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ABSTRACT

Regional climate simulations are conducted using the Polar fifth-generation Pennsylvania State Univer-
sity (PSU)–NCAR Mesoscale Model (MM5) with a 60-km horizontal resolution domain over North
America to explore the summer climate of the Last Glacial Maximum (LGM: 21 000 calendar years ago),
when much of the continent was covered by the Laurentide Ice Sheet (LIS). Output from a tailored NCAR
Community Climate Model version 3 (CCM3) simulation of the LGM climate is used to provide the initial
and lateral boundary conditions for Polar MM5. LGM boundary conditions include continental ice sheets,
appropriate orbital forcing, reduced CO2 concentration, paleovegetation, modified sea surface tempera-
tures, and lowered sea level.

The simulated LGM summer climate is characterized by a pronounced low-level thermal gradient along
the southern margin of the LIS resulting from the juxtaposition of the cold ice sheet and adjacent warm
ice-free land surface. This sharp thermal gradient anchors the midtropospheric jet stream and facilitates the
development of synoptic cyclones that track over the ice sheet, some of which produce copious liquid
precipitation along and south of the LIS terminus. Precipitation on the southern margin is orographically
enhanced as moist southerly low-level flow (resembling a contemporary Great Plains low-level jet configu-
ration) in advance of the cyclone is drawn up the ice sheet slope. Composites of wet and dry periods on the
LIS southern margin illustrate two distinctly different atmospheric flow regimes. Given the episodic nature
of the summer rain events, it may be possible to reconcile the model depiction of wet conditions on the LIS
southern margin during the LGM summer with the widely accepted interpretation of aridity across the
Great Plains based on geological proxy evidence.

1. Introduction

During the Last Glacial Maximum (LGM), a period
roughly 21 000 calendar years before present (21 kyr
BP), the massive Northern Hemisphere continental ice

sheets represented significant components of the cli-
mate system. The largest of these ice sheets—the Lau-
rentide—covered much of North America with eleva-
tions above 3 km in what is now central Canada. At full
size the southern terminus of the Laurentide Ice Sheet
reached the middle latitudes of North America. Un-
doubtedly, the Laurentide Ice Sheet had a first-order
impact on the large-scale atmospheric circulation in the
Northern Hemisphere via topographic and thermal
forcing as demonstrated in numerous global climate
model (GCM) simulations (e.g., Manabe and Broccoli
1985; Kutzbach and Wright 1985; Rind 1987; Shinn and
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Barron 1989; Felzer et al. 1996; Kageyama and Valdes
2000; Toracinta et al. 2004). Although details vary
among the modeling studies, they generally agree that
the influence of the Laurentide Ice Sheet on the large-
scale atmospheric circulation is most pronounced in the
winter months. Because insolation is at a minimum dur-
ing boreal winter, thermal forcing (albedo effect) from
the ice sheet is relatively small. Hence, Cook and Held
(1988) attribute the influence of the Laurentide Ice
Sheet on the wintertime atmospheric longwave pattern
primarily to topographic forcing of strong midlatitude
westerly flow impinging on the ice sheet. This is cor-
roborated by recent high-resolution regional climate
model (RCM) simulations of the LGM (Bromwich et
al. 2004).

While the simulated atmospheric response to the
presence of the Laurentide Ice Sheet is amplified dur-
ing winter, the ice sheet response to the atmosphere
occurs primarily in the warm season. That is, the distri-
butions of summer temperature and precipitation,
which are influenced by ice sheet topography, deter-
mine the location and rate of ice sheet growth or abla-
tion and are therefore critical for ice sheet maintenance
(Roe and Lindzen 2001). Modeling studies show that
with increased insolation during summer, thermal forc-
ing is enhanced due to the high albedo of the ice sheet
(e.g., Rind 1987). The juxtaposition of cold surface tem-
peratures over the ice sheet and relatively warm tem-
peratures over the adjacent ice-free surface enhances
the atmospheric baroclinicity along the southern ice
sheet margin, which results in locally increased summer
precipitation (Manabe and Broccoli 1985; Kutzbach
and Wright 1985). In previous GCM simulations, this
enhancement is confined to a relatively narrow zone on
the southern or southeastern margin of the ice sheet,
whereas much of the southern margin experiences re-
duced precipitation and negative ice mass balance (net
ablation) during summer (Manabe and Broccoli 1985;
Hall et al. 1996).

