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ABSTRACT

Studies based on GCM ensemble forecasts have shown that an intensification of the cross-equatorial Hadley
circulation associated with a latitudinal displacement of the zonally averaged convective heating in the Tropics
can lead to remote warming in the winter high latitudes. This work further investigates this tropical—extratropical
connection in a perpetual winter experiment using an idealized GCM without orography to focus on the role of
transient eddies, and tests against observations using a multiyear reanalysis produced by the Goddard Earth
Observing System-Version 1 (GEOS-1) Data Assimilation System.

The GCM results show that the intensification and poleward expansion of the cross-equatorial Hadley cell
induced by a tropical heating shift can lead to westerly acceleration in the winter subtropics and enhanced
vertical shear of the zonal wind in the subtropics and midlatitudes. The increased baroclinicity outside the Tropics
is accompanied by reduced meridional temperature and potential vorticity (PV) gradients, consistent with en-
hanced PV mixing and increased poleward heat transport by baroclinic eddies. But if the changes in the Hadley
cell are such that they produce a deceleration of the zonal wind in the winter subtropics, stronger temperature
and PV gradients result in the winter extratropics. The midlatitude response to Hadley acceleration of the
subtropical jet is dominated by enhanced power in low-frequency planetary-scale waves that peaks at zonal
wavenumber 2 with a period of 40 days.

The extent to which this tropical—extratropical connection may be present in nature is tested using the GEOS-
1 reanalysis for five austral winters from 1985 to 1989. Results show that the year-to-year variation in the zonally
averaged extratropical temperature gradient in austral winters is correlated with the variation in the acceleration
of the subtropical zonal wind by the winter Hadley cell. The anomaly correlation coefficients range from 0.80
to 0.92, depending on the statistical test. The positive Hadley acceleration anomaly in the subtropics during the
1988 austral winter is accompanied by stronger than normal zonal wind shears in the subtropics and midlatitudes,
a colder troposphere in the midlatitudes, and a warmer pole. The extratropical temperature anomalies are as-
sociated with a reduced PV gradient, and the midlatitude geopotential height anomaly shows a spectral peak at
wavenumbers 2—-3 with periods between 40 and 60 days, similar to the idealized GCM results. The implication
of this study is that the Hadley circulation may play a role in modulating the temperature difference between
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middle and high latitudes by modifying the zonal wind shear in the subtropics and midlatitudes.

1. Introduction

Understanding the processes that regulate the pole-
to-equator temperature difference is a central issue in
climate dynamics (Lindzen 1994). In the Tropics, the
rotationally confined, thermally direct Hadley circula-
tions are important for maintaining the observed small
meridional temperature gradients in low latitudes
(Schneider 1977; Held and Hou 1980). Outside the
Tropics, it has long been recognized that quasigeo-
strophic baroclinic eddies are responsible for trans-
porting heat to the poles (Lorenz 1967). Since these are
distinct physical mechanisms, dynamics of the Tropics
and extratropics have often been analyzed in isolation
from each other. Conceptually, these two dynamic re-
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gimes may be coupled through the vertical shear of the
zonal wind in the subtropics, whose strength depends
on the rate of supply of angular momentum by the Had-
ley circulation and the mean-flow deceleration by ex-
tratropical eddies. It is plausible that a connection may
exist between acceleration of the subtropical jet by the
Hadley cell and the eddy-induced heat transport outside
the Tropics.

Transport of heat by unstable baroclinic wavesin the
extratropics has been associated with synoptic-scale ed-
dies along the midlatitude storm tracks, which can more
readily sense the local zonal wind shear along the storm
tracks than the subtropical jet (Hoskins and Valdes
1990). However, planetary-scale waves in the atmo-
sphere can also be baroclinically unstable and play a
role in determining the global climate, particularly if
we consider the influence of meridional confinement by
the subtropical jet (loannou and Lindzen 1986; Lindzen
1993). Studies have shown that significant contributions
to global heat and vorticity fluxes come from planetary-



2438

scale waves with periods longer than 10 days (e.g., Hol-
opainen et al. 1982). Baroclinic activities along the
storm tracks and the variability of storm tracks may also
be modulated by low-frequency planetary waves and
variations of the subtropical jetstream (e.g., Blackmon
etal. 1977; Lau 1988; Nigam and Lindzen 1989). Given
their global scales, planetary waves can be expected to
be more effective than synoptic-scale eddies in modi-
fying the zonally averaged climate. Any process that
aters these low-frequency planetary waves can poten-
tially be an effective modulator of the extratropical cli-
mate.

Studies of axisymmetric circulations have shown that
the intensification of the Hadley cell associated with a
small latitudinal shift or concentration of tropical heat-
ing can significantly alter the intensity of the subtropical
jet in the absence of eddies (Lindzen and Hou 1988;
Hou and Lindzen 1992). That the observed jet does not
exhibit the same degree of sensitivity suggests that ed-
dies must actively decelerate the jet in response to in-
creased advection of angular momentum by the Hadley
cell. The hypothesis that an intensified Hadley circu-
lation can accelerate the subtropical jet in such a way
as to increase the poleward heat transport in the winter
extratropics was first tested in an ensemble forecast ex-
periment by Hou (1993) using an idealized GCM with
prescribed tropical heating and realistic orography. He
showed that the intensification of a cross-equatorial
Hadley cell induced by a shift of the tropical heating
into the summer hemisphere led to statistically signif-
icant temperature anomalies in the winter extratropics
due to increased poleward heat transport by low-fre-
quency waves and wave-induced mean meridional cir-
culation. Hou and Molod (1995) obtained similar results
using the full GEOS GCM with detailed radiative flux
calculations and parameterized moist physics. But the
presence of orographically forced wavesin these models
complicated the interpretation of the role of transient
eddies.

Chang (1995) recently used a simplified GCM with-
out orography in a perpetual winter experiment to ex-
amine the extratropical response to an intensification of
the winter Hadley cell induced by a concentrated trop-
ical heating. He found that a stronger winter Hadley cell
led to westerly acceleration in the Tropics, an equator-
ward shift of the zonal wind pattern, and warming in
the midlatitude, but no meaningful signal in high lati-
tudes. He interpreted the midlatitude warming in terms
of an equatorward shift of the global heating pattern.
This is seemingly incompatible with the original idea
that a stronger Hadley cell can enhance baroclinic wave
activity to increase heat transport to the winter high
latitudes, which implies cooling in the midlatitudes and
warming in the high latitudes [as in Hou and Molod
(1995) and the enhanced low-frequency case in Hou
(1993)]. The nature of the interaction between the Had-
ley cell and extratropical heat transport thus requires
further investigation.
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In this study we conduct a set of idealized GCM
experiments to clarify some of these issues and test the
hypothesis using a multiyear reanalysis produced by the
GEOS-1 Data Assimilation System (Schubert et al.
1995). Specifically, we seek to clarify whether astronger
winter Hadley cell can accelerate the subtropical jet in
such a way as to 1) increase the baroclinicity in the
midlatitudes, 2) amplify transient eddy activities, and
3) reduce the zonal-mean temperature difference be-
tween the middle and high latitudes in the winter ex-
tratropics. The GCM experiments follow the basic meth-
odology used in Hou (1993), except in a perpetual win-
ter setting with no orography, as described in section 2.
Sections 3 and 4 present results from the ** off-equator
heating”” and ‘‘ concentrated heating’” experiments, re-
spectively. The results from the GEOS-1 reanalysis are
discussed in section 5, and the main conclusions are
summarized in section 6.

