-
cated around the climatological mean. More recently,
Koo et al. (2002, see also references therein) confirmed
these early observations by showing a bimodal distri-
bution of the Southern Hemisphere jet axis position,
when the mean zonal wind variance is projected onto
the first two principal components.

On the theoretical side, Lorenz (1963), also moti-
vated by the experimental results found in the annulus,
proposed a simple model of the jet vacillation using a
quasigeostrophic model in the B plane. In that paper
the author discussed how the eddy momentum fluxes,
associated to baroclinic waves, may lead to a vacillating
jet in the troposphere and noticed that the nature of
wave breaking is cyclonic northward of the jet axis and
anticyclonic on its southern flank. Using primitive
equation models forced by a Newtonian cooling, a simi-
lar behavior was found (just to mention a few authors)
by Hendon and Hartmann (1985), James et al. (1994),
Akahori and Yoden (1997), Caballero et al. (2001), and
more recently by Koo et al. (2005, manuscript submit-
ted to Quart. J. Roy. Meteor. Soc.).

On the other hand, Hunt (1978), following the theo-
retical analysis of Matsuno (1970) and Dickinson
(1968), reported that stratosphere—troposphere cou-
pling could induce a similar vacillation. It was associ-
ated to the pressure work exerted by baroclinic waves
and by vertical propagation of stationary waves into the
stratosphere.

In recent years, the interest in the stratosphere—
troposphere interaction has also increased because the
observed ozone layer variations may be related to an-
thropogenic pollutants. Since, in addition to biological
effects, ozone variations may have impacts on climate,
several works have been devoted to the study of the
influence of the stratosphere on the tropospheric circu-
lation (see, e.g., Boville 1984; Kushner and Polvani
2004; Wittman et al. 2004). Albeit Hartmann et al.
(2000) have recently reported progresses in the under-
standing of this process, the precise nature of this in-
teraction is yet poorly qualified. Theoretical reasoning,
such as the one proposed by Lindzen (1993) and dis-
cussed in Bordi et al. (2002, 2004), have outlined a pos-
sible stratosphere—troposphere interaction through the
modification of the baroclinic instability property of an
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atmosphere without a rigid lid at the tropopause. This
mechanism may feed back on to the atmospheric gen-
eral circulation through the eddy heat and momentum
fluxes (Lorenz 1967). Along this line, a cursory look to
the zonally averaged zonal momentum equation clearly
shows that, in absence of internal dissipation, the ad-
vection of the total zonal mean vorticity by the zonal
mean meridional circulation should be balanced against
surface friction by the eddy momentum fluxes. Thus, it
appears that the maintenance of the jet(s) variability
may be strongly influenced by complex modifications of
baroclinic waves when a coupling between the strato-
sphere and troposphere is considered.

In the scientific community there is a general consen-
sus on the different mechanisms generating the sub-
tropical and midlatitude jets. The former is thought to
be generated by angular momentum transports of the
Hadley circulation (Held and Hou 1980), while the lat-
ter is an eddy-driven jet and results from eddy momen-
tum flux convergence of baroclinic waves (Held 1975;
Panetta 1993). Recently, this point of view, in particular
the origin of the subtropical jet, has been a matter of
further investigations. Model simulations (Caballero et
al. 2001; Walker and Schneider 2006; Schneider 2006),
in fact, suggest that eddies might also have an important
role in establishing the subtropical jet.

In the present paper we will study the role of synoptic
eddies in generating and maintaining the main features
of the zonally symmetric circulation following Char-
ney’s (1959, 1973) approach by

1) finding observational evidence for the existence of
multiple jets in both hemispheres and their intermit-
tent nature represented by the observed (meridi-
onal) variance structure of the tropospheric jets;
trying to connect these features to the stratospheric
circulation by means of solutions of simple primitive
equations forced by an equatorially symmetric New-
tonian cooling, in a dry atmosphere with a weak
stratospheric jet; and

connecting the antisymmetric forcing in the strato-
sphere with the intermittent nature of the subtropi-
cal jet in the Southern Hemisphere summer.

2)

3)

In particular, we wish to propose a different inter-
pretation of the zonally averaged flow vacillation,
namely we suggest that two distinct tropospheric jets
may coexist at the same time (in the same hemisphere)
and that the zonal mean flow in the stratosphere plays
a significant role in determining this behavior.

The paper is structured as follows. First, we will show
hints of the validity of this proposal by considering at-
mospheric data for a few cases (section 2). Next, we will
use a primitive equations model forced by Newtonian
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FI1G. 1. Observations of February 1990: (a) latitude-height (pressure) cross section of the monthly mean zonal wind (arrows pointing
to the relative maxima), (b) time evolution (Hovmoeller diagram) of the zonal mean zonal wind at 300 mb (arrows pointing to the jets’
locations), and time-averaged zonal mean zonal wind for days (c) 7-16 and (d) 20-28. Units are m s~ . (a), (c), (d) Contours are every

4ms!

cooling. To isolate the role of the baroclinic instability
in the formation of multiple tropospheric jets, we in-
tentionally neglect any form of convection, land-sea
contrast, and orography in the model atmosphere. In
the troposphere, friction or diffusion is only present at
the earth surface except for the small hyperdiffusion
required for numerical stability. Therefore, the zonal
mean circulation can be ascribed only to the action of
the eddies and/or to the stratosphere (section 3). This
model, for given parameter settings and different struc-
tures of the external radiative forcing in the strato-
sphere, produces two jet cores, one in the subtropics
and one in the midlatitudes, maintained by eddy dy-
namics alone (section 4). Conclusions are presented in
section 5.

