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1.  INTRODUCTION    

Understanding and properly simulating past
climate regimes is key to predicting future climate
change and perhaps no other period has been studied
as intensively as the Last Glacial Maximum (LGM).
During this interval, approximately 21,000 calendar
years before present (21 kBP; Mix et al. 2001), the
Laurentide and Fennoscandian ice sheets covered
much of North America and Scandinavia, respectively,
and the climate was much colder than present. The
relative abundance of proxy data available from the
LGM provide boundary conditions for atmospheric
global climate model (GCM) simulations with the
specification of the sea surface temperature (SST)
boundary condition being of first order importance.

CLIMAP (Climate/Long-range Investigation,
Mapping, and Prediction; CLIMAP 1976, 1981)
produced the first systematic, global SST
reconstruction for the LGM derived from the distribution
of plankton in marine sediment cores. The CLIMAP
annual mean SSTs are fairly similar to present values
with modest (1-2oC) cooling in much of the deep
Tropics and slight warming in the Pacific subtropical
gyres. However, GCM simulations of the LGM climate
using the CLIMAP SST distribution have been unable
to reproduce the magnitude of atmospheric cooling
implied by proxy data (Rind and Peteet 1985).
Evidence from ice-age corals (Guilderson et al. 1994),
snowline depressions (Rind and Peteet 1985), noble
gases (Stute et al. 1992; Stute et al. 1995a,b), pollen
(Colinvaux et al. 1996), and tropical alpine glaciers
(Thompson et al. 1995, 1998, 2000) indicates that
LGM temperatures were 3-5oC cooler than today.
Although a recent reassessment of the CLIMAP faunal
data may have resolved some of the discrepancy with
the proxy data (Crowley 2000), there is general
agreement that the CLIMAP SSTs, particularly in the
Tropics, are too warm.

Previous LGM climate modeling studies use global
atmospheric GCMs only, which, even at the smallest
currently available resolution (2.8o lat/lon grid), are
unable to capture mesoscale processes associated
with large ice sheets (e.g., katabatic winds). In the
present study, the Polar MM5 (PMM5; Bromwich et al.
2001), a modified version of the Pennsylvania State
University (PSU) / National Center for Atmospheric
Research (NCAR) fifth-generation mesoscale model
(MM5; Dudhia 1993; Grell et al. 1994), is coupled to
the NCAR Community Climate Model version 3
(CCM3; Kiehl et al. 1998) for simulations of the LGM
climate over the Laurentide Ice Sheet. Boundary
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conditions include 21 kBP orbital forcing, trace gases,
vegetation, sea level, and a modified version of the
CLIMAP SSTs based on proxy data. The objective is to
assess the atmospheric state over the Laurentide Ice
Sheet with model resolution sufficient to adequately
quantify temperature, precipitation, and flow regimes
that contribute to ice sheet growth and ablation.

Section 2 briefly describes the PMM5, the LGM
boundary conditions, and the modeling approach used
for the experiments. Section 3 compares preliminary
results from one-month simulations of the LGM and
present-day climate with conclusions in Section 4.

2.  POLAR MM5 AND EXPERIMENTAL DESIGN

The PMM5 used in the current study is based on
the standard release MM5 version 3.4 and features
several modifications to optimize model performance
over polar regions. These include: implementation of
the Meyers et al. (1992) ice nuclei concentration
equation to correct a bias in the high cloud amount;
improved treatment of cloud/radiation interaction using
predicted cloud water and ice; improved treatment of
boundary layer fluxes via the 1.5 order turbulence
closure parameterization (Janjić 1994); increased
number of soil substrate levels and depth to more
accurately resolve heat transfer; improved treatment of
thermal properties of ice and snow surface types
(following Yen 1981); implementation of a variable sea
ice thickness and open water fraction. The PMM5 has
been tested extensively over present-day Greenland
(Bromwich et al. 2001; Cassano et al. 2001) and
Antarctica (Bromwich et al. 2002; Guo et al. 2002) and
shown to have generally minimal bias. Hence, the
PMM5 is well-suited for simulations over the
Laurentide Ice Sheet, which at the LGM had spatial
dimensions similar to present-day Antarctica.

The PMM5 LGM and present-day simulations are
run at a 60-km grid interval over a 8400 km x 7800 km
domain centered over North America. Figure 1 shows
the domain and terrain elevations for the LGM
simulations. There are 29 vertical sigma levels and the
model top is set to 10 hPa to minimize surface
pressure anomalies resulting from vertically
propagating gravity waves generated by steep terrain
slopes (Guo et al. 2002). The Grell cumulus
parameterization and Reisner microphysics option are
used in all simulations.

For the LGM simulations, the Laurentide Ice Sheet
elevation data were implemented from glaciological
model output and sea level was lowered by 120 m
commensurate with the LGM ice sheet volume (Jim
Fastook, personal communication). The solar forcing
was computed from 21 kBP orbital parameters (Berger
1977) and the CO2 concentration was set to 180 ppm



Figure 1. PMM5 domain and LGM terrain elevation.
Contour interval is 100 m.

consistent with data from the Vostok ice core (Petit et
al. 1999). Land use types were selected from among
the 13 PSU/NCAR land use categories that best
matched LGM vegetation reconstructions (Edwards et
al. 2000; Thompson and Anderson 2000; Williams et
al. 2000).

