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1. INTRODUCTION

Observations show that not only is the total poleward
heat transport continuous with latitude, so too is the atmo-
spheric transport. Yet the mechanisms for carrying out the
transport vary greatly. The large-scale overturning Hadley
circulation is dominant in low latitudes while the baroclinic
transient eddies, assisted by the quasi-stationary planetary
waves in the Northern Hemisphere winter, are dominant in
mid-latitudes. So how is it that the poleward heat transports
are so seamless?

Most theories have an abrupt cut off at about 30° lati-
tude at the poleward edge of the Hadley circulation for the
heat transport. The Hadley cell overturning is driven by heat-
ing in the deep tropics and cooling in the subtropics. It is
widely assumed that the primary heat balance in the subsid-
ing branch of the Hadley circulation is between the adiabatic
warming from subsidence and the diabatic effects of infrared
radiative cooling to space. Instead the continuity of the heat
transports across latitude implies that other dynamical mech-
anisms are also playing key roles. We show, in a new analysis
of the atmospheric heat budget, that the cooling in the sub-
tropics also arises from heat transport to higher latitudes by
quasi-horizontal air flow in the transient baroclinic eddies and
quasi-stationary waves. Effectively, the radiation to space is
distributed over middle and high latitudes and is not limited
to the clear dry regions in the subtropics. Further we ar-
gue that some of the radiative cooling in the subtropics is a
consequence of the transient baroclinic eddies.

2. THE HEAT BUDGET IN THE SUBTROPICS

Using the NCEP/NCAR reanalyses (Trenberth et al.
2001), we present the vertically integrated northward en-
ergy transport as the annual mean from 1979-1998 for the
total and the breakdown into the contributions from tran-
sients (within-month) and the quasi-stationary component
(which includes the long-term mean) in Fig. 1. The quasi-
stationary component includes the contributions from the
mean overturning, and the Hadley cell or monsoonal con-
tributions are dominant in the tropics. As well as the total
energy, a breakdown is given into the contributions from the
dry static energy (DSE) and the latent energy (LE).
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In the tropics, the cross over between the characteris-
tic transports in each hemisphere occurs at about 7°N, the
time mean location of the Intertropical Convergence Zone
(ITCZ). Low level moisture transports in the Hadley circu-
lation toward the ITCZ give rise to the LE transports in the
opposite direction to those of the total and the DSE. In con-
trast, at higher latitudes, the transports by transient eddies
for LE and DSE are both polewards. In the extratropics, the
contributions from the transient energy transports dominate
in both hemispheres, with LE predominant in the subtrop-
ics to about 35° latitude, but with the DSE dominant at
high latitudes. Kinetic energy contributions are tiny for the
northward transports and so the total energy transported
meridionally is closely aligned with that of the moist static
energy.
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Fig. 1. Annual and zonal mean for 1979 to 1998 north-
ward energy transport for the atmospheric energy (top),
quasi-stationary component (center) and transient compo-
nent (bottom), with the curves showing the total, dry static,
latent and kinetic energy components; in PetaWatts. The
coordinate is labeled as latitude but plotted as sing so that
values properly depict the area.

Not only are the total atmospheric transports seam-
less, so too is the divergence of the atmospheric transports
(not shown) which varies remarkably smoothly with lati-
tude. However, the transports by the stationary component
tend to reverse sign near 30-35°S and it is only the pole-
ward transport of DSE by the stationary waves in winter the
keeps the total polewards in the Northern Hemisphere. Note
how the poleward transient eddy component is substantial at



20°latitude, and hence the divergence of both LE and DSE
out of the subtropics is non trivial.

Given the new estimates of the atmospheric transports,
we have estimated the top-of-atmosphere (TOA), surface,
and atmospheric heat budgets in the subtropics to provide a
more complete view of the processes involved. At the TOA
we use data from the Earth Radiation Budget Experiment.
At the surface the atlas from the Southampton Oceano-
graphic Centre is used along with NCEP estimates and inde-
pendent CMAP estimates of precipitation. The compromise
result for the North Pacific Ocean from 140°E to 140°W
annual mean from 25 to 30°N is shown in Fig. 2. The
large arrows indicate divergences of heat transports by the
atmosphere for the DSE (left) and the LE (right), with the
component from the transient eddies (top) and stationary
component (bottom). The rhs shows the components for
moisture: surface evaporation (latent flux), precipitation,
and divergence by the atmosphere. The center shows the
radiative fluxes and divergences, and the left shows the sen-
sible heat flux at the surface.