2. Perpetual northern winter experiments

A series of 1000-day climate simulations were per-
formed using a “‘dry” version of the Goddard Earth
Observing System-Version 1 (GEOS-1) GCM (Takacs
et al. 1994) in which radiation and moist convection
modules were replaced by idealized functions and tur-
bulent mixing was represented by a second-order ver-
tical diffusion in the planetary boundary layer, as in
Hou (1993). The model had no orography and was op-
erated at a resolution of 4° lat X 5° long, and 20 sigma
levels.

The diabatic forcing, Q, consists of a background
heating simulating the equator-to-pole differential ra-
diative driving from the surface, Q,,, and a tropical
convective heating, Q.. The background heating was
modeled by relaxing temperature, T, to a prescribed zo-
nally symmetric, time-independent reference tempera-
ture, To(¢, 2), where ¢ is latitude and z is the log-
pressure height; namely, Q,.q = —[T — To(¢, 2]771,
where the relaxation time constant, 7, is taken to be 20
days and Ty(¢, 2) is given in the appendix. The maxi-
mum of T, was positioned at 6°S to simulate perpetual
northern winter conditions in all experiments.

The prescribed tropical heating is zonally symmetric
and steady in time and has the idealized structure for
In — 7] = £8,and z = z;:

. [Tz 3z (™1 — m)

003 - @ 3n{ 2 - ) e 222,
where 7 is the sine of latitude, 7. defines the position
of maximum heating, & is a ‘‘half-width” of 0.34 rad
(about 20° lat), z; is the top of convection set at 100
mb, H is a scale height taken to be 8 km, and Q, =
4.36 X 10-° K s7%, which yields a heating maximum
of about 2 K day—* at 450 mb.

The model was first integrated forward from a state
of rest with Q. on the equator for one year to provide
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Fic. 1. Zonal-mean model climatology for the last 900 days of simulation with Q, at 6°S (case

B). (a) Temperature.

the initial condition for subsequent experiments. The
integration was continued for another 1000 days with
Q. on the equator, to establish a *‘control” (case A). In
the ** of f-equator heating” experiment (case B), thewin-
ter Hadley cell was intensified by centering Q, at 6°S
in a parallel 1000-day simulation. In athird simulation,
the ““narrow heating’” experiment (case C), the integra-
tion was continued for another 1000 days from case B
with the winter Hadley cell enhanced (relative to case
B) by concentrating the tropical heating at 6°S while
preserving the total Q. (i.e,, 8 = 0.17 rad and Q,
8.72 X 105K s71). Note that Q. never extended beyond
26° lat; poleward of 26° the prescribed forcing wasiden-
tical in all three experiments so that temperature changes
outside the Tropics may be considered as a ‘‘remote”
response to the heating perturbation in the Tropics.
That the 1000-day simulation had reached a statisti-
cally steady state was verified by an approximate bal-
ance between the time-averaged diabatic and dynamic
heating terms (with the tendency term at least two orders
of magnitude smaller). Since the prescribed thermal
forcing is zonally symmetric, the time-averaged fields
must be zonally uniform without stationary wave forc-
ing. For the last 900 days the time-mean eddy ampli-
tudes relative to their zonal means were less than 0.15%
temperature at 500 mb and 1.5% for zonal wind at 200
mb. The exception is the meridional wind whose zonal

(b) Zonal wind.

mean is a small residual of the eddies but the eddy
variance is effectively constant with time.

The time-averaged zonal -mean temperature and zonal
wind for the last 900 days are shown in Fig. 1 for the
off-equator heating case (case B), which ismorein keep-
ing with the observed precipitation climatology (Jan-
owiak and Arkin 1991). Compared with observations,
the zonally averaged subtropical jetsin Fig. 1 are more
intense, due in part to the absence of orography. The
extent to which results based on a strongly baroclinic,
idealized model may be applicable to the atmosphereis
tested against observations in section 5.

3. Results for a stronger winter Hadley cell
associated with a tropical heating displacement

In this section, the steady-state climatein case B (with
Q. at 6°S) is compared with that in case A (with Q. at
the equator). Figure 2a shows that the heating pertur-
bation associated with the 6° shift is confined to the
Tropics, with a midtropospheric maximum of roughly
0.9 K day—*. The intensification of the cross-equatorial
“winter” Hadley cell is evident in the time-averaged
meridional streamfunctions shown in Figs. 2b and 2c.
Detailed wind and temperature adjustments within the
Hadley cell domain (roughly 30°S to 30°N) are dis-
cussed in section 3a.



2440

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 55

1001

N

(o3

(=]
!

Pressure(mb)

a) TROPICAL HEATING ANOMALY (K/day)

605 305

Pressure(mb)

MER IDIONAL STREAMFUNCTION FOR Qc AT 6S (1E10 kg/s)

Pressure(mb)

308

90S 60S

b) MERIDIONAL STREAMFUNCTION FOR Qc ON THE EQUATOR (1E10 kg/s)

£Q 30N 60N 90N

60N 90N

60N 90N

Latitude

Fic. 2. (a) Anomaly associated with a 6° lat shift of the prescribed heating in the Tropics (case
B minus case A). (b) Meridional streamfunction in units of 10%° kg s~* averaged over the last 900
days case A. (c) Corresponding streamfunction in case B.

The time-averaged zonal-mean temperature anomaly
(case B minus case A) and its statistical significance
based on Student’s t-test are shown in Fig. 3. The sta-
tistics were computed by dividing the 900-day time se-
ries into 45 samples of 20-day averages (similar results
were obtained for 10- or 30-day sample sizes). This
‘““remote response’’ in the winter extratropics to an in-
tensification of the winter Hadley cell consists of mid-
latitude cooling and high-latitude warming anomalies,
similar to the ensemble forecast results of Hou (1993)
and Hou and Molod (1995), except that in this perpetual
winter simulation the anomalies are statistically more
robust, particularly at the high latitudes. In a steady

state, diabatic heating must balance dynamic heating.
In the extratropics where Q. vanishes, Qu,, = —Qy =
(T — T,)r*. Within this Newtonian cooling approxi-
mation, the temperature anomaly, AT, is proportional to
the dynamic heating anomaly; that is, AT = (AQ,)7.
The winter extratropical temperature anomalies shown
in Fig. 3 are therefore consistent with enhanced heat
transport from the middle to high latitudes by eddies
and the eddy-induced mean circulation.

