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ABSTRACT

Factors controlling the position and strength of the surface winds during the Last Glacial Maximum
(LGM) are examined using a global, multilevel, moist, atmospheric model. The idealized aquaplanet model
is bounded below by a prescribed axisymmetric temperature distribution that corresponds to an ocean-
covered surface. Various forms of this distribution are used to examine the influence of changes in the
surface cooling and baroclinicity rates. The model omits seasonal variations.

Increasing the cooling lowers the tropopause and greatly reduces the moist convection in the Tropics,
thereby causing a weakening and equatorward contraction of the Hadley cell. Such a cooling also weakens
the surface westerlies and shifts the peak westerly stress equatorward. An extra surface baroclinicity in
midlatitudes—implicitly associated with an increase in the polar sea ice—also shifts the peak westerly stress
equatorward, but strengthens the surface westerlies.

Thus, calculations with combined surface cooling and baroclinicity increases, representative of the Last
Glacial Maximum, reveal an absence of change in the amplitude of the peak westerly stress but exhibit a
substantial equatorward shift in its position, 7° for a 3-K cooling and 11° for a 6-K cooling. The easterlies,
however, always increase in strength when the surface westerlies move equatorward.

The application of these results to the LGM must take into account the model’s assumption of symmetry
between the two hemispheres. Any changes in the climate’s hemispheric asymmetry could also cause
comparable latitudinal shifts in the westerlies, probably of opposite sign in the two hemispheres. Published
coupled-model simulations for the LGM give an equatorward shift for the peak westerlies in the Northern
Hemisphere but give contradictory results for the Southern Hemisphere.

1. Introduction

This study examines how the atmosphere’s circula-
tion could have differed from its present form during
the Last Glacial Maximum (LGM), as revealed by cal-
culations with an idealized aquaplanet model subject to
prescribed surface temperatures.

a. The problem

The detailed nature of climate change remains con-
troversial, irrespective of whether the radiative heating
increases or decreases. The scientific problem is com-

plex as it involves the circulation of both the atmo-
sphere and the ocean, as well as processes in the cryo-
sphere. Climate models have been developed that in-
clude most of the known important physical and
dynamical elements in considerable detail. The recent
simulations of the LGM climate using coupled ocean–
atmosphere models (Hewitt et al. 2003; Kim et al. 2003)
provide good examples of modern climate modeling.

Although such models include most of the well-
known climate feedback mechanisms, they exclude a
key process whose importance only became fully rec-
ognized during the last decade. The missing process
involves the role played by carbon exchanges among
the ocean, atmosphere, and terrestrial biosphere. The
crucial importance of the carbon cycle in quaternary
climate fluctuations is revealed by measurements of the
carbon dioxide content of air bubbles trapped in the
Antarctic ice cap (Petit et al. 1999).
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There is no consensus, however, on the physical and
chemical processes that might allow large changes to
occur in the carbon reservoirs of the atmosphere,
oceans, and biosphere. A decrease in the temperature
of the ocean water provides an obvious mechanism as it
would allow the ocean to take up larger amounts of
carbon dioxide from the atmosphere. Although this ef-
fect is not considered sufficient to account for the very
large changes observed, other mechanisms involving
changes in the Southern Ocean circulation and in the
sea ice distribution (Stephens and Keeling 2000) remain
possible. Considering that both the ocean circulation
and the sea ice distribution are very sensitive to the
atmosphere’s surface winds, any evaluation of the
changes in the carbon dioxide uptake by the ocean dur-
ing the LGM must involve the specifics of the ocean–
atmosphere coupling. In particular, different surface
wind and sea ice distributions are now considered to be
important factors in the LGM carbon cycle.

b. The procedure

To address this last issue at a basic level, we now
examine some of the processes that could be involved
in determining the strength and location of the surface
winds during the LGM. Although realistic coupled
ocean–atmosphere models can do this with great gen-
erality, they are an overly complex tool for diagnosing
the actual mechanisms involved in changing the atmo-
spheric circulation. To remedy the situation, the
present calculations are designed to be as simple as
possible by using an idealized, global, multilevel, moist
aquaplanet model, subject to prescribed surface tem-
peratures. In particular, the lower boundary condition
on the temperature assumes a zonal symmetry and ne-
glects any seasonal variations, as well as explicit ice
sheet effects. Such simplifications would not be justified
for a fully coupled ocean–atmosphere model as the up-
take and release of heat from the ocean’s mixed layer is
a highly nonlinear process. Nevertheless, our specified
surface temperatures are based on values produced by
such a fully coupled model.

Although simplifications are made, the atmospheric
model retains the full effect of the water vapor, as well
as a detailed specification of the cloud and radiation
physics. As our solutions will show, changes in the at-
mospheric moisture content are of first-order impor-
tance in creating differences between the LGM and
present climates, and thus cannot be neglected. We an-
ticipate that the sensitivity of the climate to changes in
the temperature depends strongly on the transition of
the water from a gaseous to liquid and solid phases. We
also assume that the lower boundary corresponds to an
ocean at all latitudes. Since the ice provides an insulat-

ing layer, the surface air temperature lies well below the
freezing point in polar regions. Thus the lower bound-
ary condition corresponds to a prescribed surface air
temperature (SAT) rather than to a sea surface tem-
perature (SST).

