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ABSTRACT

Global climate simulations are conducted to examine the sensitivity of the Last Glacial Maximum (LGM)
climate to prescribed sea surface temperatures (SSTs) that are modified from the Climate: Long-range Investi-
gation, Mapping, and Prediction (CLIMAP) study. Based on the consensus from various LGM proxy data, the
SSTs are cooled by 4°C uniformly in the Tropics (30°N-30°S) relative to CLIMAR, and the high-latitude sea
ice extent is reduced. Compared to results from a simulation with CLIMAP SSTs, the modified LGM SSTs cause
significant opposing changes in the hemispheric and regional-scale atmospheric circulation, which are most
pronounced in the winter hemisphere. For instance, there is significant weakening of the midlatitude circulation
and reduction of 500-hPa eddy kinetic energy and midlatitude precipitation resulting from the decreased me-
ridional temperature gradient in the modified SST simulation. In contrast, reduced sea ice extent during the
boreal winter causes increased regional baroclinicity and intensified atmospheric circulation in the western North
Pacific and the North Atlantic. Cooled tropical SSTs also increase the land—ocean temperature contrast, which
strengthens the Asian summer monsoon circulation. Both LGM simulations produce enhanced low-level con-
vergence and increased precipitation along the South Peacific convergence zone (SPCZ) relative to present day,
despite the cooler LGM climate. The SPCZ orientation and intensity are closely linked to the distribution of
South Pacific SSTs. Comparison of surface temperature estimates from land- and ocean-based proxy data with
model output suggests that uniform cooling of the tropical SSTs and modification of the high-latitude sea ice
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extent may be sufficient to accurately simulate the first-order characteristics of the LGM climate.

1. Introduction

Sea surface temperatures (SSTs) are an important
component of the global climate system. At low lati-
tudes, SSTs are closely tied to the distribution of at-
mospheric deep convection, which in turn drives large-
scale atmospheric circulation via latent heat release
(Webster 1972; Graham and Barnett 1987; Lindzen and
Nigam 1987; Zhang 1993). Large-scale SST anomalies
in the equatorial Tropics have a first-order impact on
atmospheric standing wave patterns and climate con-
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ditions globally (e.g., the contemporary El Nifio—South-
ern Oscillation; Horel and Wallace 1981; Cane 1983;
Rasmusson and Wallace 1983). At high latitudes, SSTs
influence the concentration and extent of seaice, which
modulates the surface energy balance with direct im-
plications for air—sea interactions and atmospheric cir-
culation.

Although sea surface temperatures represent acritical
lower boundary condition for global-scale paleoclimate
simulations, the magnitude and distribution of SSTs at
the Last Glacial Maximum (LGM), roughly 21 000 cal-
endar years before present (21 kyr B.P.; Mix et al. 2001),
remain uncertain. Climate: Long-range Investigation,
Mapping, and Prediction (CLIMAP; CLIMAP 1981)
produced the first systematic, global reconstruction of
LGM SSTs by relating the distribution of various plank-
ton species in marine sediment cores to the temperature
of the near-surface waters they inhabit. Relative to the



1 FEBRUARY 2004

present, the CLIMAP reconstruction shows annual mean
(average of February and August estimates) cooling of
less than 2°C throughout much of the equatorial Tropics.
Roughly the same magnitude of warming is predicted
in the subtropical Pacific Ocean gyres where only afew
core sampleswere available. Early global climate model
(GCM) simulations of the LGM climate using the CLI-
MAP SSTs failed, however, to produce the magnitude
of atmospheric cooling or change in the hydrologic cy-
cle at low latitudes suggested by some terrestrial evi-
dence. For instance, Rind and Peteet (1985) report little
change in simulated LGM precipitation at low latitudes
relative to today, whereas proxy data (e.g., fossil dunes)
indicate widespread aridity in the LGM Tropics.

Land and ocean-based proxy methods for recon-
structing low-latitude surface temperatures at the LGM
are varied. Over the oceans, LGM SST estimates are
typically based on the analysis of the compositions of
planktonic species, changes in their stable isotopes, the
organic compounds (long-chain alkenones) produced by
plankton, or a combination of methods (multiproxy ap-
proach). For instance, Trend-Staid and Prell (2002) ex-
amined planktonic foraminiferal samples from the At-
lantic, Pacific, and Indian Ocean basins using the mod-
ern analog technique (Prell 1985), by which statistical
measures of dissimilarity are applied to a large number
of core-top (i.e., modern) samplesto select species com-
positions that most resemble those from the LGM. The
modern SSTs for the selected modern analog samples
are then averaged to derive glacial SSTs. The Trend-
Staid and Prell (2002) LGM annual mean SST estimates
show little cooling relative to present, particularly in the
western tropical Pacific and Indian Oceans (similar to
CLIMAP), but substantial cooling (2°—8°C) in the east-
ern tropical Atlantic and Pacific. Lee et al. (2001) ap-
plied the modern analog technique to plankton assem-
blages from sediment cores near Hawaii. Their analysis
indicates a 2°C cooling of the annual mean LGM SSTs
in the subtropical North Pacific rather than the 1°-2°C
warming suggested by CLIMAPR

A number of alkenone-based point estimates of LGM
SSTs are generally consistent with the CLIMAP recon-
struction showing relatively little change (<2°C) rela-
tive to present in the Tropics (e.g., Bard et al. 1997
Lyle et al. 1992; Ohkouchi et al. 1994; Sikes and Keig-
win 1994; Sonzogni et al. 1998). SST estimates derived
from radiolarian microfossils assemblages in equatorial
eastern Pacific sediments indicate a 4°C cooling relative
to present (Pisias et al. 1997; Pisias and Mix 1997),
whereas analysis of the magnesium content in plank-
tonic forams suggests that LGM SSTs in the equatorial
Atlantic and Pacific basins were generally 2.5°-3°C
cooler than today (Hastings et al. 1998; Leaet al. 2000).
Guilderson et al. (1994) suggests a much greater SST
cooling (5°C) in the Caribbean based on the ratio of
strontium to calcium in corals, which has been found
to vary with water temperature (Beck et al. 1992). This
estimate of cooling has been challenged by Crowley
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(2000) who questions whether ice age corals could have
survived in tropical waters that were 5°C cooler than
present.

In contrast to the broad consensus from ocean-based
paleothermometry of modest tropical SST cooling at the
LGM, a variety of land-based proxy sources provide
evidence of substantial low-latitude cooling. For in-
stance, by exploiting the temperature dependence of no-
ble gas solubility, terrestrial surface temperature esti-
mates for the LGM have been derived from the con-
centrations of noble gasesin the groundwater taken from
deep aquifers in Brazil and the southern United States
(Stute et al. 1992; Stute et al. 1995a,b). Data from these
sitesindicate that mean annual surfacetemperaturesdur-
ing the LGM were approximately 5°C cooler than pres-
ent. Colinvaux et al. (1996) reached asimilar conclusion
based on the presence of pollen varieties, from certain
cold-adapted plant taxa, found in lake sediment cores
in the Amazon lowlands. Rind and Peteet (1985) sum-
marize the findings of several studies indicating snow-
line or vegetation zone depressions of about 1 km during
the LGM at several tropical locations. Assuming amoist
adiabatic atmospheric lapse rate, these changes corre-
spond to a 5°-6°C cooling of the annual mean surface
temperature at the LGM, consistent with other tropical
land-based proxy estimates. However, Broccoli (2000)
urges caution when interpreting these data since thetem-
perature lapse rate along the surface slope may not be
the same as the free atmospheric lapse rate.