2. Double jets observed in the troposphere: A case
study

We illustrate the low-frequency variability of the ob-
served jet streams by considering a sample month of the
40-yr European Centre for Medium-Range Weather
Forecasts (ECMWEF) Re-Analysis (ERA-40) dataset

and the zero line is excluded; red lines denote positive values and blue lines negative values.

(horizontal resolution of 2.5° X 2.5°, 23 pressure levels
from 1000 to 1 mb).

a. Time mean and variability of zonal flow

As an example, the behavior of February 1990 is ana-
lyzed. Figure 1a shows the monthly mean zonally aver-
aged zonal wind as a function of latitude and pressure.
The added arrows indicate the position of the main jet
cores. In the Northern Hemisphere (winter) three jets
are present: two of them are below the tropopause,
while the third one is well within the stratosphere. In
the Southern Hemisphere (summer), there is a well-
defined jet located at around 50°S, while farther north
there is a hint of a secondary subtropical jet maximum.
Easterlies characterize the stratosphere from the tropi-
cal region to about 60°S.

The novelty of Fig. 1a lies in the appearance of two
well-defined jets in the Northern Hemisphere (winter)
troposphere, both reaching their maximum speed at the
local tropopause level. The question is whether this fea-
ture denotes a jet axis vacillation or an actual coexist-
ence of the two jet cores. To distinguish between these
two alternatives, the easiest way is to consider the time
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behavior of the zonally averaged zonal wind at a given
pressure level, say 300 mb, as shown in Fig. 1b. A few
arrows have been added to help the reader to locate the
jets and their meridional wandering. From an inspec-
tion of both figure panels, one can see a main midlati-
tude jet core, flanked by a weaker subtropical one, is
present in the summer Southern Hemisphere while, oc-
casionally, two jets (also vacillating) coexist in the win-
ter Northern Hemisphere. In the stratosphere, instead,
there is only a winter polar jet while, elsewhere, a weak
westerly or a sustained easterly jet prevails. This behav-
ior is quite commonly observed, including months when
the mean map is not as revealing as it is in this particu-
lar month. Moreover, Fig. 1b suggests separately con-
sidering the time averages over the period from days 7
to 16 and from days 20 to 28. The zonally averaged
zonal wind for these two periods is presented in Figs.
lc,d. In the Northern Hemisphere, both figures show
two coexisting tropospheric jets:

(i) In the first period (days 7-16), the midlatitude jet is
cut off from the stratospheric polar one, which
seems to be weaker than its monthly mean (about
5ms ! less).

(ii) In the second time period (days 20-28), there is a
connection between the midlatitude tropospheric
jet and the polar stratospheric one whose strength
has increased sensibly above the monthly mean
(about 8 ms™! greater).

That is, there are at least two diverse mechanisms
leading to a double-jet formation, both involving the
stratosphere. An analysis of the eddy field provides the
possible link between the troposphere and strato-
sphere.

b. Eddy fluxes

The zonally averaged eddy meridional momentum
and heat fluxes (i.e., the simple correlation between the
proper fields) for all three time periods (the entire
month and the first and second periods) are shown in
Fig. 2. Let us focus on the Northern (winter) Hemi-
sphere.

(i) The midlatitude jet depicted in Fig. 1c (first period)
is accompanied by a strong reversal of the meridi-
onal eddy momentum flux as shown by Fig. 2b,
whereas in the second period the meridional mo-
mentum flux (Fig. 2c) compares well with that for
the monthly mean (Fig. 2a). Thus, the set of Figs.
lc,d and Figs. 2b,c suggests that the days 20-28
event relates to the monthly averaged tropospheric
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wave-mean flow interaction, while the other pe-
riod does not.

(ii) Also the eddy heat fluxes show for the first period
a change of sign in the Northern Hemisphere at the
tropopause level (see contour lines in Fig. 2b). The
heat fluxes of days 20-28 (Fig. 2c), instead, are
similar to those of the monthly mean, indicating
that in the second period the tropospheric transient
eddies are not behaving anomalously.

Thus, the overall picture suggests that, for the first
time interval (days 7-16), the eddy forcing alone is act-
ing anomalously by reinforcing and creating enough di-
vergence to maintain a midlatitude secondary jet.
Moreover, in this month the latitudinal jet vacillation
appears to be a feature of only secondary importance.
Furthermore, the Southern Hemisphere (summer) is
also characterized by a reversal of the meridional eddy
momentum fluxes, which are stronger during the sec-
ond period (days 20-28) associated with an intensifica-
tion of the subtropical jet and strong easterlies at lower
levels.