A key assumption in this hypothesisisthat astronger
Halley cell can accelerate the subtropical jet in a way
that enhances the baroclinicity from the subtropics to
the midlatitudes, leading to increased poleward heat
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Fic. 3. (d) Time-averaged zonal-mean temperature anomaly for the last 900 days (case B minus
case A). (b) Significance levels (shaded) of the anomaly (contours) given by Student’st test. Light-
shade regions exceed 95% and dark-shade regions exceed 99%.

transport between the mid- and high latitudes. This
enhanced baroclinicity is evident in the zonal wind
anomaly shown in Fig. 4. Figure 5 shows that the me-
ridional flux of absolute vorticity by the poleward
branch of the Hadley cell (i.e., the *‘Hadley acceler-
ation” above 300 mb between the equator and 30°N)
increases with the Hadley cell intensity. The acceler-
ation anomaly in this region should be differentiated
from the positive anomaly along the poleward edge of
the winter Hadley cell due to a weakened zonal de-
celeration by the mean meridional circulation (MMC)
driven by the midlatitude eddies. The latter should be
regarded as a part of the extratropical response to the
intensification of the winter cell. One feature worth
noting is that the positive wind and accel eration anom-
alies in the summer subtropics are associated with a
poleward shift of the equilibrium position of a weak
summer Hadley cell whose dynamic adjustment time
is longer than a season. This is difficult to realize—
except in a perpetual climate simulation, which would
account for its absence in the forecast experiments by
Hou (1993) and Hou and Molod (1995). In the re-
maining work we will focus on the winter Hadley cell
and its interaction with the winter extratropics.

a. Adjustment of the zonal-mean climate within the
Hadley cell domain

The temperature and zonal wind anomalies in the
Tropics and subtropics in Figs. 3 and 4 may be under-
stood in terms of an “‘equal area”’ Hadley cell model
that conserves absolute angular momentum and poten-
tial temperature (Held and Hou 1980; Lindzen and Hou
1988). For the model parameters used in this study, the
equal-area solutions for a Boussinesg Hadley cell with
an assumed depth of 15 km are

¢, = 469°S, P, = 29.05°S, ¢, = 32.66°N
(case A)

and

¢, = 1215°S, ¢, = 30.80°S, ¢, = 344N,
(case B)

where ¢, and ¢, define the poleward boundaries of the
summer and winter Hadley cells, respectively, and ¢,
is the boundary between the two cells. As the tropical
heating is displaced to 6°S from the equator in case B,
the northern winter Hadley cell is 25% wider and pen-
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Fic. 4. () Time-averaged zonally averaged zona wind anomaly for the last 900 days. (b)
Corresponding zonal winds at 250 mb (open circles denote case A; solid circles denote case B).

etratesfarther poleward, while the summer cell contracts
but also extends farther poleward.

Figure 6a shows the equal-area solutions for the ver-
tically averaged potential temperature and the prescribed
“thermal equilibrium™ potential temperatures (includ-
ing the effect of Q,) for a state of no motion. The equal-
area solution is obtained by requiring the area of diabatic
warming equal that of cooling in a steady state. The
departure of temperature from this equilibrium profile
is proportional to the vertically averaged diabatic heat-
ing in balance with the averaged horizontal heat flux
divergence (Held and Hou 1980).

Figure 6b shows that the time-averaged potential tem-
perature anomaly at 500 mb from the GCM experiment
isin good agreement with the vertically averaged anom-
aly predicted by the equal-area solution. Although the
anomaly is roughly symmetric w.r.t. the equator, the
adjustments leading to the warming anomalies in the
subtropics are different in the two hemispheres. In the
winter hemisphere, the tropical cooling and subtropical
warming anomalies are due to the intensification and a
northward expansion of the winter cell induced by a
southward shift of the tropical heating (see the thermal-
equilibrium temperature in Fig. 6a), while the subtrop-
ical warming in the summer hemisphere is associated
with a contracted and weakened summer cell displaced

southward due to a southward shift of the tropical heat-
ing.

The zona wind anomalies in Fig. 4 show an upper-
level easterly bias within the Hadley cell domain, con-
sistent with a maximum rising motion originating at a
|atitude farther away from the equator thus carrying less
absolute angular momentum. Since the poleward bound-
aries of the equal-area Hadley cells coincide with the
positions of the subtropical jets, the westerly wind biases
in the subtropics are consistent with poleward move-
ments of the Hadley cell boundaries predicted by the
equal-area model. The upper-level westerly wind bias
in Fig. 4 extends well into the winter midlatitudes and
must therefore be at least partly controlled by eddies
(see section 3c). Overall, eddies in this idealized GCM
without orography do not appear to have altered the
wind and temperature within the Hadley cell domainin
afundamental way from those predicted by the axisym-
metric equal-area model.

b. Remote extratropical climate signals

Figure 7a shows that the winter extratropical tem-
perature anomalies shown in Fig. 3 correspond to a
reduced zonal-mean temperature difference between the
winter middle and high latitudes. The reduction between
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45°N and 90°N is about 1 K (out of 12 K) at 600 mb,
with a vertically averaged reduction of about 0.8 K be-
low 300 mb (Fig. 7b). Since the magnitude of this re-
duction depends partly on the static stability of the pre-
scribed background T,, which is somewhat larger than
the observed in the winter extratropics (see appendix),
the confinement of the high-latitude warming anomaly
below 300 mb reflects the sharp increase in this back-
ground static stability above 300 mb. In terms of area-
weighted temperature changes, the time-averaged mid-
latitude cold bias of —0.23 K between 40°N and 64°N
(Fig. 8a) and the warm bias of 0.31 K poleward of 64°N
(Fig. 8b) represent a midlatitude cooling nearly twice
the magnitude of the high-latitude warming, suggesting

ATION ANOMALY DUE TO MMC (m/s/day): CASE B MINUS A

los )
)

90N

EQ
Latitude

Fic. 5. Zonal acceleration due to the mean meridional circulation averaged over the last 900

arem st day ).

that dynamic redistribution of heat may not account for
all of the cooling in the midlatitudes.

The time seriesin Fig. 8 show that the time-averaged
zonal-mean temperature anomalies in the winter extra-
tropics are apparent residuals of low-frequency fluctu-
ations, similar to the full GCM result shown in Hou and
Molod (1995). That the reduction in the extratropical
temperature difference was not established in the initial
50 days argues against it being a direct result of ad-
justment by synoptic-scale transients.

