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ABSTRACT

The hypothesis that the cross-equatorial Hadley circulation can modulate the poleward heat transport in the
winter extratropics is investigated using the Goddard Earth Observing System (GEOS-1) GCM for 10 northern
winter initial conditions. Three-month forecasts are compared with parallel runs from the same initial conditions
but with a slightly perturbed radiative forcing in the Tropics. Analysis of the zonal-mean climates shows that,
on timescales longer than a month, a persistent intensification in the winter Hadley circulation is positively
correlated with increased dynamic cooling in the winter midlatitudes and warming at the high latitudes through-
out the troposphere, signaling an increased heat transport toward the winter pole.

While the heating anomaly can undergo significant transient fluctuations in the winter extratropics, the variance
of the time-averaged dynamic heating anomaly is dominated by contributions from low zonal wavenumbers
(particularly wavenumbers 1 and 2), with minor contributions from wavenumbers 4 and higher, suggesting that
the low-frequency planetary-scale waves are the primary vehicle for the increased poleward heat transport, with
the synoptic-scale waves assuming a secondary role along the storm tracks.

These results support the earlier idealized GCM study by Hou showing that a stronger winter Hadley circu-
lation induced by a latitudinal shift in tropical convection can lead to enhanced upper-level tropical easterlies
and a slightly stronger subtropical winter jet attended by increased poleward heat transport in the winter extra-
tropics. Specific examples were also found in which the zonally averaged response is dominated by regional
changes (notably over the North Pacific), indicating these relations may hold locally, as suggested by Bjerknes.

The implication of this work is that the low-frequency variability in the Hadley circulation associated with
persistent tropical rainfall anomalies may play an important role in global climate by modulating the subtropical
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wind shear and the energy available for baroclinic wave growth outside the Tropics.

1. Introduction

Observational studies have indicated that extratrop-
ical baroclinic activities may be linked to the strength
of subtropical jet streams and localized convection in
the Tropics (e.g., Blackmon et al. 1977; Krishnamurti
1973 et al. 1973; Yang and Webster 1990). The im-
pact of tropical forcing on the extratropics via tele-
connection has been a major focus of research (e.g.,
Bjerknes 1966; Wallace and Gutzler 1981; Hoskins
and Karoly 1981; Webster 1982; Simmons et al. 1983;
Grose et al. 1984; Sardeshmukh and Hoskins 1988;
Ting and Held 1990; Hoskins and Jin 1991). Recently
Hou and Lindzen (1992) and Hou (1993, hereafter
H93) proposed that a subtle but fundamental dynamic

* Additional affiliation: General Sciences Corporation, a subsid-
iary of Science Applications International Corporation, Laurel,
Maryland.

Corresponding author address: Dr. Arthur Y. Hou, Code 910.3,
Laboratory for Atmospheres, NASA/Goddard Space Flight Center,
Greenbelt, MD 20771.

link may exist between the Tropics and the extratrop-
ics, one which involves not a direct wave response but
the adjustment of the Hadley circulation and subtrop-
ical winds. They conjectured that the Hadley circula-
tion, as the supplier of angular momentum for the sub-
tropical jet, must play a role in controlling the sub-
tropical wind shear and the energy for baroclinic wave
growth outside the Tropics.

The axisymmetric model calculations of Hou and
Lindzen (1992, Fig. 9a) showed that the subtropical jet
produced by an axisymmetric ‘‘winter’” Hadley cell of
realistic intensity is over three times the strength of the
observed zonally averaged winter jet (=30 m s ', Oort
1983), while the ‘‘summer’’ jet is only slightly
stronger than the observed (=20 m s '). Since the ob-
served subtropical jet results from a balance between
acceleration by the Hadley circulation and deceleration
by extratropical waves, this suggests that baroclinic
waves would work harder to decelerate the jet in re-
sponse to an increase in available potential energy as-
sociated with a stronger vertical shear. This interpre-
tation is compatible with the observation that the winter
extratropics is dynamically more active relative to the
summer extratropics. To be sure, the differential solar
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driving is stronger in winter, which may also contribute
to the increased dynamic activity. In order to isolate the
extratropical wave response to a stronger Hadley cir-
culation, it is necessary to seek comparison under sim-
ilar seasonal conditions.