In assessing the role of the eddies in establishing
these behaviors, we use the component of the zonal
momentum budget described by Eliassen—Palm (E-P)
fluxes (Eliassen and Palm 1961) as defined in Edmon et
al. (1980). Specifically, if w and 6 are the pressure ve-
locity and the potential temperature, respectively, and
in view of large static stability of the atmosphere
(Peixoto and Oort 1992), we may set

iloll6]
ap -

6]

(0],

, @)

where p is the pressure and [.] =[(.) dA. The E-P vector
F in the (¢—p) plane, with ¢ the latitude, is computed as

2mR? cos 1
F = 2mR” cos¢ (—F"’, FP), with
g R
F®= —Rcos¢[u'v'] and
a[o]
F? = fR cos¢[v'0'] E ()

Here R is the radius of the earth, fis the Coriolis pa-
rameter, primes denote the departure from the zonal
average, and the remaining variables have the usual
meaning.

To obtain a graphical representation of the E-P flux
F and its divergence, the procedures given by Edmon et
al. (1980) are followed. Instead of the divergence of F,
the divergence weighted by the mass of an annular ring
d dp is used:



3122

a)

pressure (mb)

-50 0 50 -50
latitude

MONTHLY WEATHER REVIEW

latitude

VOLUME 135

50 -50 0 50
latitude

FIG. 2. Observations of February 1990: mean meridional eddy momentum flux (z'v' correlation, contour shaded) and mean meridi-
onal eddy heat flux (v'6’ correlation, contour lines) for (a) monthly mean, and for days (b) 7-16 and (c) 20-28. Units are m? s~ 2 for u'v’
and ms~' K for v'0’. Contour lines are every 5 ms~' K and the zero line is excluded; solid lines denote positive values, dashed lines

negative values.

div(F o + oF 3
IV( ) - 3¢ ap ) ( )
where
27R 2mR?

Fo= ?cosdf‘b and F? = COSOF?. (4)
Figures 3a—c present the E-P flux vectors F and its
divergence for the monthly mean, and during days 7-16
and 20-28, respectively. As anticipated, Fig. 3b (first
period) shows, in the Northern Hemisphere, a peculiar
difference from the second period: at high-tropospheric
layers in midlatitudes the direction of F points pole-
ward. This anomalous action of the eddies also involves
the stratosphere, where a weaker, than the monthly
mean, polar jet occurs. Moreover, in correspondence to
the split of the E-P vectors, a positive divergence
around 250 mb is noticeable, suggesting that the eddies
play a crucial role in creating the double-jet structure.
Following the usual interpretation of the E-P vectors,
in the first period Rossby waves, generated by the baro-

clinic instability, propagate both equatorward and
poleward out of the main jets’” axes. Note also that the
convergence of the eddy momentum fluxes in the sub-
tropics and midlatitudes, implies an anticyclonic break-
ing of the eddies near the equator and a cyclonic one
near the poles. The other maps, instead, depict the usu-
ally observed convergence of F toward the equator.
This suggests that the eddy fluxes are the main con-
tributors to the anomalous double-jet configuration
found during days 7-16. Moreover, observations for
February 1990 seem to support the hypothesis that the
eddies play a crucial role in also establishing the sub-
tropical jet: the local Rossby number (R, = —{/f as in
Schneider 2006), which should be around 1 for the Held
and Hou solution, is less than 0.5 in the upper branch of
the Hadley cell and a meridional gradient of angular
momentum is noticeable everywhere (excluding re-
gions near the equator).

If we suppose that the momentum budget only re-
duces to (3), then the data analysis above poses the
question whether a thermally forced atmosphere may
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FIG. 3. Observations of February 1990: E-P flux vectors (arrows) and flux divergence (isolines) for (a) monthly mean, and for days
(b) 7-16 and (c) 20-28. Contours for the divergence are every 2 X 10'> m® and the zero line is excluded; solid red lines denote positive
values, dashed blue lines negative values. The vertical arrow scale for 2 (4.02 X 10" m? mb) is indicated in the bottom left of each
panel; the scale for the horizontal component F?®inm? is equal to the scale for F” but divided by 804 mb.

develop a circulation consistent with these observations
in virtue of the transient eddy forcing alone as in
Lorenz (1963). Moreover, there is a hint that the
strength of the zonal mean zonal wind in the strato-
sphere plays a role in determining the tropospheric cir-
culation as in Hunt (1978). This will be the subject of
section 3 using an idealized general circulation model-
ing approach.

3. Model and experiments

In the present paper numerical solutions are found
by using the simplified GCM Portable University
Model of the Atmosphere (PUMA; Fraedrich et al.
1998; available online at http://www.mi.uni-hamburg.
de/puma). PUMA is a global spectral model (Hoskins
and Simmons 1975; James and Gray 1986) that solves
the primitive equations on sigma levels. The diabatic

and dissipative processes are represented through the
Newtonian cooling and the Rayleigh friction, respec-
tively (Held and Suarez 1994). PUMA has been used to
simulate other features of the atmospheric circulation
such as, for example, the storm track variability (see
Frisius et al. 1998; Fraedrich et al. 2005). The model is
run at T21 resolution with 20 equally spaced o levels.
The T21 horizontal resolution is set to follow James et
al. (1994). The 20 vertical levels are an attempt to have
enough resolution in the stratosphere, with a reason-
able computational burden.

a. Parameter settings

In the present study we offer a view of the general
circulation as a forced response to a given steady ex-
ternal forcing (of a radiative nature). Therefore, its
specification is more than a detail. First, we consider
the same forcing as Akahori and Yoden (1997) as de-
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scribed in their Table 1. The reason for this choice is
simply that the forcing in the above-mentioned paper is
clearly specified at the same number of vertical levels as
we have. Their model’s forcing is given on variable ver-
tical resolution, which is interpolated to our o levels.
The PUMA settings for the zonally symmetric aqua
planet-type circulation are as follows.