The space-time spectra of the transient eddies show
that both the synoptic-scale and low-frequency waves
in the winter extratropics are amplified by a stronger
Hadley cell. In case A the midlatitude variance spectra
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of the transient meridional velocity v’ at 500 mb (Fig.
9a) consist of dominant peaks at zonal wavenumber 5
with periods from 10 to 14 days, and secondary peaks
at wavenumber 6 with a period of 9 days, and at wave-
numbers 2 and 3 with periods of 40 and 18 days, re-
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Fic. 7. (a) Time-averaged zonal-mean temperature profiles at 600
mb for case A (dashed) and case B (solid). (b) Corresponding tem-
perature anomaly at 600 mb (open circles) and the averaged anomaly
below 300 mb (plus signs).
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FiG. 8. Time series of domain-averaged temperature anomalies be-
low 300 mb. (a) Midlatitude zonal-mean anomaly averaged from 40°N
to 64°N. (b) High-latitude anomaly between 64° and 90°N. Data have
been smoothed with 20-day (dashed) and 40-day (solid) moving av-
erages. The time-mean values (long dashes) are for the last 900 days.
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Fic. 10. Same as Fig. 9 except for anomalies
(case B minus case A).

spectively. Despite the relatively long periods of 10-14
days, zonal wavenumber 5 essentialy functions as a
midlatitude ** synoptic eddy’’ in thisidealized model, as
it is the fastest growing, baroclinically unstable wave
that emerges from a randomly perturbed axisymmetric
initial state. In the remaining work fluctuations with
periods less than 15 days shall be referred to as synoptic
eddies and those with longer periods as low-frequency
waves. The spectra of T’ and v'T’ (Figs. 9b and 9c)
show dominant peaks at low-frequency wavenumbers 2
and 3. Similar low-frequency waves also dominate the
spectra of u’ and u’v’ in the upper troposphere near the
subtropical jet (not shown).

Figure 10 shows that both synoptic-scale waves and
low-freguency waves are enhanced with a stronger Had-
ley cell. The variance spectra of v’ are enhanced at
synoptic-scale wavenumber 5 with periods of 10-11
days, at wavenumber 6 with a period of 8 days, and at
the low-frequency wavenumber 2 with a period of 40
days. By comparison, the enhanced power in T' and
v'T’ is concentrated at wavenumber 2 with a period of
40 days, where the power is more than doubled com-
pared with case A. Although the dominance of wave-
number 2 in the spectral of T’ partly reflects that the
vertically integrated T’ is related to v" divided by the
zonal wavenumber, these results together with Fig. 8
suggest that the time-mean extratropical temperature
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MIDLATITUDE ZONAL WIND ANOMALY

-2 4 2 4 6 8 10 12 14 16 18 20
Zonal Wind (m/s)

Fic. 11. Zonal wind anomalies (case B minus case A in m s71) at
34°N (plus signs), 38°N (open circles), 42°N (solid circles), and 46°N
(open squares).

anomaliesinvolve an amplification of the low-frequency
wavenumber 2. As noted earlier, low-frequency plane-
tary waves can arise from baroclinic instability. An east-
ward propagating wave at zonal wavenumber 2 with a
period of 40 days in the presence of westerlies would
have a phase speed of less than 10 m s* and a steering
level in the lower troposphere, characteristic of an un-
stable baroclinic wave.

To verify that wavenumber 2 is unstable in the pres-
ence of thermal damping and boundary-layer dissipa-
tion, we performed an analysis of the linear stability of
the time-averaged zonal-mean state (u, v, T, and p,)
including these damping terms. In order to obtain ma-
trices that are computationally manageable, the reso-
lution was reduced to 11 sigma levels and 44 latitudinal
points. Of the 1496 eigenvectors for zonal wavenumber
2, 68 were found to be unstable with a maximum e-
folding time of 5.97 days in case A, and 42 were un-
stable with a maximum e-folding time of 9.2 days in
case B. These results, though not obtained at the full
GCM resolution, serve to illustrate that zonal wave-
number 2 is unstable, with e-folding growth times com-
parable to those for wavenumber 5 (roughly 5.1 days
in both cases). However, the closest match of the periods
of these unstable modes to 40 days is 46 days, and there
are significant structural changes between the eigen-
vectors in cases A and B. Moreover, the preferentia
amplification of wavenumbers 2 and 5 in case B cannot
be predicted based on their growth rates. Even if these
waves are baroclinically unstable, sometype of selection
or amplification mechanism would still be required.
Given that nonlinear interaction is essential for flow
equilibration, which entails structural modifications of
these linear eigenmodes, it is not clear how the wave-
number 2 in the equilibrated climate is related to these
unstable eigenmodes (DelSole and Hou 1998, manu-
script submitted to J. Atmos. Sci.). The main point of
this analysis is to verify that wavenumber 2 can spon-
taneously arise from internal dynamics.

¢. Dynamic adjustments outside the Tropics

The key supposition that a stronger Hadley cell can
increase the baroclinicity outside the Tropics is con-



2446

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 55

a) QAUSI-GEOSTROPHIC PV GRADIENT (1/s): CASE A

Pressure(mb)

o]
<
(@]

Pressure(mb)

WSO P (N
OO0 O O
OO0 O O

Pressure{mb)

c) ANOMALY ASSOCIATED WITH MERIDIONAL CURVATURE OF ZONAL WIND (1/s)

Pressure(mb)

10N 20N 30N 40N 50N 60N 70N BON 90N
Latitude

Fic. 12. (a) Zonally averaged quasigeostrophic PV gradient (in units of s~*) averaged over the
last 900 days for case A. (b) PV gradient anomaly in units of s—* (case B minus case A). (c) PV
gradient anomaly associated with the meridiona curvature of u [the second term in Eqn. (2)].
(d) PV gradient anomaly associated with the third term in Eq. (2).

firmed in Fig. 11, which shows increased vertical shear
of the zonal wind from the subtropics to nearly 50°N
(also seeFig. 4). At 38°N the increased zonal wind shear
between 150 mb and the surface is about 17 m s, or
28% of the shear in case A. This increased midlatitude
zonal wind shear is accompanied by enhanced variance
of transient eddies shown in Fig. 10. A dynamical im-
plication of the stronger zonal wind shear outside the
Tropics is that it alters the meridional gradient of the
quasigeostrophic potential vorticity, hence the quasi-
geostrophic index of refraction in upper troposphere

(Nigam and Lindzen 1989), which would imply mod-
ifications in the quasigeostrophic eddy structures and
the resulting poleward heat transport. The zonally av-
eraged quasigeostrophic PV gradient, [q,], in the pres-
sure coordinate is (Edmon et al. 1980)

[a4] = 2Q cos¢ — [(a cos¢)*(u cosd),],
+ £([0,116.]),, (@)

where 2Q) cos¢ is the planetary vorticity gradient, ais
the earth’s radius, f is the Coriolis parameter, 6 is po-
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Fic. 13. (a) Zonally averaged ‘‘Rossby wave source’” in units of 10-** s~2 averaged over the
last 900 days for case A. (b) Rossby wave source anomaly (contours) in 10~ s-2 superimposed
on averaged Hadley acceleration anomaly (shaded). Positive values of acceleration anomaly are
shown in light shades in increments of 0.5 m s* day?*; the dark shade corresponds to values less

than —0.5 m s~ day—* (see Fig. 5 for details).

tential temperature, and p is pressure. Figure 12 shows
that the upper-tropospheric PV gradient maximum as-
sociated with the subtropical jet is shifted poleward in
case B, leading to enhanced midlatitude PV gradients
between 32° and 45°N. This is due mainly to changes
in the meridional curvature of u (Fig. 12c). The PV
gradients in the middle and lower troposphere are re-
duced, due primarily to the third term in (1), which is
consistent with enhanced PV mixing by baroclinic ed-
dies (Held and Hoskins 1985). Also significant is that,
in the high latitudes, there is a well-defined reduction
in the midtropospheric PV gradient centered at 65°N,
which coincides with the region of reduced meridional
temperature gradient shown in Fig. 7. This high-latitude
PV gradient reduction, which impliesincreased PV mix-
ing by transient eddies, may be viewed as the dynamic
adjustment associated with the midlatitude cooling and
high-latitude warming anomalies.