Results from several previous GCM simulations in-
dicate that the region south of the Laurentide Ice Sheet
(the Great Plains) was at least seasonally dry during the
LGM (Manabe and Broccoli 1985; Kutzbach and
Wright 1985; Kutzbach et al. 1993; Bartlein et al. 1998).
Model predictions of aridity south of the Laurentide Ice
Sheet are consistent with the distribution of loess (fine
grain sediment) in the Great Plains, which, in some
locales, is 30–40 m thick (Muhs and Bettis 2000). Much
of this loess is thought to have formed from erosion of
a sparsely vegetated landscape south of the Laurentide
Ice Sheet terminus. The modern distribution of Great
Plains loess has led to the inference of general aridity
with prevailing westerly or northwesterly low-level

winds to transport fine grain sediments from source
regions to deposition regions in the Central Plains
(Muhs et al. 1999; Muhs and Bettis 2000; Muhs and
Zárate 2001; Mason 2001). The prevailing wind direc-
tion over the Great Plains at the LGM inferred from
the loess record has yet to be reconciled with GCM
predictions of predominantly northerly or northeasterly
low-level winds generated by the broad anticyclonic cir-
culation over the Laurentide Ice Sheet (Muhs and
Zárate 2001).

Previous climate model studies of the summer cli-
mate of the LGM have relied on relatively coarse reso-
lution GCMs. Yet, model resolution can have an im-
portant impact on a model’s ability to accurately rep-
resent large-scale features, such as the atmospheric
longwave pattern and storm tracks (Shinn and Barron
1989; Kageyama et al. 1999; Dong and Valdes 2000).
Furthermore, mesoscale processes such as low-level jet
maxima, which play a critical role in moisture transport
and convective development in the central United
States (e.g., Walters and Winkler 2001), become preva-
lent in the warm season but may not be adequately
captured in coarse-resolution GCMs. Over the south-
western United States, Yang et al. (2001) find signifi-
cant deficiencies in a GCM simulation of the summer-
time North American monsoon. Rind (1988) notes
resolution dependency in simulated large-scale atmo-
spheric dynamics and regional climate that are related
to differences in the treatment of moist convection and
nonlinear energy transfer. He cautions, however, that
while finer-resolution models are better able to resolve
local gradients, increased spatial resolution in GCMs
does not guarantee better results in every respect.

Prior simulations of the contemporary climate have
demonstrated that results from a RCM coupled to a
GCM are more realistic than those from the GCM
alone (Giorgi et al. 1990; Ji and Vernekar 1997). In
future climate scenario simulations over the central
Unites States, Pan et al. (2004) show that a RCM driven
by large-scale forcing from a GCM captures important
regional-scale processes associated with the Great
Plains low-level jet, producing a hydrologic feedback
mechanism that is not well simulated in the GCM. Ap-
plying this methodology to the LGM, Bromwich et al.
(2004) simulated the winter climate over the Lauren-
tide Ice Sheet using a RCM [Polar fifth-generation
Pennsylvania State University (PSU)–National Center
for Atmospheric Research (NCAR) Mesoscale Model
(MM5) (PMM5)] coupled to the NCAR Community
Climate Model, version 3 (CCM3; Kiehl et al. 1998). In
their study, the Polar MM5 produced a split in the win-
tertime westerly jet stream around the Laurentide Ice
Sheet. This circulation feature, which was not simulated
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by CCM3, accounted for substantial differences in the
distribution of precipitation over North America be-
tween the regional and global models. The current
study examines the LGM summer climate using output
from June–July–August (JJA) of the coupled Polar
MM5–CCM3 LGM simulation described in Bromwich
et al. (2004). Our objectives are to 1) describe the char-
acteristics of the summer atmospheric circulation over
the Laurentide Ice Sheet as simulated by Polar MM5, 2)
determine the sensitivity of the summer circulation to
changes in ice sheet topography and the convective pa-
rameterization, and 3) relate the high-resolution model
results to previous and current GCM results as well as
climate conditions inferred from proxy data, particu-
larly those in the U.S. Central Plains. Section 2 de-
scribes the Polar MM5, the LGM boundary conditions,
and the approach used for the model experiments. Sec-
tion 3 presents results from the LGM summer simula-
tions along with results from sensitivity experiments.
The discussion in section 4 includes comparisons of
model output and proxy data and presents scenarios to
reconcile the two. Concluding statements follow in sec-
tion 5.