1) NEWTONIAN COOLING

At each time step the model temperature is relaxed
toward a prescribed restoration temperature field 7%,
which, as in Akahori and Yoden (1997), describes
hemispherically symmetric or equinox conditions:

T(o) 1
> <c052d) — 5), (5)

where T,(o) is the global mean temperature at each
level and AT(o) is the pole-to-equator temperature dif-
ference. The relaxation time for the Newtonian forcing,
Ty, 18 15 days for all levels, with the exception of the
uppermost level, where it is set to 7.6 days. The resto-
ration temperature may be interpreted as a sort of ra-
diative equilibrium temperature and it is assumed to be
identical in both hemispheres as we were representing
ideal equinox conditions.

In the stratosphere we also consider a nonsymmetric
(with respect to the equator) radiative forcing with a
reversed meridional temperature gradient in the South-
ern Hemisphere, such that

A
(¢, 0) = To(o) +

T#(d, 0) = Ty(o) — AT(0) sing for o <oy, (6)

with o, being the tropopause sigma level. This pro-
duces a reversed equator-to-pole temperature gradient
in the model Southern Hemisphere stratosphere, while,
in the Northern Hemisphere, it remains of the same
sign as it is in the troposphere.

2) HORIZONTAL DIFFUSION

A hyperdiffusion (KV®, with K as the diffusion coef-
ficient) is applied to temperature, divergence, and vor-
ticity to prevent accumulation of enstrophy at the short-
est scales and to preserve numerical stability.

3) RAYLEIGH FRICTION

The Rayleigh friction may act on each model level.
Divergence and vorticity are damped with a time scale
(TFRC) of 0.5 days at the lowermost level and, when
explicitly mentioned, at a few uppermost levels. In par-
ticular, when we consider a reversal of the meridional
temperature gradient in the stratosphere, we omit the
Rayleigh friction everywhere but at the surface.
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4) INITIALIZATION

The model starts either from a restart file or with an
atmosphere at rest. We use the default that makes the
initial state a motionless atmosphere with stable strati-
fication. At the start, the divergence and the relative
vorticity are set to zero and the departure from the
restoration temperature is initialized as a horizontally
constant field, while its vertical structure is adopted
from the restoration temperature that is stably strati-
fied. Initialization of the model can be prescribed as
follows: if all modes are set to zero, the model will run
without eddies; if a random white noise perturbation is
generated, which is symmetric or nonsymmetric with
respect to the equator, eddies are initialized.

b. Experimental design and diagnostic tools:
Modifying the stratosphere

The model experiments described in the following
(see Table 1) demonstrate the double-jet structure, the
effect of eddies, and the relevance of the stratosphere in
generating the features observed.

1) EXPERIMENTS

The PUMA reference experiment (C-1a) is charac-
terized by a global mean temperature profile with the
tropopause height at 275 mb and it includes all other
constituents described in section 3a. This reference ex-
periment may be compared with the Akahori and Yo-
den (1997) model experiment where the tropopause
height was at 125 mb (C-0). Apart from hyperdiffusion,
there is no internal dissipation (e.g., vertical diffusion)
in the troposphere, so that, in absence of eddies, the
atmospheric model solution will converge strictly to a
thermal wind balance with zero meridional velocity and
westerly zonal wind at the equator. As it is known, the
symmetric solution of this setup does not violate Hide’s
theorem (see Schneider and Lindzen 1977; Held and
Hou 1980; Lindzen 1990; Fang and Tung 1994). More-
over, any resulting mean meridional circulation may be
entirely ascribed to the eddy dynamics, which is re-
sponding to the Newtonian thermal forcing. To mimic
the observations the following modifications are made.

1) The first modification (C-1b) of the reference setup
is the introduction of Rayleigh friction at high levels
above the radiative tropopause. The use of Rayleigh
friction may be interpreted as a parameterization of
the gravity wave drag in the upper model layers. It
also acts as a sponge to prevent spurious wave re-
flection from the upper boundary (see, e.g., Norton
2003; Scott and Polvani 2004). For our purpose the
Rayleigh friction has the scope to let the jet decrease
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TaBLE 1. Experimental setup for PUMA: the global mean restoration temperature 7,(o), the pole-to-equator temperature

difference AT(o), and the Rayleigh friction damping time scale TFRC. Remarks are in the last column.