The enhanced baroclinicity in the midlatitudesis the
net result of a stronger poleward absolute vorticity flux
by a stronger Hadley cell and deceleration by midlati-
tude eddies. In thisregion of increased zonal wind shear,
balance between the mean-flow acceleration by the
eddy-induced MM C and that by eddies also changes, as

can be seen in Fig. 5. For instance, at 200 mb, the level
of maximum horizontal divergence in the upper tro-
posphere, the steady-state zonal momentum equation is
given approximately by [v][{] = —[v'{'], where { is
the absolute vorticity and the brackets denote a time-
averaged zonal mean on isobaric surfaces. The midla-
titude negative anomaly in [v][{] a 200 mb in Fig. 5¢c
implies an increase in the poleward flux of ¢ by transient
eddies.

Since the circulation outside the Tropics is governed
by vorticity dynamics, the time-mean changes must rep-
resent a steady-state adjustment of the vorticity field to
a stronger Hadley cell. In a steady-state, the divergent
circulation is related to the rotational flow via the vor-
ticity equation:

Vi-V{=-V-(V,)) = -V V(- {V-V, =5 (2

whereV = (u, v), V isthe horizontal gradient operator,
the subscripts ¢ and y denote the rotational and diver-
gent components of the flow, respectively. The rhs of
(2), that is, the ageostrophic advection of absolute vor-
ticity and vorticity stretching due to horizontal diver-
gence, has been referred to as the ‘‘Rossby wave
source” S (Sardeshmukh and Hoskins 1988). Equation
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Fic. 14. (a). Anomaly in K day—* due to concentration of the prescribed tropical heating at 6°S
(case C minus case B). (b) The meridional streamfunction in units of 10%° kg s~* averaged over
the last 900 days for case B. (c) Corresponding streamfunction for case C.

(2) provides a diagnostic relation between the advection
of absolute vorticity by the rotational flow V, and the
divergence of the absolute vorticity flux by V,. While
within the Hadley cell domain V  is primarily thermally
controlled (as demonstrated by the equal-area solution),
V , at the poleward edge of the winter cell and beyond
is influenced by midlatitude eddies. Figure 13 shows
that the changes in the time-averaged [S] consist of a
horizontal dipole anomaly, corresponding to a poleward
shift of the subtropical maximum in the zonal-mean
advection of vorticity by the rotational flow. Thisdipole
anomaly in [§] coincides with the westerly acceleration

anomaly along the poleward edge of the Hadley cell
due to a weakened deceleration of [u] by the eddy-
induced MMC (see Fig. 5). Since [§ is the meridional
gradient of the zonally averaged absolute vorticity flux
by the divergent circulation, this suggests that [S is
dominated by the horizontal gradient of [v][{], which
is consistent with this [ dipole anomaly reflecting
mainly the changes in the vorticity stretching term (not
shown). According to (2), this subtropical dipole anom-
ay in [S] may also be interpreted as a steady-state ad-
justment in the advection of absolute vorticity by the
rotational flow associated with an enhanced subtropical
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Fic. 15. (a) “'Equal-area’ solutions for the vertically averaged
potentially temperature (dashed for case B; solid for case C). Also
shown are the prescribed thermal-equilibrium potential temperatures
for cases B (dash—dots) and C (dots). The difference between the
mean potential temperature its thermal equilibrium profile is a mea-
sure of the vertically averaged diabatic heating. The arrows labeled
B and C mark the boundary between the winter and summer cellsin
cases B and C, respectively. (b) Comparison of the equal-areasolution
for the vertically averaged potential temperature anomaly (solid) with
the 500-mb potential temperature anomaly from GCM simulations
(dashed).

convergence dueto a stronger Hadley cell, whichisseen
in Fig. 13b as a positive [§] anomaly between 15° and
24°N above 500 mb.

4. Results for a narrowly concentrated tropical
heating

Resultsin the previous section showed that a stronger
Hadley circulation can lead to a reduction of extratrop-
ical temperature gradient rather than an equatorward
shift of the global heating pattern, as found by Chang
(1995) for a narrowly concentrated tropical heating. To
reconcile our finding with Chang’s experiment, we per-
formed a 1000-day simulation for atropical heating con-
centrated at 6°S while preserving the total heat input
(case C in section 2), similar to the heating perturbation
used in Chang. The tropical heating anomaly (case C
minus case B) and the meridional streamfunctions are
shown in Fig. 14. For anarrow heating, the winter Had-
ley cell is more intense, consistent with the equal-area
Hadley cell solution of Hou and Lindzen (1992) and the
GCM simulation of Chang. But the intensification of
the winter cell through heating concentrationislessthan
that in case B and confined mainly to the region of the
narrow heating. In Fig. 15a the equal-area solution for
case C shows an enhanced diabatic heating in the Trop-
ics, accompanied by a slight contraction of the winter
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Hadley cell (relative to case B), with the Hadley cell
boundaries given by

b, = 8.74S, ¢, = 29.79°S, and
b, = 33.41°N.

Since the averaged vertical velocity is proportional to
the averaged diabatic heating in the region of ascending
motion, the intensification and contraction of the rising
branch of the winter cell are evident. In the winter hemi-
sphere, this contraction is seen as an equatorward shift
of the area of the rising motion. Figure 15b shows that
the 500-mb temperature anomalies in the Tropics and
subtropics are predicted by the equal-area solution.

The time-averaged zonal-mean temperature anomaly
isshown in Figs. 16aand 16b. In the winter extratropics
the warming between 40°N and 60°N is statistically sig-
nificant but not the cooling over the winter pole. This
agrees with Chang's southern-winter result and can be
compared with his Fig. 4b. The main difference is that
the extratropical warming in Chang's case is farther
poleward at 60°S, which may be related to the fact that
his winter jet is also farther poleward, at 45° instead of
30°.