Oxygen isotope variations in ice cores from tropical
alpine glaciers are also being utilized as paleothermo-
meters. Bradley et al. (2003) demonstrate that the rel-
ative abundance of *#0O to O (i.e., §'0) in cores from
mountain glaciers in South America (Thompson et al.
1998) and the Tibetan Plateau (Thompson et al. 2000)
are highly correlated with SSTsin the equatorial Pacific,
which modulate the atmospheric circulation via deep
convection. In turn, the circulation anomalies have a
first-order impact on the temperature and precipitation
anomalies at the ice core sites. The robust statistical
relationships between tropical Pacific SSTs and ice core
60 are achieved when the seasonality of accumulation
is used to calibrate the isotopic records in the cores.
Thus calibrated, the long-term isotopic record from the
South American ice cores indicates that annual mean
LGM SSTs in the central and eastern Pacific were ap-
proximately 3.5°C colder than today.

With regard to the reconstruction of ocean conditions
at high latitudes, analyses of diatom assemblages in
Southern Ocean sediment cores indicate a larger sea-
sonal cycle of the circum-Antarctic seaice extent during
the LGM than predicted by CLIMARPR Recent estimates
of the LGM summer sea ice margin in specific sectors
of the Southern Ocean vary, however, from the location
of the present-day winter extent (Gersonde and Zielinski
2000) to very near the present-day minimum (Crosta et
al. 1998a,b). Coupled ocean—atmosphere model results
(Manabe and Broccoli 1985; Weaver et al. 1998; Bush
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and Philander 1999; Shin et al. 2003) also indicate a
much larger seasonal cycle of the Antarctic seaice than
predicted by CLIMAPR These particular model simula-
tions are not constrained by micropaleontological evi-
dence of LGM sea ice conditions and some discrep-
ancies between modeled sea ice extent and proxy-based
reconstructions, particularly in data-sparse regions of
the Southern Ocean, have yet to be resolved (Armand
2000; Hewitt et al. 2001b).

In the North Atlantic, the CLIMAP reconstruction
shows permanent seaice in the Greenland, Iceland, and
Norwegian (GIN) Seas. This prediction is challenged,
however, by a body of LGM SST estimates based on
dinoflagellates (de Vernal and Hillaire-Marcel 2000),
coccoliths (Hebbeln et al. 1994), biomarker pigments
(Rosell-Melé and Kog 1997), alkenone abundance (Ro-
sell-Melé and Comes 1999), and foraminifera (Weinelt
et al. 1996; Veum et al. 1992) in marine sediment cores.
These data indicate that portions of the North Atlantic
were relatively warm with the GIN Seas at least sea-
sonally ice free during the LGM. This prediction is cor-
roborated by ocean surface circulation patterns inferred
from foraminiferal assemblagesin the northeast Atlantic
(Lassen et a. 1999) and from coupled ocean—atmo-
sphere model simulations (Hewitt et al. 2001a,b; Hewitt
et al. 2003; Shin et al. 2003). Seasonally open water in
the North Atlantic at the LGM has important implica-
tions for the mass balance of the Northern Hemisphere
continental ice sheets (Ruddiman and Mclntyre 1979;
Hebbeln et a. 1994).

Proxy data provide a critical framework for improv-
ing the SST boundary conditions in numerical simu-
lations of the LGM climate and various methodologies
have been employed to modify the prescribed ocean
boundary condition used in GCM simulations. Several
previous studies have tested the climate response to ei-
ther regional or large-scale changesin SST forcing and
most focus primarily on the Northern Hemispherewhere
the climate response to LGM boundary conditions tends
to be greatest (e.g., Marsiat and Valdes 2001). Rind and
Peteet (1985) applied a uniform 2°C cooling to the glob-
al CLIMAP SST dataset. Their GCM simulations pro-
duced low-latitude conditions that matched closely the
proxy data in most tropical locations. Mix et a. (1999)
reconstructed SSTs in the tropical eastern Pacific and
tropical Atlantic basins based on time-varying faunal
assemblages from marine sediment cores. Their predic-
tion differs markedly from CLIMAP in these regions
with 3°-5°C cooling relative to present in the tropical
eastern Pacific (perpetual La Nifia) and 3°-6°C in the
tropical Atlantic. Using this SST reconstruction, Hos-
tetler and Mix (1999) obtained GCM results for the
LGM in general agreement with terrestrial proxy data.
However, their study focused on the tropical response
to specific regional SST forcing and did not consider
SST changes in other tropical basins (e.g., the western
Pacific warm pool) or at high latitudes.

Yin and Battisti (2001) modeled the LGM climate
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using prescribed SSTs that were 3°C cooler than CLI-
MAP in the global Tropics (14°N-14°S). They found
that the large-scale atmospheric circulation changes at
midlatitudes due to the imposed cooler tropical SSTs
are small relative to the atmospheric response to altered
SST gradients. Their study did not include the effect of
modified high-latitude SSTs or sea ice. Charles et al.
(2001) test the sensitivity of the simulated global hy-
drologic cycle and the resulting terrestrial 60 signature
to cooled SSTs in the Tropics and subtropics. Similar
to Yin and Battisti (2001), they note that large-scale
atmospheric dynamics are most sensitiveto tropical SST
gradients.

This paper presents the results of three 15-yr GCM
simulations of the present-day and LGM climate. The
objective is to quantify the global and regional-scale
atmospheric response to a prescribed ocean boundary
condition that is modified relative to CLIMAP based on
available terrestrial and ocean proxy data. Our approach
is similar to that of Yin and Battisti (2001). However,
unlike theirs and other modeling studies using pre-
scribed SSTs, the present study examines the dynamic
and thermodynamic response of the LGM atmosphere
to improvements in the SST boundary conditions both
in the Tropics and the Northern and Southern Hemi-
sphere high latitudes. Section 2 describes the GCM and
the boundary conditions used for each simulation. The
results from a present-day control, a CLIMAP simula-
tion, and an LGM simulation with modified SSTs are
given in section 3 with discussion and conclusions in
section 4.

2. Model and experiments

The National Center for Atmospheric Research
(NCAR) Community Climate Model (CCM3; Kiehl et
al. 1998) is a global spectral atmospheric model with
T42 truncation (2.8° latitude X 2.8° longitude transform
grid), 18 hybrid sigma levels in the vertical, and a 20-
min time step. The CCM3 includes a fully interactive
Land Surface Model (LSM; Bonan 1998) to evaluate
surface fluxes of heat, moisture, and momentum. The
standard releases of CCM3 (version 3.6.16) and LSM
(version 1) were used in the present study to simulate
the present-day and LGM climates.

a. Model boundary conditions

Contemporary values for orbital forcing and trace
gases (CO,, CH,, O,, and CFCs) were specified as
boundary conditions in the present-day climate simu-
lation, along with monthly mean climatological sea sur-
face temperatures (Sheaet al. 1992). Thetwo LGM runs
were given identical boundary conditions with the ex-
ception of the SSTs and sea ice extent. Elevation data
for the Northern Hemisphere (Laurentide and Fennos-
candian) ice sheets and Antarctic ice sheets were im-
plemented from the University of Maine I ce Sheet Mod-
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FiGc. 1. (8) Northern Hemisphere terrain elevations for the CCM3
LGM simulations. Contour interval is 500 m. (b) The same asin (a)
except for the Southern Hemisphere.

el output (UMISM; Fastook and Chapman 1989; Fas-
took and Prentice 1994). The UMISM is a time-depen-
dent finite-element model that solves the mass
continuity equation for ice flow and provides the ice
surface elevation, isostatically adjusted bedrock eleva-
tion, column-integrated ice velocities, and internal tem-
peratures within theice column at each model grid point.
The model also calculates creep deformation of the ice
and includes a sliding mechanism at locations where the
basal temperature reaches the pressure melting point.
Surface accumulation rates are derived from a simple
climatological model that provides accumulation and
ablation rates dependent on the average annual tem-
perature at the ice surface. The mass balance scheme,
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TaBLE 1. Orbital parameters for the LGM and present day
(Berger 1978).