TFRC(o) (day ')

Case To(o) (K) top to bottom AT(o) (K) top to bottom top to bottom Remarks
C-0 224.14, 213.91, 211.36, 212.95,  0.00, 0.00, 2.00, 9.19, 19.13, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, Akahori and Yoden (1997):
217.56, 224.07, 231.24, 237.73,  28.26, 34.91, 40.37, 45.10, 49.19, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, Forcing temperature profile
243.54, 248.87, 253.41, 257.83,  52.05, 54.69, 56.20, 57.70, 58.31, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, with high tropopause
261.72, 265.60, 268.96, 272.33,  58.91, 59.26, 59.56, 59.76, 59.94 0.0, 0.5
275.36, 278.34, 281.06, 283.74
C-la 265.14, 254.91, 246.36, 240.95,  0.00, 0.00, 0.00, 0.00, 0.00, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, Reference expt: Forcing
237.56, 234.65, 235.24, 237.73,  28.26, 34.91, 40.37, 45.10, 49.19, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, temperature profile with the
243.54, 248.87, 253.41, 257.83,  52.05, 54.69, 56.20, 57.70, 58.31, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, lower tropopause
261.72, 265.60, 268.96, 272.33,  58.91, 59.26, 59.56, 59.76, 59.94 0.0, 0.5
275.36, 278.34, 281.06, 283.74
C-1b  As for C-1a As for C-la 0.2, 0.2, 0.0, 0.0, 0.0, 0.0, Reference expt: Forcing
0.0, 0.0, 0.0, 0.0, 0.0, 0.0, temperature profile with
0.0, 0.0, 0.0, 0.0, 0.0, 0.0, Rayleigh friction above the
0.0, 0.5 tropopause
C-1c  As for C-l1a 0.00, —3.05, —20.32, —26.19, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, Nonsymmetric forcing with a

—28.13, 28.26, 34.91, 40.37,
45.10, 49.19, 52.05, 54.69, 56.20,
57.70, 58.31, 58.91, 59.26, 59.56,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.0, 0.0, 0.0, 0.0, 0.0,
0.0, 0.5

reversed meridional
temperature gradient above
the tropopause in the

59.76, 59.94

Southern Hemisphere

in the stratosphere, so that the model solution in this
layer may resemble the weak stratospheric jet as
observed in the first period (7-16 February 1990).
Note, however, that, in absence of eddies, the ther-
mal wind constraint is clearly broken in the strato-
sphere, at the price that a mean meridional circula-
tion is established. One may think that this zonally
symmetric circulation is confined to the stratosphere
with a marginal influence in the troposphere be-
cause no internal dissipation is therein applied. It
turns out that, in this case, the model supports a
steady symmetric solution that peculiarly departs
from the others already known. In the present paper
it would be tempting to also assess the nature of this
circulation. However, when the eddy field is in-
cluded, the resulting zonally symmetric circulation
departs greatly from this solution (see the appen-
dix). Therefore, we decided to defer the detailed
study of this symmetric solution to another occasion.
2) The second modification (C-1c) of the reference
setup is obtained by introducing a nonsymmetric
(with respect to the equator) thermal forcing in the
stratosphere that leads to a reversed meridional
temperature gradient in the Southern Hemisphere.
Thus, a stratospheric thermally driven easterly zonal
wind is possible. This forcing set up may crudely
represent proper conditions for the summer hemi-
sphere where the meridional ozone distribution may
generate such a gradient in the stratosphere. In this
case, as expected, the symmetric solution (no eddies)

follows the thermal wind constraint in the troposphere
with a prevailing westerly jet decreasing/increasing
above the thermal forcing tropopause in the South-
ern/Northern stratosphere (see the appendix).

For all three setups, the no-eddies solution is com-
puted first by long time integrations to prove the effec-
tive role of the eddies in establishing and maintaining
the double-jet structure in the troposphere in compli-
ance with observations.

2) DIAGNOSTICS

We found that, disregarding the first year, the com-
puted statistics remains stationary. Therefore, the ex-
periments analyzed are run in perpetual conditions and
the statistics are presented only for the seventh year
(360 days). To illustrate the prominent features of the
general circulation, a few diagnostic tools are available.
Panels are selected for comparison with the case study:
(i) the time-averaged zonal mean zonal wind, (ii) the
E-P flux vectors with the associated divergence,
(iii) the Eulerian mass streamfunction, and (iv) some
Hovmoeller diagrams, which address the time variabil-
ity of the zonal mean zonal wind anomaly and of the
zonal mean eddy kinetic energy.

4. Tropospheric double-jet structure simulated:
Effect of the stratosphere

Before discussing the solutions of the numerical ex-
periments we note that, despite the different horizontal
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line omitted.

and vertical resolution, we reproduce most of the re-
sults (not shown) obtained by Akahori and Yoden
(1997) when the restoration temperature C-0 (Table 1)
is considered.

a. Reference experiment (C-1a)

We obtain the following results. (i) The zonal mean
zonal wind (Fig. 4a) shows a main westerly jet structure
centered in the midlatitudes at 50°N, extending from
the top of the model atmosphere down to the surface. It
is sided by two secondary westerly upper-level jets lo-
cated in the subtropical and polar regions, respectively.
Their maximum intensities range from 1/3 to 1/9 of the
midlatitude one and are located at different vertical
levels. Lower-level easterlies are along these two sec-
ondary jets. (ii) The E-P vectors (Fig. 4c) indicate con-
vergence of the eddy momentum flux toward these cen-