2. Data and methods

a. Polar MM5 physics and LGM domain

The Polar MM5 in the current study is a nonhydro-
static three-dimensional atmospheric model based on
MM5 (Dudhia 1993; Grell et al. 1995) version 3.4
adapted specifically for simulations over polar regions.
Polar MM5 has been tested extensively over present-
day Greenland (Bromwich et al. 2001; Cassano et al.
2001) and Antarctica (Bromwich et al. 2003; Guo et al.
2003), and currently provides real-time numerical
weather prediction in support of U.S. aircraft opera-
tions in Antarctica via the Antarctic Mesoscale Predic-
tion System (AMPS) (Powers et al. 2003). Details of the
optimized polar physics in Polar MM5 are provided
elsewhere in the literature and are not repeated here.
However, we note that contemporary Greenland and
Antarctica likely represent the range of conditions that
existed over the Laurentide Ice Sheet at the LGM and
serve as reasonable analogs. Hence, Polar MM5 is well
suited for simulations over the Laurentide Ice Sheet.
The model configuration for the Polar MM5 LGM
simulations is presented below.

b. LGM boundary conditions

The LGM ice sheet elevations are from the Univer-
sity of Maine Ice Sheet Model output (Fastook and
Chapman 1989; Fastook and Prentice 1994). Relevant
details of the ice sheet model are presented in Brom-

wich et al. (2004). The ice sheet data were interpolated
to the 60-km Polar MM5 grid using a Cressman weight-
ing scheme (Cressman 1959). Figure 1 shows the con-
toured LGM terrain elevations in the Polar MM5 do-
main. The Laurentide Ice Sheet, easily identifiable over
North America, exceeds 3500-m elevation (above LGM
sea level) just west of Hudson Bay in west-central
Canada. The dome elevation is similar to that obtained
from geophysically constrained ice sheet model simula-
tions by Tarasov and Peltier (2004). The locations of
the Laurentide Ice Sheet margins generally agree with
reconstructions from geological data (e.g., Dyke et al.
2002), with the southern margin extending to about
39°N, although the ice sheet model does not produce
the detailed lobelike structures along the southern mar-
gin. Elsewhere, a substantial portion of the Fennoscan-
dian Ice Sheet is included in the domain, covering much
of the present day United Kingdom, Scandinavia, and
Barents Sea; the maximum elevation exceeds 2400 m
over northern Scandinavia and the ice sheet margins
are in good agreement with recent reconstructions
(Svendsen et al. 2004). In addition, a small ice cap cov-
ers the Cherskiy Mountains in eastern Russia (65°N,
145°E; 2100 m). Over Alaska, Polar MM5 grid points
were matched qualitatively to the Manley and Kaufman
(2002) reconstruction of the LGM glacial extent. In the
absence of proxy-based estimates of ice sheet thickness
in the Alaska region, present-day terrain elevations
(zero ice thickness) were retained at these model grid
points, as in Bromwich et al. (2004).