Since the temperature anomaly in Fig. 16 is opposite
in sign to that shown in Fig. 3, a deceleration of the
winter subtropical jet is expected according to the anal-
ysis of section 3. This is confirmed in Fig. 16c, which
shows a region of weak deceleration by the MMC in
the upper troposphere from 10° to about 30°N. The re-
lationship between the subtropical acceleration and the
extratropical temperature anomaly is therefore consis-
tent with the results of section 3, except that here the
reduced poleward heat transport between the mid and
high latitudes is not statistically significant due to the
weak subtropical deceleration anomaly (above 200 mb
and equatorward of 30°N), whose magnitudeislessthan
one-fifth of its counterpart in case B. The statistically
robust warming immediately poleward of the jet in Fig.
16 reflects an adjustment in the temperature field in
balance with changes in the zona wind, as discussed
in Chang. The absence of a significant high-latitude re-
sponse also supports the interpretation that dynamic
transport between mid- and high latitudes cannot ac-
count for al of the midlatitude cooling anomaly in
case B.

Figure 17a shows that the zonal wind shear is slightly
reduced in the midlatitudes but increased between 10°
and 30°N, consistent with an eguatorward shift of the
jet. But given the small magnitudes of these changes,
the actual shift is imperceptible. Figure 17b shows that
the upper-tropospheric PV gradient anomalies are op-
posite to those in case B. Also, there is no meaningful
midtropospheric PV gradient anomaly in the high lati-
tudes, unlike the situation in case B. The absence of
this high-latitude PV gradient anomaly together with the
lack of arobust high-latitude temperature anomaly sup-
port the interpretation that a change in the poleward

(case C)
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FiG. 16. (a) Time-averaged zonal-mean temperature anomaly in kelvins per day (case C minus
case B) for the last 900 days. (b) Significance levels of the anomaly based on Student’s t test.

The light-shade regions exceed 95% and the dark

-shade regions exceed 99%. (c) Time-averaged

zonal acceleration anomaly due to the mean-meridional circulation for the last 900 days. (The
units are m s~* day—*.) The dark shade in the northern subtropics indicates values between —0.05

and —0.1 m st day*.

heat transport between the middle and high latitudes is
associated with a change in the quasigeostrophic PV
gradient. Figure 17c¢ shows that the subtropical decel-
eration by the MM C is associated with adipole anomaly
in [§ opposite in sign to that in case B (Fig. 13), cor-
responding to an equatorward shift of the subtropical
maximum in [S.

Chang linked the equatorward shift of the winter
jet with an enhanced acceleration by the MMC in the
Tropics (between 10°S and 20°S in his Fig. 12a) and

was able to reproduce the extratropical anomaly by
applying an artificial westerly acceleration in thisre-
gion. However, in this study the positive acceleration
anomaly induced by the MMC is negligible and con-
fined close to the equator (Fig. 16c), suggesting that
the equatorward shift of the subtropical jet should be
associated with the deceleration in the subtropics.
This ““subtropical” deceleration is also evident in
Chang’s Fig. 12a, except that it occurs farther pole-
ward between 30°S and 50°S since his winter jet is
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Fic. 17. (a) Zonally averaged zonal wind anomaly in meters per second (case C minus case
B) averaged over the last 900 days. (b) Zonally averaged quasigeostrophic PV gradient anomaly
(in units of s7) for the same period. (c) Time-averaged zonal-mean Rossby wave source anomaly
in contour intervals of 0.5 X 10-* s-2 superimposed on Hadley acceleration anomaly for the last
900 days. Negative values of acceleration anomaly are shaded in increments of 0.2 m s~* day~*.

at 45°S. This interpretation is consistent with the re-
sults in section 3, which showed no evidence of trop-
ical deceleration associated with a poleward displace-
ment of the jet, while the subtropical acceleration is
quite prominent in Fig. 5. This suggests that in
Chang’s prescribed ‘‘tropical westerly acceleration”
experiment, the winter Hadley cell must respond by
advecting less angular momentum poleward in order
to satisfy thermodynamic constraints, resulting in a
net deceleration poleward of 30° in the winter sub-
tropics.

5. Application to assimilated atmospheric data

The results of the previous sections were based on
perpetual-winter simulations of an idealized GCM with
a zonally symmetric forcing and no orography. The ex-
tent to which they may be applicable to the observed
atmosphere is tested by examining the NASA GEOS-1
assimilated global dataset, which has a horizontal res-
olution of 2° lat 2.5° long, with 14 upper-air pressure
levels plus the sea level (see Schubert et al. 1995). This
reanalysis was produced initially for 1985-89 but has
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AND DOMAIN—AVERAGED EXTRATROPICAL TEMPERATURE VARIATION
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Fic. 18. Domain-averaged subtropical Hadley acceleration anom-
aly and extratropical temperature anomalies for the 1985-89 austral
winters. Anomalies are departures from the 5-yr mean. The Hadley
acceleration anomaly averaged from 150 to 200 mb and 20° to 28°S
is labeled with open circles. The high-latitude temperature anomaly
below 400 mb averaged from 60° to 90°S is the dashed line labeled
with plus signs. The proxy for the extratropical temperature gradient
anomaly below 400 mb given in terms of the domain-averaged high-
latitude temperature anomaly minus the midlatitude anomaly aver-
aged from 40° to 60°S is given by dashes labeled with solid circles.

since been extended to 1979-93. Although the assim-
ilation system remained fixed throughout this period,
data selection and quality control have introduced vari-
ability and inhomogeneity in the observations ingested
by the system (Park et al. 1996). To minimize theimpact
of data inhomogeneity, we used the initial 1985-89 pe-
riod in this study. Moreover, since stationary waves are
weak in the southern extratropics, we will apply the
transient-eddy diagnostics developed in section 3 only
to austral winters.

The GEOS-1 reanalysis shows significant variations
in the intensity of the austral winter (i.e., June, July,
and August) Hadley cell. From 1985 to 1989, the yearly
values of the maximum streamfunction are —20, — 19,
—23, —22, —20 in units of 10% kg s*, respectively.
These are in good agreement with those derived from
the upper-air wind observations (Oort and Yienger 1996,
their Fig. 5). In particular, the strength of the austral
winter Hadley cell peaks in 1987 in both analyses. In
the GEOS-1 reanalysis, the comparatively strong austral
winter Hadley circulations in 1987 and 1988 are asso-
ciated with a higher than normal zonal-mean surface
temperature maximum to the north of the equator during
these El Nifio and La Nifia years.