ters with a noticeable contribution coming from the
eddy activity well above the tropopause forcing. The
sign of the E-P flux divergence shows that the eddy
field attempts to slow down the upper-level jets, while
the low-level heat fluxes transport heat poleward. It
appears that the E-P vector directions split around
50°N denoting a tendency to form a polar direct cell.
(iii) The mass streamfunction supports this inference
(Fig. 4d) revealing the classical three-cell picture. (iv)
The vacillating nature of the two secondary jet maxima
can be inferred from the time mean map and the Hov-
moeller diagram (Fig. 4b) of the zonal mean zonal wind
at 400 mb. For instance, around days 10-30, it is pos-
sible to distinguish two coexisting jets (see the main jet
at about 50°N and the closed contour at about 25°N,
Fig. 4b), while the polar one also shows an amplitude
vacillation. The time scales of these vacillations are
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long compared with the baroclinic cycle of the finite-
amplitude eddy field (that is less than 10 days associ-
ated with a zonal wavenumber-7 structure; not shown).
The zonal mean zonal wind anomaly at 500 mb (illus-
trated in Fig. 4f) resembles only partially the one dis-
cussed by James et al. (1994, their Fig. 5a), who noted
a poleward propagation of the zonal wind anomaly.
This propagation fails reaching the polar region, appar-
ently due to the erratic vacillation of the main jet. When
the midlatitude jet extends poleward, positive anoma-
lies appear to propagate toward high latitudes (see the
first 30 days or days 300-330). In other periods, instead,
a tropospheric polar jet is formed when the lower-level
easterlies at high latitudes penetrate deeply into the
troposphere interrupting the poleward propagation of
the zonal wind anomalies (see days 250-280). The zonal
mean eddy kinetic energy (Fig. 4e) appears alternating
in a quasi-regular manner at the latitude of the main jet,
and periods of high values seem to be related to the
strengthening of the midlatitude jet.

As observed, jet axis vacillations are of marginal im-
portance. Overall, this experiment leads to the conclu-
sion that the eddy field by itself may very well produce
a general circulation consistent with the classical three-
cell picture where a Hadley, Ferrel, and polar cell are
present. On the other hand, we cannot neglect that ob-
servations firmly support a dominant winter hemisphere
subtropical jet, whereas the model sets aside this fea-
ture for the midlatitude one. Moreover, these observa-
tions suggest the occurrence of easterlies in the summer
stratosphere. In testing if our idealized model can com-
ply with these observed features, we apply

e rayleigh friction above the tropopause (C-1b), and
¢ nonsymmetric radiative forcing above the tropopause
[C-1c, see Eq. (0)].

b. Rayleigh friction above tropopause (C-1b)

The zonal wind (Figs. 5a,b) illustrates a considerable
reduction of the stratospheric jet, while in the tropo-
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sphere two jets coexist for a good portion of the time
series. When the time mean flow is considered, they are
located in the subtropics and in the mid- to high lati-
tudes, consistently with the observed Northern Hemi-
sphere circulation (Figs. 1a,b). The E-P vectors (Fig.
5c) split in the midlatitudes heading both toward the
equator and the pole. The associated divergence shows
a vertical dipole with negative contours uniformly dis-
tributed along the latitudes. This supports the mecha-
nism leading to the jet vacillation as foreseen by Lorenz
(1963): in polar regions the meridional wave axis is
tilted westward, while in tropical regions it tilts east-
ward.

The mass streamfunction in Fig. 5d reveals a three-
cell structure, but at upper levels the Hadley cell reaches
the polar region through the stratosphere. Easterly ver-
tical wind shear, in fact, is generated, inducing a ther-
mally direct circulation below the level of the friction.
This latter facet bears some similarities with the
monthly averaged mass streamfunction of February
1990 in the Southern Hemisphere (Fig. 6), where a di-
rect cell, above the Ferrel circulation, is clearly dis-
played (note that also in the Northern Hemisphere the
mass streamlines of the Hadley cell tilt poleward at high
levels, but they fail to reach polar region). The strong
easterlies and dissipative processes (planetary wave
breaking) in the Southern Hemisphere summer strato-
sphere might account for such feature of the general
circulation.

The Hovmoeller diagram (Fig. 5b) of the zonal wind
demonstrates a persistence of the two-jet structure. A
long-period variability (amplitude and position) of the
main jet is also noticeable and should be studied in
more detail. However, such meridional wandering is
not directly related to the main target of the paper (i.e.,
dynamics of the model at a synoptic time scale) and is
just 10° or two grid points at our model resolution.
Thus, in our view, this is not sufficient to study that
behavior in detail and we leave further investigations to
another occasion. The poleward propagation of the
zonal wind anomaly is interrupted or slightly percep-
tible only at latitudes higher than 55°N (Fig. 5f). This is
related to the vacillation of the two jet cores and the
presence of easterlies between them. The eddy kinetic
energy time series (Fig. 5¢) decreases for long periods,
in particular, when the subtropical jet reaches maxi-
mum values, as if the eddies were propagating in an
effective background flow that does not allow a sub-
stantial growth of perturbations. By and large, the
present case departs from James et al. (1994, their Fig.
5a) time mean and low-frequency behavior of the flow.
Remarkably, despite the absence of any prescribed mo-
mentum and heat diffusion in the troposphere, the
maximum jet intensity is located in the subtropics. This
feature, as well as the number and the intensity of the
tropospheric jets strongly depend on the external pa-
rameter choice, especially on the value of the Rayleigh
friction at the surface, in agreement with the results by
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contour intervals are the same as in Fig. 4.