The above comparison between axisymmetric model
solutions and the observed zonally averaged atmo-
sphere suggests that (i) the dependence of the subtrop-
ical jet on the Hadley intensity may be stronger than
that suggested by observational studies and (ii ) the link
between the Hadley intensity and the net extratropical
heat transport (by waves and the mean flow) may be
more robust than that between the observed jet strength
and wave fluxes. In H93, a series of idealized ‘‘dry”’
GCM experiments were performed to investigate the
winter extratropical response to prescribed tropical
heating anomalies. The results showed that on time-
scales longer than a few weeks, a persistent shift in the
tropical heating toward the summer pole leads to a
stronger cross-equatorial Hadley circulation, enhanced
upper-level tropical easterlies, together with a slightly
stronger subtropical winter jet, accompanied by dy-
namic warming anomalies at the winter middle and
high latitudes. The remotely forced warming signal in
the winter extratropics was shown to be statistically
significant. However, whether similar remote warming
can occur in a GCM with moist physics and realistic
radiative heating is a question that still needs be ex-
plored.

Before probing in detail the mechanism by which the
tropical circulation alters the extratropical climate, it is
important to establish that there is indeed a link be-
tween the Hadley intensity and heating in the extra-
tropics based on observations and GCM simulations. It
was shown in H93 that the remote extratropical signal
resides in the net dynamic heating (i.e., the three-di-
mensional heat flux convergence by eddies and the
mean motion ) rather than the horizontal eddy heat flux.
The evaluation of this quantity requires information of
the vertical motion field of an accuracy that is difficult
to achieve with the conventional datasets. Observa-
tional tests may be possible when multiyear research-
quality assimilated datasets become available in the
near future; meanwhile, this hypothesis can be tested
against GCM simulations.

Specifically, the tropical—extratropical linkage to be
verified is whether there is evidence of increased heat
transport toward the winter pole associated with the
intensification of the cross-equatorial Hadley circula-
tion. One approach would be to examine the interan-
nual variability in the winter Hadley cell intensity and
its relation to the winter extratropical dynamic heating
in a multiyear GCM simulation. However, the Hadley
circulation is not the only factor affecting wave trans-
port in the winter extratropics; wave statistics preced-
ing the winter months and boundary conditions could
all play a role. In order to isolate the extratropical re-
sponse to changes in the Hadley circulation intensity,
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in this work we will perform GCM experiments to com-
pare extended model forecasts with parallel forecasts
for a slightly perturbed radiative forcing in the Tropics.
This ensures that the extratropical anomaly signal we
seek will not be due to differences in the initial or
boundary conditions. Results of these *‘perturbation
experiments”’ will be used to establish the metrics for
investigating the link between the cross-equatorial
Hadley intensity and the winter extratropical heating,
which can then be used to see whether similar relations
can be detected in the interannual variation of the *‘con-
trol’’ runs.

In this work we will restrict consideration to the
Northern Hemispheric winters. Details of the experi-
ments are described in section 2. The ‘‘perturbation’’
results are discussed in sections 3 and 4, and compared
with the interannual anomaly signals in the control sim-
ulations in section 5. The zonal structures and spectral
characteristics of the anomalies are examined in section
6, and the main findings are summarized in section 7.