LGM Present day
Eccentricity 0.01899 0.01672
Obliquity 22.949° 23.446°
Lon of perihelion 114.42° 102.04°

originally derived for Antarctica (Fortuin and Oerle-
mans 1990; Fastook and Prentice 1994), arrives at an
annual mean temperature based on the atmospheric
lapse rate and | atitudinal temperature gradient. Fromthis
temperature, anet accumulation rateis obtained for each
model grid point based on the saturation vapor pressure
and local surface slope. The net ablation rate is obtained
by imposing alatitudinally modified seasonal amplitude
onto the annual mean temperature and counting positive
degree days.

Figure 1a shows the LGM Northern Hemisphere ter-
rain elevations on the CCM3 grid. The maximum Lau-
rentide Ice Sheet elevation is 3200 m (relative to pres-
ent-day sea level) just west of Hudson Bay and the
southern margin approaches 38°N. The Fennoscandian
Ice Sheet, with maximum elevation of 2200 m, extends
from western Scotland across Scandinaviato the Barents
and Kara Seas. In the Southern Hemisphere (Fig. 1b),
the most significant elevation changes over Antarctica
during the LGM occur on the West Antarctic Ice Sheet
where elevations are 500-1500 m greater than present
across Marie Byrd Land. This additional LGM ice fills
the embayments of the Ross and Weddell Seas and ex-
tends along the Antarctic Peninsula. Modeled terrain
elevations across the East Antarctic Ice Sheet at the
LGM are generally within 50 m of present-day values
with little if any ice advance beyond the present-day
margins. The modeled Antarctic LGM ice extent is con-
sistent with a recent reconstruction by Anderson et al.
(2002) based on marine geological evidence. Elevation
data from the Patagonian ice cap in southern South
America, which covered 1800 km along the crest of the
Andes during the LGM (Hollin and Schilling 1981),
were taken from glacial model output by Hulton et al.
(2002).

Global sealevel waslowered by 120 m commensurate
with the LGM ice sheet volume from glaciol ogical mod-
el output. This value is intermediate between the 105
m sea level lowering in the Peltier (1994) LGM topog-
raphy reconstruction and larger estimates (~130 m)
based on marine proxy evidence (e.g., Yokoyama et al.
2000). The orbital parameters were set to 21 kyr B.P.
values (Berger 1978; Table 1) and the CO, and CH,
concentrations were set to 180 ppm and 350 ppbv, re-
spectively. Although global vegetation maps for the
LGM are available (e.g., Crowley and Baum 1997), dis-
crepancies between these reconstructions and site-based
vegetation predictions from proxy data (Prentice et al.
2000) motivated the decision to prescribe modern veg-
etation in ice-free regions in each of our simulations.
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FiG. 2. Mean DJF SST for the (a) CLIMAP and (b) modified CLIMAP simulations. Contour interval is 2°C. Black shading denotes the
seasonal mean sea ice (—1.8°C) extent. Gray shading denotes the approximate extent of the LGM ice sheets.

b. Sea surface temperatures

The monthly mean SSTs for the CLIMAP simulation
were derived using the February and August CLIMAP
SST reconstructions. The seasonal cycle for the CLI-
MAP SST datais typically assumed to be sinusoidal at
each grid point. Examination of the present-day seasonal
cycle in the Shea et al. (1992) SST climatology shows
sinusoidal variability at many mid- to high-latitude lo-
cations, but significant deviations from a sinusoid in the
Tropics where bimodal peaks or skewed sinusoids are
common. Thus, in the current study the monthly mean
CLIMAP SST data were computed by extrapolating the
CLIMAP February and August data at each grid point
using the month-to-month fractional change in the pres-
ent-day SST. This method preservesthe present-day sea-
sonal cycle at each grid point, which is reasonable since
present-day and LGM solar forcing are very similar (see
Table 1). Imposing the present-day seasonal cycle re-
sults in only minor differences (<0.5°C) in the SST
annual and seasonal means in the deep Tropics (20°S-
20°N). The mean December—February (DJF) and June—
August (JJA) CLIMAP SST are shown in Figs. 2a and

3a, respectively. Tropical SSTsare mostly 26°C or great-
er with the summer SST maxima exceeding 28°C in the
tropical Pacific Ocean. Seaice (SST = —1.8°C) extent
in the CLIMAP reconstruction shows very little sea-
sonal variability in the Southern Hemisphere. Seasonal
changes in the Northern Hemisphere sea ice are also
slight with greater seasonality in the sub-Arctic region
of the North Atlantic.

For the modified CLIMAP simulation, we found that
modifying the CLIMAP SSTs uniformly throughout the
seasonal cycle a sufficient means to both cool the trop-
ical SSTs and reduce the high-latitude sea ice extent
relative to CLIMAP In previous studies, Rind (1986)
cooled the CLIMAP SSTs by 2°C globally. Yin and
Battisti (2001) applied a3°C cooling to the modern SSTs
in the deep Tropics. In the current study, the SST bound-
ary conditions for the modified CLIMAP simulation
were derived by first cooling the annual mean CLIMAP
SSTs by 4°C in the tropical equatorial belt (30°N-30°S)
based on a broad consensus from available proxy in-
formation. This magnitude of SST cooling is greater
than that suggested by many ocean-based proxy meth-
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Fic. 3. The same as in Fig. 2 except for JJA.

ods and comparable to or slightly less than estimates
from land-based paleothermometry. From 30°-40° lat-
itude, the SSTs were linearly interpolated to the annual
mean CLIMAP SST values, with CLIMAP values re-
tained from 40°-90° latitude. Next, the present-day an-
nual mean SST field was subtracted from the cooled
annual mean CLIMAP SSTs and the difference field
applied to each of the present-day monthly mean SSTs
to obtain the modified CLIMAP monthly mean SSTs.
Thus, the magnitude of cooling in the modified CLI-
MAP SSTsis related to the magnitude of cooling of the
annual mean CLIMAP SSTsrelativeto present day. This
methodology damps the amplitude of the CLIMAP sea-
sonal cycle such that DJF (JJA) SSTs are warmer (cool-
er) than CLIMAP.

The mean DJF and JJA SSTs for the modified CLI-
MAP simulation are shown in Figs. 2b and 3b, respec-
tively. In addition to the tropical cooling, note the am-
plified sea ice seasonal cycle in the Southern Hemi-
sphere. During austral summer (DJF), sea ice retreats
to near the Antarctic coast, similar to LGM reconstruc-
tions based on diatom analysis (Crosta et al. 1998b). In
the Northern Hemisphere, mean winter seaice extent is
similar for thetwo LGM runs. However, SSTs are some-
what warmer in the North Atlantic and North Pacific in

the modified CLIMAP distribution and there is much
less sea ice during mid-to-late winter (January/Febru-
ary) when sea ice typically reaches maximum extent
(not shown).

Each model simulation was integrated for 18 yr with
monthly mean output. The first 3 yr of each simulation
were discarded as spinup and long-term annual and sea-
sonal (JJA and DJF) averages were computed from the
remaining output. In order to examine high-frequency
modes of atmospheric variability (e.g., transient eddy
kinetic energy), the final 5 yr of each 18-yr model run
were identically repeated to obtain twice-daily output
from CCM3.