Robinson (1997) and Chen et al. (2007). We did not
investigate this sensitivity as our aim is to show the
formation of multiple jets as a function of the strato-
spheric forcing, leaving the set up of Akahori and Yo-
den (1997) unchanged for the troposphere.

c¢. Nonsymmetric radiative forcing above
tropopause (C-Ic)

The time mean statistics are summarized in Fig. 7 for
the reversed meridional temperature gradient above
the Southern Hemisphere tropopause. Note that the
main jet axis (Fig. 7a) is in midlatitudes (cf. with the
summer Southern Hemisphere observations, Fig. 1a)
with a clear hint of a subtropical jet and easterlies in the
upper tropical stratosphere. Moreover, Fig. 7b shows
intermittent intensification of the subtropical jet. The
E-P vectors (Fig. 7c) point equatorward for most of the
hemisphere. Thus, stratospheric easterlies strongly

modify the zonal mean circulation forced by eddies that
appear to propagate away from the source region to-
ward the subtropics, depositing westerly momentum
because of the absorption by equatorial easterlies. The
mass streamfunction (Fig. 7d) shows weaker (with re-
spect to the other cases) Hadley and Ferrel cells, and
the former does not appear to be connected with the
polar cell as it occurred in the previous run. More in-
terestingly, the Hovmoeller diagrams of Figs. 7b.f sug-
gest that the absence of the polar jet favors the pole-
ward propagation of the zonal wind anomaly. The zon-
ally averaged eddy kinetic energy (Fig. 7¢) describes an
aperiodic cycle with high intensity episodes correspond-
ing to high values of the midlatitude jet. The overall
picture appears to be consistent with the behavior of
the Southern Hemisphere circulation observed in Feb-
ruary 1990. However, at variance with these observa-
tions, the numerical solution does not show a direct cell
topping the midlatitude Ferrel circulation. This feature
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may easily be recovered by adding Rayleigh friction
above the model tropopause. We refrain from seeking
any further similarities since our goal is to illustrate the
gross features of the general circulation.

5. Summary and conclusions

The role of the eddies in generating the main features
of the observed low-frequency variability of the zonally
averaged atmospheric circulation is analyzed. The first
part of the paper illustrates the time variability of the
observed zonally averaged zonal wind in a case study (a
sample month of the ERA-40 reanalysis dataset): in the
winter Northern Hemisphere, the analysis shows a pe-
riod of several days characterized by a two-jet structure
in the troposphere and another period during which a
link between the midlatitude jet (weaker with respect
to the other period) and the stratospheric polar jet oc-
curs. The summer Southern Hemisphere is character-
ized by a strong tropospheric midlatitude jet, occasion-
ally flanked by a subtropical one, and easterlies in the
stratosphere. The second part of the work addresses the
possible physical mechanisms leading to these observed
features by means of a simplified general circulation
model (i.e., PUMA). Different parameter settings and
structures of the external radiative forcing in the strato-
sphere yield solutions of the model atmosphere consis-
tent with the observed behavior. To isolate the effects
of the eddies the same numerical experiments are per-
formed without eddies (zonally symmetric solutions are
illustrated in the appendix). Most of the observed fea-
tures of the general circulation, including the occur-
rence of a secondary midlatitude jet alongside a strong
subtropical one, are consistent with the baroclinic in-
stability of the thermal wind solution. Furthermore, the
following results emerge:

1) A weak stratospheric jet plays an important role in
both the symmetric and the eddy response of the
atmosphere to the thermal forcing; in particular, it
appears to favor two coexisting tropospheric jets.

2) A weak stratospheric circulation may produce a
Hadley cell that extends to the pole, overlying the
Ferrel cell. The connection with the polar cell is
achieved through the stratosphere. The few data
presented here lend support to this peculiar feature,
especially when the summer Southern Hemisphere
is considered.

3) The radiative forcing with meridional temperature
gradient reversal in the summer stratosphere may
substantially contribute to some observed low-
frequency variability of the circulation, as high-
lighted by the intermittent formation of the sub-
tropical jet and the occurrence of easterlies in the
tropical stratosphere.

MONTHLY WEATHER REVIEW
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4) The poleward propagation of the zonal wind
anomaly often fails to reach polar regions in the first
two cases presented, while it is more noticeable in
the third case. The interruption of such propagation
seems to be related to the variability pattern of the
main tropospheric jet and the occasional occurrence
of the polar jet. At variance with some observational
studies, where the poleward propagation of the
zonal wind anomaly is related to stationary waves,
results suggest that synoptic eddies also contribute
to such features of the zonal circulation (Feldstein
1998; Lorenz and Hartmann 2003).