Orbital forcing in Polar MM5 was set to 21 kyr BP
using the equations for eccentricity, declination, and
longitude of perihelion from Berger (1977; Table 1).
The atmospheric CO2 concentration was set to 180
ppm. Sea level was lowered 120 m, which is commen-
surate with the LGM global ice sheet volume from gla-
ciological model output but less than recent estimates
of sea level lowering (�130 m) based on marine evi-
dence (Yokoyama et al. 2000; Peltier 2002). The low-
ered sea level exposes additional land primarily along
the eastern coasts of Central and North America, the
Bering Sea, and Bering Strait (Beringia; Fig. 1). Paleo-
vegetation data from reconstructions over Beringia
(Edwards et al. 2000), western North America (Thomp-
son and Anderson 2000), and eastern North America
(Williams et al. 2000) were matched to the 13-category
MM5 vegetation types and qualitatively mapped to the
ice-free land grid points in the Polar MM5 domain.
Also following Bromwich et al. (2004), paleolakes
Bonneville and Lahontan (in the Great Basin of the
western United States) were implemented in the Polar
MM5 domain using a depiction similar to that by
Hostetler et al. (1994).
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c. PMM5 initial and lateral boundary conditions

The initial and lateral boundary condition data for
the Polar MM5 LGM simulations are from the final
year of an 18-yr GCM simulation of the LGM climate
using the NCAR CCM3 (Kiehl et al. 1998), the results
of which are presented in detail by Toracinta et al.
(2004). The NCAR CCM3 is a global spectral atmo-
spheric model with T-42 truncation (2.8° latitude � 2.8°
longitude transform grid), 18 hybrid sigma levels in the

vertical, and a 20-min time step. The LGM boundary
conditions in the CCM3 simulation were the same as
those implemented in PMM5 except that the CCM3
configuration included a modified CH4 concentration
(set to 350 ppbv) and present-day vegetation owing to
significant uncertainties in current LGM global vegeta-
tion reconstructions. The relatively coarse spatial reso-
lution in CCM3 means that the Laurentide Ice Sheet in
CCM3 has a smoother and lower profile (e.g., 3200-m
maximum elevation) than the representation in Polar
MM5. Hence, it is possible that the ice sheet forcing of
planetary waves in CCM3 is underestimated at the Po-
lar MM5 lateral boundaries. Results from Goddard In-
stitute for Space Studies (GISS) GCM simulations of
the ice age climate indicate that ice sheet forcing of the
large-scale atmosphere is relatively insensitive to model
resolution in regions proximate to the ice sheets during
summer (Rind 1988).

TABLE 1. Orbital parameters for the LGM and present day
(Berger 1977).

LGM Present day

Eccentricity 0.01899 0.01672
Obliquity 22.949° 23.446°
Longitude of perihelion 114.42° 102.04°

FIG. 1. The PMM5 LGM domain and terrain elevations contoured every 200 m. Tick marks
denote the 60-km grid interval. Latitude and longitude lines have 10° spacing. Note the
additional land surface in some coastal locations (e.g., the Bering Strait) outlined by the 0-m
(sea level) contour on this topography map. For clarity, this additional land is not shown on
later maps.
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Toracinta et al. (2004) used sea surface tempera-
tures (SSTs) that were modified from the Climate:
Long-Range Investigation, Mapping, and Prediction
(CLIMAP; CLIMAP 1981) estimates based on a con-
sensus from available proxy data. The modified LGM
SSTs were cooled by 4°C uniformly in the Tropics
(30°N�30°S) relative to the CLIMAP annual mean and
the high-latitude sea ice seasonal extent was reduced.
For the current study, the prescribed monthly mean
SSTs from the Toracinta et al. (2004) CCM3 simulation
were interpolated to the Polar MM5 grid. The 12-
hourly CCM3 output, including the three-dimensional
temperature, specific humidity, geopotential height,
and wind fields as well as surface pressure, snow cover,
soil moisture, and soil temperature, were interpolated
to the Polar MM5 grid using the standard MM5 pre-
processing routines.