3. Results
a. Global and annual means

The global and annual means of several model output
fields from the present-day simulation, the CLIMAP
simulation (CL hereafter), and the modified CLIMAP
run (modCL hereafter) are listed in Table 2. The global
and annual mean parameters from the two LGM sim-
ulations were compared using the Student’s t test and
found to be different at the 99.9% significance level.
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TABLE 2. Global and annual mean properties from the 15-yr
present-day, CLIMAPR, and modified CLIMAP simulations.

Present Modified
day CLIMAP CLIMAP

2-m temperature (K) 286.1 281.6 279.0
Cloud fraction (%)

Total 59.29 58.32 58.08

Low 34.98 34.2 32.63

Middle 21.07 21.46 25.0

High 34.81 32.94 31.48
Ground albedo 0.15 0.21 0.19
Planetary albedo 0.33 0.35 0.34
Net surface solar radiation (W m~2)

All sky 170.72  168.15 173.75

Clear sky 220.78 212.65 217.92
QOutgoing longwave radiation (W m~2)

All sky 236.2 2355 228.8

Clear sky 265.7 262.0 255.9
Longwave cloud forcing (W m-2) 29.5 26.5 27.1
Latent heat flux (W m~2) 90.0 84.78 74.19
Sensible heat flux (W m—2) 20.16 22.97 24.24
Precipitation (mm day—1) 3.09 291 2.55

With prescribed modern SSTs, the global mean 2-m air
temperature in the present-day simulation is 286.1 K,
which is approximately 1.1°C cooler than that obtained
from the 300-yr fully coupled Climate System Model
(CSM, version 1) present-day simulation described by
Boville and Gent (1998). For the LGM, the global mean
2-m temperature is 281.6 K in the CL run and 279.0 K
in the modCL run. The difference in mean 2-m tem-
perature over the oceans alone for the modCL and CL
runsis 1.93°C, which accountsfor 75% of the difference
in global mean 2-m temperature between the two runs.
This is comparable to the fractional coverage of ocean
area and shows that the cooling in the modCL global
mean 2-m temperature relative to the CL run is largely
due to the imposed SSTs.

Atmospheric cooling at the LGM generally coincides
with reduced mean cloud fractions. The exception is at
midlevels where the mean cloud fraction is largest
(25%) in the modCL simulation due to a change in the
depth of atmospheric convection. As Rind (1998) notes,
cooler tropical SSTs result in convection that peaks at
midtropospheric levels, increasing the midlevel cloud
amount. The clear sky net surface solar radiation values
are indicative of the differences in surface albedo for
the three model runs. With the continental ice sheets
and extensive sea ice cover contributing to a high sur-
face albedo, the CL clear sky net surface solar radiation
is least among the model runs. The reduced sea ice
extent in the modCL simulation contributesto aslightly
lower surface albedo and approximately 5 W m=2 in-
crease in clear sky net surface solar radiation relative
to CL. In general, the cooler LGM climate, influenced
by the continental ice sheets, lower trace gas concen-
trations, and cooler SSTs, reduces the top-of-the-at-
mosphere longwave radiation flux, both with and with-
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FiG. 4. Zonally averaged 15-yr annual mean precipitation rate (mm
day 1) for the present-day (solid, bold), CL (square), and modCL
(triangle) simulations.

out clouds, relative to present day. The net effect of
cooled tropical SSTs in the modCL run is a reduction
of 8-10 W m~2in the outgoing longwave radiation rel-
ative to present. The longwave cloud forcing in the
modCL run is slightly greater than in CL, most likely
due to the contribution from increased midlevel cloud.

The zonal-mean distributions of annual precipitation
for the present-day, CL, and modCL simulations are
shown in Fig. 4. LGM precipitation is reduced relative
to present at all latitudes except the Southern Hemi-
sphere low latitudes (approximately 10°-25°S), due in
part to increased precipitation along the South Pacific
convergence zone (SPCZ) during the LGM as others
have noted (e.g., Yin and Battisti 2001). The changes
in the SPCZ are explored further toward the end of this
section. The annual mean precipitation in the modCL
simulation is reduced relative to CLIMAP throughout
much of the low- and midlatitudes with very little
change at latitudes poleward of 60°-65°. Averaged glob-
aly, the modCL annual precipitation rate is 2.55 mm
day %, which is a 12% and 19% reduction in global
mean precipitation relative to CL and present day, re-
spectively (Table 2). Thelatent heat fluxesin the modCL
run are decreased by similar percentages.

b. Large-scale atmospheric response to SST forcing

Many previous modeling studies have compared the
LGM (CLIMAP) and present-day climates. The re-
mainder of the current study focuses primarily on the
two LGM runs to isolate the sensitivity of the LGM
atmosphere to changes in the CLIMAP SST and seaice
boundary conditions, which are shown as zonal means
for DJF and JJA in Fig. 5. Cooling (warming) the low
(high) latitude SSTs in the modCL run effectively re-
duces the meridional temperature gradient. Although the
large-scale atmospheric response to the SST and seaice
forcing is most pronounced during DJF, especially in
the Northern Hemisphere as others have noted, it will
be shown that significant large-scale circul ation changes
are also evident in the Southern Hemisphere.

The 15-yr-mean DJF modCL 2-m air temperatures
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Fic. 5. The 15-yr-mean (a) DJF and (b) JJA zonal-mean SST (°C),
including sea-ice-covered grid points, for the CL (solid) and modCL
(dashed) simulations.

are shown in Fig. 6a with the differences relative to the
CL runin Fig. 6b. The corresponding fields for JJA are
shown in Figs. 7ab. The shaded regions in these and
subsequent difference plots indicate statistical signifi-
cance at the 99.9% level using the Student’st test. Prom-
inent in the winter 2-m temperature differencefieldsare
the large positive 2-m temperature anomalies over por-
tions of the extratropical ocean basins. In the Northern
Hemisphere during DJF, the anomalies exceed 12°C over
the North Atlantic and 20°C over the Sea of Okhotsk
in eastern Russia (Fig. 6b). During austral winter (JJA),
the 2-m temperature anomalies exceed 8°C over portions
of the South Pacific (Fig. 7b). These are due primarily
to the prescribed SSTs. For example, in the Sea of
Okhotsk and the western North Pacific, themodCL SSTs
are 1°-4°C warmer through the boreal winter months
resulting in less extensive seaice in this region than in
the CL run, particularly in late winter. Warmer SSTs
and the reduced sea ice in the modCL simulation allow
greater fluxes of sensible heat (>100 W m~2) and latent
heat (>50 W m~2) to the lower troposphere relative to
CL. This phenomenon aso occurs in the high-latitude
ocean basins during the summer months, although the
2-m temperature anomalies are much smaller in mag-
nitude than in winter, even in the Southern Ocean despite
the substantial difference in summer sea ice extent be-
tween the two LGM simulations.

The relatively warm 2-m temperatures over portions
of the high-latitude oceans in the modCL run have a

TORACINTA ET AL.