Over this 5-yr period, the subtropical Hadley accel-
eration averaged from 150 to 200 mb and 20° to 28°S
isthe strongest in 1988 (despite the streamfunction max-
imum being stronger in 1987). This area-averaged sub-
tropical Hadley acceleration, in unitsof m st day1, is
2.21 for 1988, 2.02 for 1987, 1.68 for 1985, 1.57 for
1986, and 1.17 for 1989. These values vary by a factor
of 2 over this five-year period. The analysis of section
3 suggests that a stronger than normal subtropical Had-
ley acceleration should be accompanied by a smaller
extratropical temperature gradient and a warm temper-
ature anomaly in the high latitudes. This is confirmed
in Fig. 18, which shows interannual variations of the
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averaged subtropical Hadley acceleration anomaly and
polar temperature anomaly for the five austral winters
from the GEOS-1 reanalysis. The anomaly correlation
between the subtropical Hadley acceleration and the
winter high-latitude temperature (averaged from 400 to
950 mb and 60° to 90°S) is 0.76 according to Pearson’s
r or 0.80 by the more stringent, nonparametric Kendall’s
7 analysis (with a probability of zero correlation of
0.05). Similarly, when the subtropical acceleration is
correlated with a proxy for the extratropical temperature
gradient given in terms of the difference between the
domain-averaged high-latitude temperature and the mid-
|atitude temperature (averaged from 400 to 950 mb and
34° to 60°S), the correlation is 0.92 according to Pear-
son’s r (with a probability of 0.03), or 0.80 according
to Kendall’s 7 (with a probability of 0.05).

The zonally averaged cross sections of subtropical
Hadley acceleration and austral winter temperature
anomalies are shown in Fig. 19 for two extreme cases:
1988 for a strong positive subtropical Hadley acceler-
ation anomaly and 1989 for a negative acceleration
anomaly. In Figs. 19a and 19c the Hadley acceleration
anomalies are shown for the subtropical region sur-
rounding the averaging area used for Fig. 18. Also
shown in these figures are the zonal wind anomalies. In
1988, the increased vertical shear between 30° and 45°N
clearly reflects a poleward shift of the subtropical jet,
similar to that in case B of the idealized GCM exper-
iment. In 1989 the subtropical zonal wind shear is re-
duced, which is consistent with the cold polar temper-
ature, but there is no apparent shift associated with this
reduction. Figure 20 shows that during the 1988 winter
with the strong Hadley cell, the variance spectra of the
midlatitude 500-mb geopotential height show an en-
hanced low-frequency response at wavenumbers 2—-3
that peaks between 40 and 60 days, similar to the ide-
alized GCM result. There is, however, no evidence of
enhanced synoptic-scale activity, suggesting that only
low-frequency transients are responsible for the extra-
tropical temperature anomalies.

The idealized GCM results also showed that the tem-
perature anomalies in the middle and high latitudes are
associated with a change in the tropospheric meridional
PV gradient across the boundary of the cooling and
warming anomalies. This is evident in Fig. 21, despite
the noisy results near the winter pole and close to the
surface. During the 1988 austral winter, the PV gradients
are reduced between 40° and 70°S, with a maximum
reduction near 400 mb, where the climatological PV
gradient is the strongest. In the subtropics, the anomaly
is consistent with a poleward shift of the subtropical PV
gradient maximum, similar to that described in case B.
In contrast to this, the PV gradients are sharpened be-
tween 50° and 75°S in 1989. These regions of PV gra-
dient adjustments also appear to follow the boundaries
of the temperature anomalies shown in Figs. 19b and
19d.

These results show that the connection between the
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Fic. 19. (a) Austral winter zonal wind and subtropical Hadley acceleration anomalies showing
the difference between 1988 and the 5-yr mean in the GEOS-1 reanalysis. The accel eration anomaly
is shown for the region between 18° and 30°N and from 100 mb to 250 mb, in contours of 0.25
m st day %, with negative values indicated in dark shade. The zonal wind is shown in contours
of 1 m s, with negative values in light shade. (b) Corresponding austral winter temperature
anomaly (in K) for 1988. (c) Same as (a) except for 1989. (d) Same as (b) except for 1989.

subtropical Hadley acceleration, zonal wind shear, and
the extratropical temperature and PV gradients found
in the idealized GCM experiments are also in the
GEOS-1 reanalysis for the five austral winters from
1985 to 1989. Compared with the GCM results, al-
though the changes in the PV gradient and zonal wind
shear in the subtropics are smaller in the GEOS-1 rean-
alysis, the temperature and PV gradient anomalies in
the high latitudes are comparable. The implication is
that the mid- and high-latitude PV mixing by eddies

in the atmosphere may be more sensitive to changes
in the subtropical jet. That diagnostics derived from
idealized GCM experiments are useful for analyzing
the assimilated atmospheric data suggests that the ide-
alized GCM, despite its simplifications, still captures
the essential physics. Considering that significant dif-
ferences exist between the simple model and the real
atmosphere (e.g., the tropical heating is not zonally
symmetric), the similarities between the reanalysisand
GCM results suggest that the hypothesized connection
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Fic. 20. Power spectrum of the 500-mb geopotential height av-
eraged from 40° to 60°S from the GEOS-1 DAS reanalysis. (a) Cli-
matology for austral winters from 1985 to 1989. The analysisis based
on 120-day time series beginning on 16 May. (The units are in m2.)
(b) Corresponding anomaly showing the difference between 1988 and
the 5-yr mean.

between the tropical circulation and the extratropical
climate is fairly robust.

6. Summary and conclusions

We have examined the hypothesis that the strength
of the Hadley circulation can affect the baroclinicity in
the subtropics and modulate the temperature gradient
between the middle and high latitudes. We have tested
this in a series of idealized GCM experiments and by
examining the GEOS-1 reanalysis from 1985 to 19809.
The GCM results show that, if the changesin the Hadley
cell are such that the mean meridional circulation pro-
duces a westerly acceleration in the winter subtropics,
the time-averaged zonal wind would have stronger ver-
tical shears between the subtropics and the midlatitudes
and the temperature gradient between the mid- and high
latitudes would decrease in the winter extratropics—as
in the example of a Hadley cell intensified through a
tropical heating shift toward the summer pole. But, if
the Hadley circulation isintensified through alatitudina
concentration of heating in the summer Tropics, the
changes can lead to a deceleration of the subtropical jet
and a stronger temperature gradient in the winter ex-
tratropics.

The midlatitude temperature response to a subtropical

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 55

Hadley acceleration anomaly is dominated by enhanced
power in low-frequency planetary-scale waves that
peaks at zonal wavenumber 2 with a period of 40 days.
The modulation of the winter extratropical temperature
gradient thus involves a change in the net heat transport
by the low-frequency planetary-scale transients and the
wave-induced mean meridional circulation. That the re-
duction in the extratropical temperature gradient is es-
tablished over timescales much longer than the initial
adjustment by the synoptic-scale eddies also argues
against the latter being the primary vehicle for the ex-
tratropical response—unless it can be shown that syn-
optic eddies are responsible for the enhanced low-fre-
quency response. However, linear stability analysis of
the equilibrated zonal mean state shows that low-fre-
quency planetary waves are baroclinically unstable,
with growth rates comparabl e to those of synoptic-scale
waves. The GCM results also show that the increased
poleward heat transport implicit in the midlatitude cool-
ing and high-latitude warming anomalies is associated
with areduced quasigeostrophic PV gradient, consistent
with enhanced PV mixing by baroclinic eddies.