There is a net transport of heat into the zone by the
ocean of 35 W m—2 and at TOA of 27 W m—2. Evaporation
exceeds precipitation and transient eddies carry latent energy
polewards (32 W m~—2) while the stationary component car-
ries similar amounts equatorwards in the lower branch of the
Hadley cell (31 W m~2). The surface evaporative cooling in
the same zone exceeds the net surface longwave radiation,
hence the hydrological cycle provides the primary means of
transferring energy away from the surface.

The divergence of DSE by the stationary component is
negative (45 W m~2), suggesting domination by subsidence
and hence convergence of energy by the Hadley circulation.
Baroclinic transient waves are responsible for a energy loss
from the zone (83 W m—2) that is comparable to the surface
longwave radiation. Within the atmosphere, net radiative di-
vergence (77 W m~2) is compensated for by latent heating
(66 W m~2), modest sensible heating (9 W m~2) and subsi-
dence (45 W m~—2) but with a loss of 51 W m~2 in DSE di-
vergence by the transient eddies. The small imbalance arises
from zonal kinetic energy contributions.

Only 35% of the OLR might be considered to come from
the surface (90 W m~—2) (in reality, of course, this may be ab-
sorbed and transported away and replaced by other energy),
the rest arises from emission from the greenhouse gases and
cloud tops and originates from the absorbed solar radiation
and latent heating in precipitation, plus small contributions
from sensible heating. The warming by subsidence also con-
tributes.

The myth is that the heat balance is between subsidence
from the Hadley circulation and radiative cooling to space
(that is enhanced by the dry air). In winter, the subsidence
contributes 82 W m~2 while divergence of DSE by transients
is 105 W m~—2. Net surface longwave radiation is estimated
as 79 W m~2 and over half of the 172 W m~2 of longwave
divergence from the atmosphere is compensated by latent
heating in precipitation (89 W m~2). Also, in winter there
is a large release of heat from the seasonal storage in the
ocean (163 W m~2) into the zone.

The enhancement of OLR through dryness appears to be
at most 20 W m~2 but this is only a small fraction of the
loss of heat to higher latitudes by transient eddies. The heat
divergence out of the subtropics by advection by the tran-
sient eddies (including events such as cold surges) causes
dynamical cooling that drives subsidence which is linked to
the Hadley circulation rather than the Ferrel cell. In turn,
this also changes the cloudiness and water vapor distribu-
tion and makes for a relatively cloud free and dry subtropics
that is a consequence of the circulation. Despite substantial
absorption of solar radiation at the surface in the relatively
clear skies, large evaporative surface cooling is compensated
in part by heat from ocean transports, and the moisture helps
feed the upward branch of the Hadley cell. Therefore, key
aspects of the driving of the Hadley circulation: the latent
heating in the equatorial regions and the radiative cooling
in the subtropics, are feedbacks from the circulation and not
fundamental drivers of it.

Acknowledgments. This research was sponsored by NOAA
Office of Global Programs grant NA56GP0247, and the joint
NOAA/NASA grant NA87GP0105.

Reference

Trenberth, K. E., J. M. Caron and D. P. Stepaniak, 2001:
The atmospheric energy budget and implications for sur-
face fluxes and ocean heat transports. Clim. Dyn., 17,

259-276.

25-30°N 140°E-140°W
Annual

r N

Fig. 2. Energy flow diagram for the TOA (dotted line),
surface (scalloped line), and atmosphere (stippled) for the
North Pacific sector 140°E-140°W for 25-30°N annual
mean in W m~2. Arrows or brackets indicate direction of
flows with radiation flows in the center, with amounts in
square boxes and divergence in ovals for shortwave (left)
and longwave (right). The large horizontal arrows indicate
divergence of energy by the atmosphere for the DSE (left)
and LE (right) broken down into transient (top) and sta-
tionary (bottom) components. The surface sensible heat
is at left and latent evaporative energy at right, along with
that realized as precipitation. The net surface flux is given
below.