Fic. 6. The 15-yr-mean DJF 2-m temperature for the (a) modCL
simulation and (b) modCL minus CL difference. Contour interval is
5°Cin (a) and 2°C in (b). Negative contours are dashed in (b), and
shaded regions indicate statistical significance at the 99.9% level
using the Student’s t test.

significant impact on the wintertime Northern Hemi-
sphere atmospheric mass field. Figure 8a shows the DJF
mean sea level pressure (MSLP) for the modCL run
with the surface pressure difference (modCL minus CL)
in Fig. 8b. In the modCL run, the Aleutian low in the
North Pacific islocated slightly westward of its position
in the CL run. The surface pressure anomalies show

FiG. 7. The same as in Fig. 6 except for JJA.
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Fic. 8. The 15-yr-mean DJF sea level pressure for the (@) modCL
simulation and (b) modCL minus CL surface pressure difference.
Contour interval is4 hPain (a) and 2 hPa in (b). Negative contours
are dashed in (b), and shaded regions indicate statistical significance
at the 99.9% level using the Student’s t test.

large (>8 hPa) statistically significant pressure decreas-
es over the Sea of Okhotsk with abroad area of pressure
increases in the central and eastern North Pacific. The
anomaly pattern results from thermal gradients having
opposing effects. The decreased meridional SST gra-
dient in the modCL simulation resultsin ageneral weak-
ening of the wintertime Aleutian low except in the west-
ern North Pacific where the juxtaposition of relatively
warm temperatures over the Sea of Okhotsk and cold
continental temperatures substantially increases the lo-
cal baroclinicity (see Fig. 6).

Similarly, over the modCL North Atlantic large
(>200 W m~2) sensible and latent heat flux anomalies
contribute to a stronger Icelandic low in the modCL run
(Fig. 8b). The surface pressure anomaly pattern in the
North Atlantic resembles the positive phase signature
of the contemporary North Atlantic Oscillation, with
negative anomalies in the vicinity of the Icelandic low
and positive anomaliesin the central Atlantic. The latter
are due to a westward shift, rather than a change in
magnitude, of the subtropical Azores high pressure in
the modCL run. The surface pressure anomaly couplet
may augment the warm 2-m temperatures in portions
of the North Atlantic since the deeper Icelandic low and
stronger Azores high increase the meridional pressure
gradient, which enhances the westerly or southwesterly
low-level wind flow and warm advection. Figure 9
shows that the near-surface westerly winds in the
modCL run have increased by 5-7 m s—* over the North
Atlantic southeast of Greenland.

A -~
0.137E+02

—

Maximum Vector

Fic. 9. The 15-yr-mean DJF near-surface (lowest model sigma
level) wind vectors for the modCL simulation. Vector magnitudes
and the contoured scalar difference (modCL minus CL) areinm s,

In the Southern Hemisphere during austral summer,
the surface pressure anomalies along the westerly wind
belt resemble a wavenumber-2 pattern, with alternating
regions of positive and negative pressure differences
(Fig. 8b). While the mean summer position of the cir-
cumpolar trough (using the 1000-hPa contour) is very
similar for the two LGM runs, the anomalies are the
result of weaker (2—4 hPa) subtropical high pressure
centers and a relaxed meridional pressure gradient in
the modCL simulation. During austral winter, the most
pronounced large-scale mass field differences occur in
the Southern Hemisphere, particularly over the southern
oceans as shown in Fig. 10a. The zonal-mean surface
pressure anomalies (Fig. 10b), weighted with respect to
latitude, indicate that the circumpolar pressure anomaly
pattern represents a meridional mass exchange between
subtropical high pressure and the circumpolar trough,
which results from the reduced meridiona temperature
gradient in the modCL simulation. It is not apparent
whether the extreme surface pressure anomaly couplet
in the South Pacific is preferentially located.

At upper levels over the Southern Hemisphere mid
and high latitudes, the 500-hPa geopotential height field
in the modCL simulation responds dynamically to sur-
face thermal forcing. Over the South Pacific sector of
circumpolar ocean (60°S, 180°), and to a lesser degree
the South Indian sector (60°S, 30°E), 500-hPa heights
have increased in the modCL simulation (Fig. 10c) in
the vicinity of positive near-surface temperature anom-
alies (see Fig. 7b). Warming of the atmospheric column
causes the 1000-500-mb layer thickness to increase by
5-10 dam in the South Indian Ocean sector and 20—40
dam in the South Pacific sector (not shown). The 500-
hPa heights and 1000-500-mb layer thickness decreases
relative to CL downstream near the Antarctic Peninsula
and Drake Passage where the near-surface temperatures
are colder in the modCL run.

Generally, the midlatitude atmospheric circulation is
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Fic. 11. The 15-yr-mean DJF 500-hPa geopotential height for the
(@) modCL simulation and (b) modCL minus CL difference. Contour
interval is 6 dam in (a) and 2 dam in (b). Negative contours are
dashed in (b), and shaded regions indicate statistical significance at
the 99.9% level using the Student’s t test.

weaker in the modCL simulation due to the reduced
meridional SST gradient. The changes are apparent in
both hemispheres and during both extreme seasons,
though most pronounced in the winter hemisphere. Ev-
idence of thisis shown in the 15-yr-mean DJF 500-hPa
geopotential height field in Fig. 11a and the modCL
minus CL 500-hPa height differences in Fig. 11b. Dis-
tinct and pronounced positive and negative 500-hPa
height anomalies are located over the North Atlantic,
North Pacific, and the Laurentide | ce Sheet. Comparison
of the 500-hPa height fields for the two runs indicates
that the Northern Hemisphere anomaly pattern is due
to a westward shift and slight deamplification of the
500-hPalong-wave pattern in the modCL run. The west-
ward shift of the midtropospheric long-wave pattern is
a dynamic response to the low-level thermal anomalies
over the Sea of Okhotsk and western North Pacific. In
simulations and observations of the contemporary en-
vironment, Honda et al. (1999) find that anomalouswin-
ter sea ice extent in the Sea of Okhotsk excites an at-
mospheric response in the form of a stationary Rossby
wave emanating from alow-level thermal anomaly over

—

Fic. 10. (@) The 15-yr-mean JJA surface pressure difference
(modCL minus CL). Contour interval is 2 hPa. Negative contours
are dashed, and shaded regions indicate statistical significance at the
99.9% level. (b) Zonally averaged 15-yr-mean JJA surface pressure
anomaly (modCL minus CL; hPa) weighted with respect to latitude.
(c) The 15-yr-mean JJA 500-hPa geopotential height for the modCL
(solid) and CL (dashed) simulations. Contour interval is 24 dam.



514

JOURNAL OF CLIMATE

VoLuMmE 17

Fic. 12. The 15-yr-mean DJF transient eddy kinetic energy for the (a) modCL simulation and (b) CL simulation. Contour interval is 20
m? s~2 with values greater than 100 m? s—2 shaded.

the Okhotsk Sea and extending downstream to North
America. The sea ice configurations in the CL and
modCL LGM simulations are analogous to the *“ heavy”
and ““light” seaice experiments by Honda et al. (1999).
The surface pressure and 500-hPa height anomalies
from the Sea of Okhotsk to the Bering Strait indicate
that the local and near-field dynamic response is con-
sistent with their findings, although the presence of the
Laurentide Ice Sheet undoubtedly affects the down-
stream response over North America.

The deamplification of the 500-hPalong-wave pattern
suggests a weaker Northern Hemisphere storm track,
which is more clearly seen in a comparison of the mean
DJF 500-hPa transient eddy kinetic energy (TEKE) for
the two LGM runs (Fig. 12). The TEKE was computed
by applying the Blackmon medium-band filter (Black-
mon 1976) to 5 yr of twice-daily CCM3 output to cap-
ture the 2.5-6-day variance in the 500-hPa kinetic en-
ergy derived from the zonal and meridional winds. In
the modCL run, the Northern Hemisphere trans-Pacific
storm track is weakened and zonally truncated, with
transient eddy activity largely confined to the western
and central Pacific basin (Fig. 12a). Thus, eddy fluxes
of heat and moisture are reduced from the eastern Pacific
to North America, which contributes to the dramatic 2-
m temperature cooling over the Laurentide Ice Sheet
and Greenland in the modCL run (see Fig. 6). The North
Atlantic 500-hPa storm track is also truncated and weak-
er relative to CL (Fig. 12b) with the axis of maximum
TEKE shifted northward, extending from the eastern
Great L akes and Newfoundland to western Europe. Sim-
ilarly, during the Southern Hemisphere winter, the cir-
cum-Antarctic 500-hPa TEKE is also substantially re-

duced in the modCL simulation (not shown), consistent
with the decreased meridional 500-hPa height gradient.