Thus, it seems that the eddy dynamics alone may
account for the observed meridional variance of the
tropospheric jets even if impacts of other forcing have
not been considered. The simplified general circulation
model used here does not take into account some im-
portant aspects of the general circulation that may con-
tribute to the magnitude and variability of the tropo-
spheric jets. Just to mention a few, we have neglected
sources of stationary forcing (e.g., land-sea contrast
and orography) and any type of moist convection.
Probably, if the land—-sea contrast and orography were
considered in the model, the longitudinal variability of
the observed jets could be also represented. On the
other hand, the impact of the moist convection should
explain the different magnitude of the Hadley cell be-
tween observations and model runs. Furthermore, the
statistical significance of the observed features is
perhaps the least urgent question, while it appears
more relevant to establish connections with other ob-
served low-frequency variability patterns of the general
circulation, such as the Artic Oscillation. Details on the
eddy field affecting the radiative tropopause or the fi-
nite-amplitude baroclinic eddy structure should be
studied.

Finally, model runs (shown in the paper), when com-
pared with axisymmetric solutions (no eddies), reveal
that the eddies also have a role in creating the subtropi-
cal jet. In addition, the streamlines cross the angular
momentum contours near the poleward boundaries of
the Hadley cell as suggested by Schneider (2006). How-
ever, we recognize that other effects neglected here,
such as moist convection or tropical disturbances, may
change the picture. We feel that, even if the angular
momentum conservation is plausible to explain the gen-
esis of the subtropical jet, further investigations should
be done to clearly identify the role of synoptic eddies in
creating the subtropical jet and the observed variability.

All the aspects mentioned above have been left for
future works, because a complete assessment of them
requires more than a single paper.
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APPENDIX

Symmetric Solution with Rayleigh Friction above
the Tropopause

In this appendix we will highlight the difference be-
tween the symmetric solutions obtained in the C-1b and
C-1c setups and the ones that include eddies.

Note that Kuo (2001) studied a problem similar to
that for C-1b setup with no eddies, but considering the
case where Rayleigh friction is applied to all levels. He
obtained substantially different results compared with
ours. Thus, we can infer that our solution is entirely due
to the particular vertical distribution of Rayleigh fric-
tion. As already stated, when we include Rayleigh fric-
tion in the upper stratosphere (see Table 1 for the de-
tails), a zonally symmetric solution exists in absence of
the eddy field. The nature of this solution may be easily
understood by inspecting the zonally averaged equa-
tions of motion. In fact, if we ideally divide the atmo-

sphere in two layers, namely a troposphere where the
Rayleigh friction is acting only at the ground, and an
upper layer wherein the Rayleigh friction acts every-
where, the mean meridional velocity must be nonzero
in the troposphere because of the matching condition
that must be satisfied at the interface between the two
layers. It follows that a zonal mean flow, departing from
the thermal wind balance, must be established with
easterlies at the lower boundary. PUMA, starting from
rest and in absence of eddies, after a long-lasting (more
than 10 yr) transient, renders a steady axisymmetric
solution as is shown in Figs. Ala,b, where the zonal and
the meridional winds are sidewise plotted. Notice that
the area covered by easterlies is far off the equator,
while the jet maximum intensity is at about 20°N. There
are unexpected features of this solution such as the
westerly wind at the equator, with a secondary maxi-
mum above 200 mb. Moreover, westerlies extend well
beyond the subtropics in most of the pressure columns.
The mean meridional wind is essentially different from
zero in the subtropics at the lower boundary, achieving
its maximum intensity in the stratosphere at midlati-
tudes. As previously discussed, this solution is strongly
modified by the eddy field. Actually, in the present
case, eddies behave as it should be expected (Figs.
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F1G. A2. Solutions for the C-1c setup: averaged zonal mean zonal and meridional wind (a), (b) with no eddies
and (c), (d) with eddies. Units and contour intervals are the same as in Fig. 8.

Alc,d). The primary jet is moved poleward but it re-
mains in the subtropics: easterlies are just at the most
southern latitudes. Above all, the eddies considerably
decelerate the mean meridional velocity in the strato-
sphere, creating a three-cell pattern in the upper tro-
posphere of the model as it can be seen in Fig. Ald.
This statistical steady state is reached shortly after we
started the model from the symmetric solution or just
from rest, but always allowing the eddy field to evolve
freely.

The axisymmetric solution for C-1c setup is shown in
Figs. A2a,b. As can be seen from these figures the no-
eddy solution follows the thermal wind relation from
the surface up to the forcing tropopause: a zonal mean
zonal wind increasing with height with maximum values
around the equator and no meridional velocity. In the
stratosphere, instead, the solution is characterized by a
prevalent westerly jet decreasing (increasing) with
height in the Southern (Northern) Hemisphere and a
weak meridional velocity around the equator. Because
the no-eddy solution with a symmetric forcing and a
reversed meridional temperature gradient in both
hemispheres (not shown here) follows the thermal wind
balance with a westerly jet decreasing above the ther-
mal forcing tropopause, we may say that the particular

solutions of Figs. A2a,b are due to the nonsymmetric
behavior of the forcing in the stratosphere. This kind of
behavior is drastically modified by the action of the
eddies as shown in Figs. A2¢,d. In the Southern Hemi-
sphere, a midlatitude jet at about 50°S occurs with a
visible hint of a subtropical jet and easterlies in the
upper tropical stratosphere. The Northern Hemisphere
is characterized by a midlatitude jet extending up to the
stratosphere and by hints of subtropical and polar jets.
Finally, the meridional velocity clearly shows a two-cell
pattern in the Southern Hemisphere and a three-cell
structure in the Northern Hemisphere.
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