Application of the GCM-derived diagnostics to the
GEOS-1 reanalysis from 1985 to 1989 reveals similar
relations between interannual variations in the Tropics
and changes in the extratropical climate. In particular,
the year-to-year variation in the austral winter extra-
tropical temperature gradient is correlated with the vari-
ation in the subtropical acceleration by the winter Had-
ley cell, with anomaly correlation coefficients ranging
from 0.80 to 0.92, depending on the statistical test. The
positive subtropical Hadley accel eration anomaly during
the 1988 austral winter is accompanied by stronger zon-
a wind shears in the subtropics and midlatitudes, a
colder than normal troposphere in the midlatitudes, and
awarmer polar region. These extratropical temperature
anomalies are associated with reduced PV gradients, and
the midlatitude geopotential height anomaly at 500 mb
shows a spectral peak at wavenumbers 2—3 with periods
between 40 and 60 days, similar to the GCM results.
Theidealized GCM thus appearsto contain the essential
physics linking the tropical circulation to the extratrop-
ical temperature gradient.

The basic connections between the Hadley circulation
and the zonally averaged climate in the winter extra-
tropics are illustrated in Fig. 22. It shows that, as a
stronger Hadley cell transports more absolute angular
momentum into the subtropics, the equilibrated zonal
wind has stronger vertical shears between the subtropics
and the midlatitudes, which is accompanied by an in-
creased poleward heat transport by transient eddies and
the eddy-induced mean circulation, leading to a smaller
temperature difference and reduced PV gradients be-
tween the middle and high latitudes.

Lastly, we note that the tropical—extratropical con-
nection described in this work may be in someway re-
lated to global teleconnections in the presence of orog-
raphy. The characteristic zonally averaged midlatitude
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Fic. 21. (a) Zonally averaged quasigeostrophic PV gradient in units of s—* averaged over five
Austral winters (1985-89). (b) PV gradient anomaly (in units of s-*) for 1988 minus the 5-yr

mean. (c) Same as (b) except for 1989.

cooling and high-latitude warming anomalies corre-
spond to reduced surface pressure in the midlatitudes
and increased surface pressure in the high latitudes. The
study by Hou and Molod (1995) using the full GEOS
GCM showed that when the intensification of the boreal
winter Hadley circulation is dominated by heating
anomaliesin the western and central Pacific, the zonally
averaged extratropical signal consists of adeepened sur-
facelow in the Gulf of Alaskaand aweakened Icelandic
low, similar to the teleconnection pattern described by
Bjerknes (1966, 1969). Teleconnections associated with
tropical heating anomalies and their propagation have
been interpreted as barotropic wave trains (Wallace and

Guztler 1981; Hoskins and Karoly 1981; Simmons et
al. 1983; Hoskins and Jin 1991). But in this idealized
GCM experiment with zonally symmetric forcing, it re-
mains to be shown that such barotropic waves can carry
much heat poleward. Alternatively, the extratropical
temperature anomalies may result from the action of
baroclinic waves in the presence of stronger subtropical
zonal wind shears set up by a stronger Hadley cell. It
has been proposed that teleconnections may be a re-
sponse to changes in the sea surface temperature or
regional land surface processesin the Tropics (Bjerknes
1969; Rowntree 1976), or associated with internal vari-
ability on intraseasonal or longer timescales (e.g., Lau
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Fic. 22. A schematic showing that the intensification and poleward expansion of the cross-
equatorial Hadley cell (solid with arrows) can lead to westerly acceleration in the subtropics and
aregion of enhanced vertical zonal wind shear extending from the subtropicsinto the midlatitudes.
These anomalies are accompanied by a reduced meridional temperature gradient and a weaker
potential vorticity gradient in the winter extratropics, which are consistent with enhanced PV
mixing and increased poleward heat transport by baroclinic eddies.

1981). The present work raises the possibility that these
ideas may be reconciled in terms of acceleration of the
subtropical jet.

The results of this study suggest that tropical pro-
cesses may play an active role in modulating the at-
mospheric heat transport from the subtropics to the high
latitudes, which could have important implications for
understanding climate variations ranging from intrasea-
sonal variahility to ice ages (Lindzen and Pan 1994).
This work points to a subtle but potentially important
aspect of climate sensitivity; namely, the extratropical
temperature gradient may depend, in part, on the mod-
ulation of low-frequency planetary-scale transients by
the divergent circulation in the Tropics, whose intensity
and structure are sensitive to a small displacement of
convective heating from the equator.
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APPENDIX
Reference Seasonal Climatology

The reference temperature, T,(¢, z), comprises three
terms, the first for simulating the effect of north—south
differential heating, the second for controlling the mean
vertical profile, and the third for representing diabatic
heating effects in the midlatitudes, namely,

()

Tom 2 = —7[1 =3 — m)?] + T.(D + Ta(n 2,

(A1)

where 7 is the sign of latitude, z is the log-pressure
height, z = H In(pJ/p), H is a scale height taken to be
8 km, p, is a reference pressure of 1000 mb, 7, is the
latitude at which T, has a maximum, and A(2), which
defines the eguator-to-pole temperature for n, = O, is
given by A,exp(—1.7z/z;) for z < z;, where A, = 40
K and z; is the height of convective heating at 100 mb.

The mean static stability is adjusted through T,(2),
which has the form:

9
A——|z
C

p

+Bln<cosh< hz>/cosh< )) (A2)

T.(2 = T,(0) +
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where T,(0) = 280 K, and g/C, is the dry adiabatic
lapse rate. The parameters A, B, and h are chosen to
give zonal-mean values of N2 (the square of Brunt—
Vaisda frequency) ranging from 1.4 to 2 (X104 s72)
below 300 mb everywhere outside the Tropics [which
are somewhat larger than the observed values given by
Lee and Mak (1994)]; namely, A = A,{1.13 + 0.3A,(n
— M0)’}, B = B,h{1 + 1.75B,|n — mof}, where A, =
8 X 103 K km™, A, = exp{ —[(z — z)/H]*}, z, = 22
km, B, = 4K km%, B, = exp[—(Z/(1.5z;)8], and h =
z;. Above 300 mb, N2 rapidly increases to a maximum
at 150 mb that varies from 5 to 8.4 (X10-* s-?) between
the subtropics and the poles.

The effects of diabatic heating in the midlatitudes are
modeled by

T.(m 2 =13 Z COSz(M)

i=1.2 20
: z
X SII’](W(OZ + 0.88>>e2/H4z/2T7
z<d, n_8<77i<7]+8, (A3)

where J = 0.62 X 1075 K s7%, m; = sin(40°), n, =
sin(—40°%), 6 = 0.34 (20° latitude) for abs(n) < abs(n,),
otherwise 6 = 2(1 — m,) sgn(m;); and d = H[2.3 —
0.0145 abs(latitude in degrees)].
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