The weaker Northern Hemisphere storm tracksin the
modCL simulation directly affect the winter precipita-
tion accumulation over the continental ice sheets. Fig-
ures 13a and 13b show the modCL 15-yr-mean DJF
monthly mean precipitation and the difference relative
to CL, respectively. Precipitation is significantly re-
duced over the central and eastern Pacific and over much
of North America in the modCL simulation. Likewise,
reduced 500-hPa TEKE and the northward shift of the
North Atlantic storm track result in significant basin-
wide precipitation decreases except in the vicinity of
the intensified Icelandic low.

In the Southern Hemisphere, precipitation is de-
creased significantly over the circumpolar oceans during
summer and winter (not shown), consistent with the
reduction in transient eddy activity. At low latitudesin
the modCL simulation, significant precipitation decreas-
es occur during DJF over much of the Tropics with the
exception of Amazonia and the tropical North Atlantic,
the SPCZ region east of Australia, the Hawaiian I slands,
southeastern Africa, and the western Indian Ocean ba-
sin. The distribution of low-latitude precipitation anom-
aliesin Fig. 13b generally agreeswith regionsidentified
by Ropelewski and Halpert (1989) with statistically sig-
nificant precipitation—cold phase El Nifio—Southern Os-
cillation relationships.

C. Summer monsoon response

In addition to the changes to the large-scale atmo-
spheric circulation in response to the SST forcing, pro-
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Fic. 13. The 15-yr-mean DJF monthly mean precipitation for the
(a) modCL simulation and (b) modCL minus CL difference. Contours
are 1, 2, 5, 10, 15, 20, 30, 40, 50, and 60 cm month~* in (a) and =
0, 2, 5, 10, 15, 20, and 30 cm month~* in (b). Negative contours are
dashed in (b), and shaded regions indicate statistical significance at
the 99.9% level using the Student’s t test.

nounced regional-scale changes occur in the Northern
Hemisphere monsoon circulations because of the in-
creased land—ocean temperature difference in the
modCL simulation. Figure 14a shows the modCL minus
CL differences in the surface pressure and near-surface
wind fields over the Asian monsoon region during JJA.
Negative surface pressure anomalies occur over the
landmasses, with the largest decrease (6 hPa) over cen-
tral Saudi Arabia and the Tibetan Plateau. The surface
pressure hasincreased slightly in the central and western
Indian Ocean in the vicinity of the Mascarene high.
Conseguently, the cross-equatorial near-surface flow is
increased over the western Indian Ocean with the Somali
jet nearly 50% (7 m s~*) stronger in the modCL run,
representing the largest magnitude increase of the near-
surface wind during JJA. The enhanced low-level flow
isaccompanied by increased monsoon precipitation over
much of the region (Fig. 14b). Theincreased |land—ocean
temperature difference in the modCL run also leads to
a similar response, though smaller in magnitude, in the
monsoon flow over the southwestern United States (not
shown).

The increased monsoon flow and precipitation in the
modCL has a direct impact on the mean meridional
circulation asillustrated by the JJA zonal-mean stream-
function in Fig. 15. Driven largely by Asian monsoon
convection and latent heat release, the JJA Southern
Hemisphere Hadley cell is approximately 20% more
intense than in CL, with no appreciable change in size
or position. Rind (1998) notes that Hadley cell intensity

0.655E+01
—

Maximum Vector

Fic. 14. The 15-yr-mean JJA modCL minus CL surface pressure
difference and near-surface (lowest model sigma level) (a) vector
wind difference and (b) modCL minus CL precipitation difference.
Contours are =2 hPa and vector magnitudes are in m st in ().
Contours are =5 cm month—* in (b).

is governed by the latitudinal temperature gradient. The
current results for JJA corroborate Rind’s findingsin as
much as the latitudinal temperature gradient is aug-
mented by the land—ocean temperature contrast. Else-
where, the Northern Hemisphere Hadley cell and the
midlatitude Ferrell cellsin both hemispheres are weaker
in the modCL run indicating that the effect of the in-
creased land—ocean temperature contrast is most pro-
nounced in the Asian monsoon region.

d. South Pacific convergence zone

The annual and zonal precipitation distributions
shown previously in Fig. 4 suggest that the SPCZ was
an exceptional feature in the cooler and drier LGM cli-
mate. Vincent (1994) gives a thorough review of the
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FiG. 15. The 15-yr-mean JJA zonal-mean streamfunction for the
(@) modCL simulation and (b) CL simulation. Contour interval is 2
X 10% kg s~* with negative contours dashed.

contemporary SPCZ, which consists of an axis of per-
sistent low-level moisture convergence with associated
convection extending from New Guinea east-south-
eastward to the central South Pacific along a trough of
low pressure. The SPCZ is most pronounced during
austral summer. Figure 16 shows the 15-yr-mean DJF
MSLP for the present-day, CL, and modCL simulations.
Also shown is the axis of maximum low-level wind
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Fic. 16. (a) Present-day, (b) CLIMAPR and (c) modified CLIMAP
15-yr-mean DJF mean sea level pressure (hPa). Heavy solid line
denotes the axis of maximum low-level (surface to 700 hPa) con-
vergence along the SPCZ.
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FiG. 17. (a) Present-day, (b) CLIMAPR, and (c) modified CLIMAP
15-yr-mean DJF surface temperature (°C). Heavy dashed line denotes
the axis of maximum precipitation along the South Pacific conver-
gence zone.

convergence (averaged from the surface to 700 hPa)
along the SPCZ in each simulation. The structure and
intensity of the DJF SPCZ differ somewhat for the three
simulations. The present-day simulation captures the
characteristic zonal (tropical) and diagonal (subtropical)
segments of the SPCZ extending from low pressure over
New Guinea (Fig. 16a). In the CL simulation, low pres-
sure is centered farther east near Fiji (15°S, 175°E) and
the axis of maximum low-level wind convergence has
a more zona orientation than in the present-day run
except for the distinct diagonal segment in the eastern
South Pacific (Fig. 16b). The modCL SPCZ (Fig. 16c¢)
consists of relatively strong low pressure (1002 hPa)
positioned near Australia (19°S, 158°E) with a nearly
zonal trough and convergence axis across the central
South Pacific.

The zonal portion of the contemporary DJF SPCZ is
thought to be maintained by low-level thermal forcing
due to SST gradients and land—ocean temperature con-
trasts, while the SST distribution and interactions with
midlatitude synoptic disturbances most likely influence
the orientation and intensity of the diagonal segment
(Vincent 1994). Low-level thermal forcing appears to
significantly influence the SPCZ in the current simu-
lations. Figure 17 shows the surface temperature dis-
tributions for the present-day and LGM simulations. Su-
perimposed is the SPCZ axis of maximum precipitation
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for each model run, which is roughly coincident with
the axis of maximum low-level wind convergence in
Fig. 16. In each simulation, the SPCZ orientation fol-
lows closely the axis of maximum surface temperature.
The temperature distributions in Fig. 17 also indicate
that the warmest SSTs in the LGM simulations are lo-
cated farther eastward to the central equatorial South
Pacific. Thus, while the magnitudes of meridional and
longitudinal temperature gradients across the equatorial
South Pacific are similar in the present-day and LGM
simulations, the distributions of the temperature gradi-
ents differ. Increased precipitation along the SPCZ at
the LGM is consistent with the three- to fourfold in-
crease in low-level convergence relative to present day
(not shown). While the precise relationship between the
SPCZ intensity and the distribution of SST gradientsis
unclear, it is apparent that the distribution of the surface
temperature gradients has a first-order influence on the
SPCZ with little influence from midlatitude synoptic
systems. Thisis particularly evident for the modCL sim-
ulation where midlatitude transient eddy activity is sub-
stantially reduced in accord with the reduced meridional
temperature gradient.