To isolate the physical processes involved in chang-
ing the climate from the present to the LGM state, a
variety of circulations are developed numerically by
subjecting the aquaplanet model to a variety of SAT
forms and CO2 amounts. Changing the CO2 amount,
however, has little effect when the SAT is imposed
rather than being computed by the model. An alterna-
tive approach would be to specify the ocean’s poleward
heat transport by using a static mixed layer model as a
lower boundary condition, as in the study of Hewitt et
al. (2003). However, there is no geological evidence to
constrain estimates of the ocean’s heat transport, and
the various fully coupled models yield contradictory re-
sults.

The presentation begins in section 2 with a brief dis-
cussion of the numerical model. The interpretation of
the solutions relating to the present and LGM states
follows in section 3. The surface stress is emphasized as
it is a crucial factor in the air–sea interaction that de-
termines the climate regime. Then section 4 describes
some intermediate states that lie between the present
and LGM climates. The implications of the idealized
model solutions are discussed and related to previous
LGM modeling results while concluding in section 5.
Although the model’s assumption of interhemispheric
symmetry at the surface limits any detailed application
to the LGM,1 the symmetry condition does make it
easier to interpret the solutions.

2. Computational design

The numerical calculations explore the sensitivity of
the atmospheric circulation, particularly the surface
winds, to certain changes in the cooling and the meridi-
onal temperature gradient of the lower boundary, as
suggested by distributions from more complex studies
using fully coupled ocean–atmosphere models.

a. System of equations

The numerical model is based on the Geophysical
Fluid Dynamics Laboratory’s (GFDL’s) finite-difference
atmospheric model (AM2) and is driven by a realistic
radiative heating, moist convection, and SAT distribu-
tion (GFDL Global Atmospheric Model Development

1 The degree of asymmetry may even have been greater during
the LGM.
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Team 2004).2 Only the surface is simplified to that of a
global ocean with preassigned temperatures. This so-
called aquaplanet model predicts the zonal, meridional,
and vertical velocity components (u, �, �), plus the tem-
perature and surface pressure fields (T, p*), as a func-
tion of the latitude, longitude, and sigma vertical coor-
dinates (�, �, �), where � � p/p* is the normalized
pressure. The model resolution has 24 vertical levels
that favor the boundary layer and the tropopause, plus
90 latitudinal and 144 longitudinal evenly spaced grid
points.

b. Surface temperature functions

All flows are developed from an isothermal state of
rest and are maintained by a radiative heating, with the
insolation fixed at a distribution equivalent to a per-
petual equinox, and by SATs with terms taken from the
following function:

S��� � 	�25 cos2� 
 10 sin22�� � �10 sin2� 
 6�


 273�K, �1�

where the first pair of terms represents the present
mean annual state, to give the control state (case A),
and the second pair represents an extra midlatitude
baroclinicity plus an additional global cooling that com-
bine to give the cold LGM state (case B). These control
and cold functions, shown in Fig. 1, are based on the
simulated temperature distributions of Stouffer and
Manabe (2003, their Fig. 3) for the Southern Hemi-
sphere. The cases for the various forms of the SAT
function and for the various CO2 amounts are listed in
Table 1 and discussed in sections 3 and 4.

In presenting the solutions, the plotted fields are
time-averaged quantities, based on zonal means sampled
once a day. All calculations are extended for three
years, with the contoured fields and the surface stresses
being based on averages over the last four months and
two years, respectively.

3. Climate calculations

a. Climate of the control state

Analysis of the control circulation (case A) reveals
the existence of a persistent wandering jet stream that
resembles the Southern Hemisphere annular mode

(SAM) described by Thompson and Wallace (2000).
The jet wanders on a longer time scale than do the
synoptic-scale features, a behavior that Lorenz and
Hartmann (2001) attribute to the stabilizing effect of
the momentum convergence by the synoptic eddies. Al-
though the variability of the jet is not a focus of this
study—our focus is on the long-term mean position of
the surface stresses—it exposes the sampling problem
and indicates a need to average the fields over both
hemispheres, using time integrations of the order of a
year or more.

Furthermore, to improve the comparison between
the data and the hemispherically symmetric solutions,
we also combine the observed National Centers for En-
vironmental Prediction (NCEP) fields for the two
hemispheres. This involves a compromise, as the North-
ern Hemisphere, with its large land areas, is much
warmer than the Southern Hemisphere. Thus it would
be preferable to compare the model directly with the
Southern Hemisphere. Such a comparison is limited,
however, by the fact that the circulation of the Southern
Hemisphere is greatly influenced by a thermal equator
that lies in the Northern Hemisphere.

The mean NCEP and control temperatures are com-
pared in Figs. 2a,c. The control temperature has a rea-
sonably realistic latitudinal and vertical structure,
though it is slightly colder than the NCEP global aver-
age and the tropopause is slightly lower. The control
zonal flow is slightly stronger than the global NCEP
flow at most heights (Figs. 2b,d) in keeping with the
slightly stronger temperature gradients. Near the sur-
face, the model and NCEP winds have their peak west-

2 The AM2 model is adjusted to give an exact heat balance for
the observed surface temperatures only. For our calculations, this
leads to net global surface energy imbalances of 20–30 W m�2, a
range that lies acceptably within the uncertainty level of the phys-
ics parameterization.

FIG. 1. Imposed latitudinal surface temperature distributions
for the control and cold cases, A and B (solid and dashed curves).
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