2. Design of perturbation experiments

In the idealized GCM study in H93, the winter Had-
ley cell was strengthened by displacing a prescribed
tropical heating toward the summer pole. For the full
GCM study we desire to alter the Hadley intensity with-
out changing the model physics. In addition, the system
needs to be perturbed in such a way that the perturba-
tion does not directly impact the extratropics. While it
is possible to vary the Hadley intensity by perturbing
the initial condition, one cannot be sure that this does
not also alter the extratropics. An alternative ‘‘nonin-
vasive’’ approach is to perturb the radiative forcing
within the Hadley domain in such a way as to induce
variability in the convective precipitation within the
Tropics (which would, in turn, alter the intensity of the
Hadley cell). In this study this was accomplished by
redistributing the stratospheric ozone within the Trop-
ics to slightly increase the tropospheric solar radiation
on the summer side, while decreasing that on the winter
side (see appendix for details). The magnitude of the
perturbation was taken to be 10% of the observed trop-
ical ozone (comparable the observed ozone variability
in the Tropics). The maximum perturbation amplitude
corresponds to a local change in the solar radiation of
about 2 W m™2.

The model used in these experiments is the Goddard
Earth Observing System (GEOS-1) GCM (see Takacs
et al. 1994), which employs the Arakawa horizontal C-
grid with the Arakawa—Suarez vertical grid, the Harsh-
vardhan radiation code, the relaxed Arakawa—Schubert
cumulus parameterization, and the Helfand-Labraga
turbulent closure scheme. The model was operated at
the resolution of 4° lat, 5° long, and 20 vertical levels,
with a lid at 10 mb and a fictitious radiative layer to 5
mb (see appendix).

The experiments comprised pairs of ‘‘con-
trol” (standard ozone) and ‘‘perturbation’” (modified
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FIG. 6. Time series of the domain-averaged high-latitude thermal tendency anomaly, A, in K day~' (O), the corresponding dynamic heating
anomaly, D, in K day™' (+), and the mean Hadley intensity, V, in m s™' (®) for cases 14 (see text for definitions). The results are smoothed

with a 7-day moving average.

high-latitude warming signal thus resides in the asym-
metry between the pronounced warming and cooling
events that transpire on roughly a 20-day timescale. This
asymmetry is obvious in all cases except perhaps case 4,
where the high-latitude signal is tempered by the fact that
the warming, though robust, extends over a somewhat
smaller area than that used for defining D and A. Note
in Fig. 6 that fluctuations in the winter high-latitude
warming anomaly cannot be readily linked to specific
transient enhancements in the Hadley intensity, indicating
that the time-averaged winter extratropical heating anom-
aly can be associated only with the time-averaged inten-
sification of the winter Hadley cell over the 6-week period.

b. Cases with a weakened winter Hadley cell or no
intensification

1) TIME-AVERAGED ZONAL-MEAN RESPONSE

This group consists of four cases in which the time-
averaged winter Hadley cell in the perturbation run ei-
ther shows no appreciable intensification or weakens

slightly. These include the results for 1984 (case 5),
1982 (case 6), 1985 (case 7), and 1989 (case 8). The
poleward branch of the perturbed winter Hadley cell
averaged from 16 January to 1 March is distinctly
weaker in cases 5 and 6, but shows little change in cases
7 and 8. The composite time-averaged zonal-mean me-
ridional velocity anomaly in Fig. 7a shows a slightly
weaker meridional flow toward the winter pole. This is
reflected in the composite zonal wind anomaly in the
Tropics shown in Fig. 7b, which is similar in structure
but opposite in sign to that associated with an enhanced
winter cell shown in Fig. 4. Note also the easterly ver-
tical shear near the northern boundary of the winter
Hadley cell.

In Fig. 8 the composite thermal tendency and dy-
namic heating anomalies show time-averaged cooling
rates in the range of 0.05 K day ' at the winter high
latitudes, equivalent to an averaged temperature drop
of about 1 K over the 6-week period. However, most
of this cooling is due to cases 5 and 6, in which the
maximum cooling rates reach 0.25 K day ~' at the win-
ter pole, compared with 0.05 K day ~' in cases 7 and 8