4. Discussion

Previous GCM experiments have been configured to
test the effects of increased (decreased) latitudinal tem-
perature gradients in cold (warm) climate scenarios
(e.g., Rind 1998). In the present study, modifications to
the LGM ocean boundary conditions both at low and
high latitudes based on the consensus from a significant
body of land- and ocean-based proxy data tests the cli-
mate sensitivity within part of the boundary forcing pa-
rameter space. That is, cooling the CLIMAP tropical
SSTs by 4°C and reducing CLIMAP winter (summer)
seaicein the Northern (Southern) Hemisphere have two
principal but opposite effects on the lower boundary
forcing at the LGM: 1) reduced meridional temperature
gradient, and 2) increased land—ocean temperature dif-
ference. The former induces a large-scale atmospheric
response, while the response to the latter forcing mech-
anism is primarily regional.

The reduced meridional temperature gradient in the
modCL simulation directly affects the extratropical at-
mospheric circulation in both hemispheres and is most
pronounced in the winter hemisphere. For instance, the
meridional midtropospheric geopotential height gradi-
ent is significantly reduced and the jet-level zonal flow
is diminished, in accord with the therma wind rela-
tionship. Rind (1986) notes that increased meridional
temperature gradients in paleoclimate simulations lead
to increased baroclinic energy generation. Consistent
with this but in the opposite sense, the decreased me-
ridional temperature gradients in the modCL simulation
lead to substantially decreased transient eddy kinetic
energy at midlatitudes, which in turn contributes to the
significant decreases in winter midlatitude precipitation.
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Previous global modeling studies that attempt to rec-
oncile the LGM climate with proxy observations focus
on modified tropical SSTswith little or no consideration
of the effects of explicitly modified seaice. The results
from the current study show that in both seasonsreduced
seaice has a substantial impact primarily on the regional
atmospheric circulation. The modified CLIMAP SSTs
increase the land—ocean temperature difference, which
(in opposition to the reduced meridional temperature
gradient) leads to a locally intensified atmospheric cir-
culation. For instance, compared with the CLIMAP sim-
ulation the winter Icelandic low is significantly stronger
in response to warmer SSTs and reduced seaice in the
North Atlantic. Rind (1998) finds that the Icelandic low
is not particularly sensitive to changes in the latitudinal
(i.e., large-scale) temperature gradient, but the current
study shows a pronounced response to locally increased
baroclinicity viaenhanced sensible and latent heat fluxes
from awarm ocean surface adjacent to a cold landmass.
Similarly in the North Pacific, the weakened winter
Aleutian low in our experiment is in agreement with
previous studies (Rind 1998; Yin and Battisti 2001),
although the reduced sea ice acts to partially offset the
effect of the reduced meridional temperature gradient.
To better isolate the effects of modified sea ice from
those resulting from changing the SSTs both at low and
high latitudes, we conducted an additional LGM sen-
sitivity simulation using cooled tropical SSTs (asin the
modCL run), but retained the CLIMAP sea ice distri-
bution at high latitudes. The large-scale atmospheric
circulation resulting from the SST forcing in this sen-
sitivity run (not shown) was very similar to the large-
scale atmospheric response to the modCL SSTs, but
lacking the local intensification of the Aleutian and Ice-
landic lows evident in the modCL run. Thissubstantiates
what we infer from the modCL simulation, that reduced
high-latitude sea ice at the LGM has an important in-
fluence on the regional atmospheric circulation, while
the cooler tropical SSTs primarily affect the large-scale
circulation. With regard to LGM climate simulations,
these findings underscore the importance of improved
sea ice estimates as part of the global reconstruction of
LGM SSTs.

Since the ocean boundary conditions in our experi-
ment have been modified based on proxy data, one
would expect an improvement over CLIMAP in the
comparison between model results and LGM proxy ev-
idence. With regard to the hydrologic cycle, lake-level
estimates, pollen and plant macrofossil assemblages,
and fossil dunes indicate increased aridity in much of
the equatorial Tropics at the LGM, whereas the south-
west United States and the Mediterranean region were
likely wetter than today (Sarnthein 1978; Street and
Grove 1979; Farrera et al. 1999). In the global mean,
the modCL simulation in the current study producesless
precipitation than the CL run, with most of the reduction
occurring in the Tropics as the proxy data indicate. The
spatial patterns of precipitation anomalies relative to the
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TaBLE 3. Annual mean 2-m temperature difference (LGM minus present; °C) from proxy data estimates and CCM3 model output.
Differences are negative with one exception (in bold font). Standard deviations and error bars are as listed in the cited study.

Temperature modCL (CL)
Source Proxy method Location reduction, proxy minus PD
Cuffy et al. (1995) Borehole 72.6°N, 38.5°W 21 21.1 (18.9)
Dahl-Jensen et al. (1998) Borehole 72.6°N, 37.6°W 21 £ 10 20.9 (18.6)
Salamatin et al. (1998) Borehole 78.28°S, 106.48°E 15 10.1 (9.5)
Miller et al. (1997) Emu eggshells 28.5°S, 137°E 9 5.8 (2.1)
Thompson et al. (1995) Ice core 60O 9.12°S, 77.62°W 8-12 6 (1.2)
Stute et al. (1992) Noble gases 28.75°N, 98.5°W 52+ 0.7 8.4 (6.4)
Stute et a. (1995a) Noble gases 36.6°N, 108.1°W 54 + 0.7 7.7 (4.7)
Stute et al. (1995b) Noble gases 7°S, 41.5°W 54 + 0.6 5.8 (1.7)
Weyhenmeyer et al. (2000) Noble gases 23.5°N, 58°E 6.5 = 0.6 7.2 (2.7)
Colhoun et al. (1994) Pollen 42.0°S, 145.5°E 5-6.5 3.6 (3.1)
Colinveaux et al. (1996) Pollen 0.27°N, 66.7°W 5-6 6 (1.3)
Farrera et al. (1999)* Pollen 4.91°N, 74.33°W 3-4 6.4 (1.5)
Pollen 16°S, 69°W 5-7 6.5 (1.6)
Pollen 6.5°N, 1.41°W 3-4 6.7 (2.2)
Pollen 3.48°S, 29.57°E 5-6 7(2.3)
Pollen 24.43°S, 28.75°E 5-6 6.3 (2.4)
Pollen 0.03°N, 37.47°E 5.1-8.8 75 (2.3)
Pollen 20.08°S, 43.37°W 5-7 4.8 (1.3)
Pollen 27.15°S, 109.4°W 2.8 3.4 (0.3
Pollen 22.0°N, 100.5°W 153 6.7 (3.2
Pollen 2.17°N, 98.08°E 3 6.9 (2.6)
Pollen 27.68°N, 85.4°E 6-8 7(2.9)
Pollen 5.18°S, 141.63°E 4-5 6.1 (1.5
Kageyama et al. (2001)* Noble gases 43.5°N, 1.5°W 5.7 9.2 (6.7)
Noble gases 48°N, 21°E 8.7 11.4 (7.6)
Pollen 47°N, 38.5°E 20 9.2 (6.9)
Pollen 47°N, 6°E 9 10.3 (7.3)
Tarasov et al. (1999)* Pollen 55°N, 83°E 10 (—3/+5) 10.3 (6.5)
Pollen 55.17°N, 57.58°E 8 (—2/+9) 13 (10.4)
Pollen 47.52°N, 111.27°E 10 (—3/+4) 7.8 (4)
Pollen 51.21°N, 99.45°E 5 (—5/+6) 7.8 (4)
Bard et al. (1997) Alkenone 3.2°N, 50.4°E 15+ 07 55 (1.1)
Lyle et al. (1992) Alkenone 1°N, 139°W 05+ 0.4 5.2 (0.7)
Sikes and Keigwin (1994) Alkenone 0°, 23°W 1.8 + 0.6 6.7 (2)
Ternois et a. (2000) Alkenone 25.02°N, 16.65°W 4.5 9 (4.9)
Alkenone 21.48°N, 17.95°W 2-25 9.8 (5.2)
Guilderson et al. (1994) Coral Sr/Ca, 6**0O 13.2°N, 59.3°W 5 5.7 (1.3)
Barrows et al. (2000) Faunal 14.52°S, 117.1°E 0.4 4.2 (0)
Faunal 33.38°S, 161.61°E 4.2 3.7 (1.2)
Faunal 44.26°S, 150°E 33 3.2 (28)
Faunal 44.78°S, 175.77°W 15 2.8 (2.5)
Feldberg and Mix (2002) Faunal 16.01°S, 76.33°W 6-9 5(0.7)
Mix et al. (1999) Faunal 0°, 15°W 5 7.2 (25)
Faunal 10°N, 40°W 2-3 53 (1.2)
Faunal 3°S, 82°wW 4-5 5.5 (1.3)
Faunal 1°S, 110°W 2-3 4.7 (0.6)
Ortiz et al. (1997) Faunal 42°N, 130.01°W 35+ 15 2.2 (2.3)
Lee and Slowey (1999) Faunal, 610 21.36°N, 158.19°W 2 2.7 (1.4)
Lea et al. (2000) Mg/Ca 0.3°N, 159.4°E 2.8+ 0.7 5.8 (1.6)
Mg/Ca 2.3°N, 91°W 26 =08 4.2 (0.2)
Brathauer and Abelmann (1999) Radiolaria 43.22°S, 11.74°E 4-5 3.9(3.6)
Radiolaria 49°S, 12.7°W 3-4 4.8 (5.5)
Pisias and Mix (1997) Radiolaria 3.2°N, 101.43°W 32 4.4 (0.2)
Radiolaria 16.45°S, 77.57°W 37 4.3(0.3)