The Polar MM5 LGM simulations were run for a
complete annual cycle in a series of monthly runs, each
preceded by a 2-week spinup period. As others have
demonstrated, running a long regional climate simula-
tion as a series of shorter, overlapping simulations can
minimize model drift (Pan et al. 1999; Qian et al. 2003).
Polar MM5 output was generated every three hours
during May�September to adequately resolve the di-
urnal cycle. Monthly and composite JJA means of sev-
eral model fields were computed for analysis and com-
parison with results from the CCM3 LGM simulation
over the Polar MM5 domain.

3. Results

a. JJA mean fields

Figure 2 shows the mean JJA 2-m temperature, sea
level pressure (SLP), near-surface (lowest sigma level)
vector wind, and 500-hPa geopotential height distribu-
tions. Mean summer 2-m air temperatures (Fig. 2a) are
lowest over central Greenland and just east of the Lau-
rentide Ice Sheet summit. With the ice sheet buffered at
freezing, the 0°C isotherm retreats to the Laurentide
Ice Sheet margin in June where it remains through the
summer months. In Fig. 2b, the Icelandic low is promi-
nent over the North Atlantic and a trough of relatively
low SLP extends southwestward along the Laurentide
Ice Sheet margin between the subtropical high in the
central Atlantic and the “glacial anticyclone” centered
over the ice sheet. The mean JJA SLP field also indi-
cates a monsoon trough over the southwestern United
States.

Winds near the surface (Fig. 2c) are generally weak
during summer with the exception of the easterly flow
across the central Atlantic and Caribbean, northwest-
erly flow on the eastern slope of the Laurentide Ice

Sheet, and westerly flow across the North Atlantic. A
weak divergent (katabatic) circulation is evident just
south of the Laurentide Ice Sheet summit and main-
tains mean northeasterly near-surface winds along the
southern margin in the central United States. The mean
JJA 500-hPa geopotential heights and isotachs (Fig. 2d)
indicate a nearly zonal midtropospheric flow traversing
the southern margin of the Laurentide Ice Sheet. The
broad trough over the North Atlantic, the closed circu-
lation near Greenland, and the fast (�30 m s�1) trans-
Atlantic flow are persistent large-scale features during
the summer months.

The distribution of JJA accumulated precipitation
(subgrid and large scale) is shown in Fig. 3. Consistent
with the midtropospheric jet streamflow, a broad area
of summer accumulated precipitation in excess of 200
mm extends from the eastern North Pacific, across the
southern margin of the Laurentide Ice Sheet, and
across the North Atlantic. The precipitation maximum
over Great Britain is an orographic effect of the Fen-
noscandian Ice Sheet. Precipitation is also orographi-
cally enhanced in the summertime northwesterly flow
regime over the High Canadian Arctic and northwest-
ern Greenland. A pronounced precipitation maximum
(�700 mm) occurs along the southern margin of the
Laurentide Ice Sheet in the central United States. A
distinct local maximum occurs along the southern mar-
gin in each of the summer months (not shown).

To explore the nature of this precipitation maximum,
Fig. 4 shows the JJA time series of 3-hourly accumu-
lated precipitation and the normalized time series of
sea level pressure at a location on the Laurentide Ice
Sheet southern margin (40.6°N, 88.6°W; 1099-m eleva-
tion) in the region of largest summer accumulation. The
normalized time series shows substantial variability in
SLP with periodic departures from the summer mean,
indicative of the passage of synoptic-scale weather sys-
tems. Many of the negative SLP anomalies coincide
with precipitation at this location, with the most signifi-
cant event (three standard deviations from the mean)
occurring in mid-July. Analysis of the 3-hourly SLP
maps (not shown) indicates that this event is a succes-
sion of low pressure systems that form and propagate
along the southern margin of the Laurentide Ice Sheet.
To examine this case more closely, Fig. 5a presents time
series of SLP, 2-m air temperature, and meridional
near-surface wind speed1 focused on the period 13–21
July. Figure 5b shows the corresponding time series of
3-hourly accumulated precipitation, mean low-level

1 At this location, the meridional wind component is approxi-
mately parallel to the ice sheet topographic gradient (i.e., either
upslope or downslope).
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