The LGM SSTs were derived by first cooling the
annual mean CLIMAP SSTs by 4oC in the tropical
equatorial belt (30oN-30oS).  From 30o - 40o latitude,
the SSTs were linearly blended to the annual mean
CLIMAP SST values, with CLIMAP values retained
from 40o - 90o latitude.  The present-day annual mean
SST field was then subtracted from the modified
annual mean CLIMAP SSTs and the difference field
applied to the present-day monthly mean SSTs. The
resulting annual mean SSTs are generally 2-4oC cooler
than the CLIMAP Tropics.

The PMM5 simulations are one-month continuous
runs including a 6-day spin up that is discarded.
National Centers for Environmental Prediction
(NCEP)/NCAR reanalysis (NNR) data are used to
provide initial and lateral boundary conditions for the
present-day simulations, which focus on the extreme
months January and July. To avoid strong El
Niño/Southern Oscillation (ENSO) modulation, ten
January and ten July months with near-neutral ENSO
conditions are selected from the 50-year NNR record.
The results for each month are a composite of ten
simulations.

The initial and lateral boundary conditions for the
LGM runs are from the final year of an 18-year CCM3
simulation. With the exception of modern vegetation
and modified CH4 levels in the CCM3 LGM run, the
boundary conditions were identical to those used in the
PMM5 LGM simulations.

In each month-long simulation, initial and lateral
boundary conditions are updated every 12 hours.
Model output is every 6 hours from which monthly
averages are computed.

3.  PMM5 RESULTS

The dominant feature in the January mean sea
level pressure (MSLP) field for the LGM run is a large
anticyclone centered west of Hudson Bay over the
peak of the Laurentide Ice Sheet (Figure 2). Both the
upstream Aleutian Low and the downstream Icelandic
Low have deepened considerably (4 - 8 hPa) relative
to their present-day counterparts (not shown). Mean
January surface temperatures (Figure 3) at the LGM
are sub-freezing over nearly all of North America with
the coldest temperatures (< -45oC) located south of
Hudson Bay leeward of the Laurentide Ice Sheet
elevation maximum. The coldest surface temperatures
(< -60oC) in the model domain occur over Greenland
and are approximately 30 degrees colder than present
(not shown).

Figure 2. PMM5 LGM January mean sea level
pressure. Contour interval is 4 hPa.

Figure 3. PMM5 LGM January mean near surface
temperature. Contour interval is 5oC.

The January mean near surface (10 m) winds and
surface topography for the LGM run are shown in
Figure 4. In response to the cold atmospheric



temperatures, strong anticyclonic katabatic winds drain
off the Laurentide Ice Sheet, exceeding 15-20 m s-1

along much of the sloped ice sheet terrain. The
katabatic winds along the southern margin of the ice
sheet encounter much weaker flow over the central
U.S. implying enhanced low level mass convergence
there. Strong southerly near surface winds also occur
off the northwestern coast of North America in
response to the MSLP gradient between the Aleutian
Low and the anticyclone over the ice sheet. Katabatic
winds also occur over Greenland at the LGM, but are
weaker than in the present-day simulation.

Figure 4. PMM5 LGM January mean near surface wind
vectors (m s-1) and contoured terrain elevation.
Contour interval is 250 m.

The January mean 500 hPa geopotential height
field for the LGM run is shown in Figure 5. The large
anticyclone over the Laurentide Ice Sheet is evident at
500 hPa over western Canada. The downstream
trough east of Greenland is considerably stronger,
more amplified, and positioned further east than its
present-day counterpart (not shown). The 500 hPa
height field for the LGM suggests a split flow due to the
presence of the ice sheet with a northern branch over
Beringia and the Canadian Arctic islands and a
southern stream affecting southern and southeastern
North America.

The distribution of accumulated January
precipitation is consistent with the upper level flow
regime (Figure 6). Precipitation totals are maximized
along the western margins of the Cordilleran ice sheet
on the Alaska coast.  Along the southern stream,
relatively large accumulations (> 200 mm) occur along
the west coast of North America, Mexico, and from the
Gulf of Mexico northeastward to the western Atlantic
Ocean. It is evident that the Gulf of Mexico is a primary
winter moisture source for the eastern margins of the
Laurentide Ice Sheet. Precipitation accumulation is
also maximized in the North Atlantic. In contrast to the
present-day, little or no accumulation occurs during
January along the southeastern margins of Greenland,
consistent with the southeastward displacement of the
Icelandic Low at the LGM (see Figure 2).

Figure 5. PMM5.LGM January mean 500 hPa
geopotential height. Contour interval is 60 geopotential
meters.

Figure 6. PMM5 LGM January accumulated
precipitation. Contour interval is 50 mm.

4.  CONCLUSIONS

The atmospheric circulation features apparent in
the mean January results from PMM5 LGM simulations
over the Laurentide Ice Sheet are generally consistent
with previous GCM simulations of the LGM (e.g.,
Kutzbach et al. 1993), but at much higher spatial
resolution. Obtaining a high-resolution depiction of the
LGM climate over the Laurentide Ice Sheet, using
optimal boundary conditions, is important for
adequately quantifying, for instance, the distributions of
temperature and precipitation that determine ice sheet
mass balance. This, in turn, has direct implications for
ice sheet growth and ablation and the subsequent
feedback of the Laurentide Ice Sheet to the climate
system. PMM5 LGM simulations are currently
underway to complete a full annual cycle.
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