* Proxy temperature estimates are from a compilation of previous studies.

present are very similar for the two LGM runs, which
differ mostly in magnitude. It is difficult to determine
unambiguously whether the modCL simulation captures
better than CL the spatial distribution of precipitation
since reconstructions from proxy evidence are often

qualitative and precipitation is highly variable in space
and time.

Temperature is a better parameter with which to com-
pare the LGM model runs because quantitative estimates
of surfacetemperature are availablefrom alarge number
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Fic. 18. The 15-yr annual mean 2-m temperature difference: (a)
CL minus present day and (b) modCL minus present day. Contours
are every 1.0° up to 6°C and every 3°C thereafter; negative contours
are dashed. Annotations are plotted at locations of various proxy data
types: alkenone (A), borehole (B), coral Sr/Caratio (C), emu eggshell
(E), faunal/foraminifera (F), noble gases (G), ice core stable isotope
(1), Mg/Caratio (M), pollen (P), and radiolaria (R).

of proxy sources. Broccoli (2000) compares coupled
atmosphere-mixed-layer ocean model output to annual
mean surface temperatures estimated from various low-
latitude (35°N—35°S) proxy data. The comparisons show
that modeled surface temperatures are close to, but
dlightly cooler than CLIMAP estimates averaged over
the region. In general, the coupled model produces a
closer fit to surface temperatures based on ocean proxy
methods (e.g., alkenones) than to temperature estimates
from terrestrial proxy data. Shinn et al. (2003) perform
similar comparisons using output from the NCAR Com-
munity Climate System Model (CCSM), with CCM3 as
the atmosphere model component. Over land, the area
(32°N-33°S) averaged model prediction of LGM surface
temperature cooling isin close agreement with lowland
proxy data, though the model does not capture the ob-
served regional variability of cooling. At higher lati-
tudes, the CCSM underestimates the magnitude of an-
nual mean surface temperature cooling at the LGM rel-
ative to select proxy locations in Europe, but generally
agrees with observed cooling in parts of Siberia.
Following these recent works, we have selected a
representative sample of estimates of annual mean sur-
face temperature anomalies from a variety of proxy
methods (Table 3). The annual mean 2-m temperature
anomaliesfor CL minus present and modCL minus pres-
ent are shown Figs. 18a and 18b, respectively, along
with the locations of the Table 3 proxy data types that
best agree with either the CL or modCL result. The
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TaBLE 4. Annual mean 2-m temperature anomalies (LGM minus
present; °C) from proxy data estimates and CCM3 model output. The
mean anomalies are negative with the number of data pointsin each
samplein parentheses. Listed in italics are the Student’s t test p values
comparing the CL and modCL mean temperature anomalies to those
estimated from proxy data.

All points (54) Land only (31)

Proxy 5.8 7.8
modCL 6.9 (0.18) 8.3 (0.69)
CL 3.5 (0.005) 4.8 (0.014)
By latitude

20°N-20°S (24) 20°-40° (13) >40° (17)
Proxy 4.1 4.8 9.1
modCL 5.8 (0.001) 6.4 (0.082) 8.9 (0.92)
CL 1.3 (1.0 X 1079) 2.7 (0.019) 7.1 (0.31)

model temperature anomalies are computed as the arith-
metic mean of values from the five model grid points
nearest to a given proxy data location. The mean tem-
perature anomalies for land locations and grouped by
latitude belt are given in Table 4. Also listed in Table
4 are the Student’s t test p values from statistical com-
parisons of the model and proxy mean 2-m temperature
anomalies. Averaged over all land locations, the modCL
temperature anomalies show better agreement than CL
with proxy data. However, there is some regional var-
iability. For instance, the modCL temperature anomalies
agree closely with the Greenland borehole measure-
ments and a number of the estimates from pollen data.
The modCL results are a better fit than CL to the various
proxy sources over South America, whilethe CL results
agree more closely with proxy data in western North
America and Mexico where the modCL simulation is
too cold. Averaged by latitude in the Tropics and sub-
tropics, the modCL results overestimate the LGM cool -
ing, but are closer than CL to the proxy temperature
estimates. In mid- and high latitudes (poleward of 40°),
the modCL results are in close agreement with proxy
estimates, indicating that the cooled tropical SSTs are
a primary modulator of the extratropical large-scale at-
mospheric circulation during the LGM.

Effortsto reconcile modeled and observed LGM tem-
perature and precipitation estimates have been ongoing
since the release of the CLIMAP dataset nearly 25 yr
ago. Continued scrutiny of proxy techniques (e.g.,
Crowley 2000) and improvements in model complexity
and capability will hopefully lead to consensus and the
future release of an updated global LGM SST dataset.
Feldberg and Mix (2002) comment that it may be ap-
propriate to apply estimates of LGM SST cooling on a
regional rather than global scale. Resultsfrom our LGM
experiment suggest that, while some regional tuning
may be necessary, uniform SST cooling at low latitudes,
together with modifications to high-latitude seaice, ap-
pears sufficient to capture to first approximation both
regional and large-scale climate changes over much of
the globe during the Last Glacial Maximum.
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