OcCTOBER 1995 DONG AND VALDES 2471

Sensitivity Studies of Northern Hemisphere Glaciation Using an Atmospheric
General Circulation Model

BUWEN DONG AND PAUL J. VALDES
Department of Meteorology, University of Reading, Reading, United Kingdom
(Manuscript received 14 October 1994, in final form 10 April 1995)

ABSTRACT

The U.K. University Global Atmospheric Modeling Programme GCM is used to investigate whether the
growth of Northern Hemisphere ice sheets could have been initiated by changes of orbital parameters and sea
surface temperature. Two different orbital configurations, corresponding to the present day and 115 kyr BP are
used. The reduced summer solar insolation in the Northern Hemisphere results in a decrease of the surface
temperature by 4° to 10°C in the northern continents and to perennial snow in some high-latitude regions.
Therefore, the model results support the hypothesis that a deficit of summer insolation can create conditions
favorable for initiation of ice sheet growth in the Northern Hemisphere. A decreased sea surface temperature
northward of 65°N during the Northern Hemisphere summer may contribute to the maintenance of ice sheets.
A simple mixed-layer ocean model coupled to the GCM indicates that the changes of sea surface temperature
and extension of sea ice due to insolation changes play an important role in inception of the Fennoscandian,
Laurentide, and Cordilleran ice sheets. The model results suggest that the regions of greatest sensitivity for ice
initiation are the Canadian Archipelago, Baffin Island, Tibetan Plateau, Scandinavia, Siberia, Alaska, and Kee-
watin, where changing orbital parameters to 115 kyr BP results in the snow cover remaining throughout the
warmer summer, leading to long-term snow accumulation. The model results are in general agreement with
geological evidence and are the first time that a GCM coupled with a mixed layer ocean has reproduced the
inception of the Northern Hemisphere ice sheets.

1. Introduction The time evolution of the seasonal cycle of insola-
tion at northern high latitudes show highly significant
variations over the last 150 kyr (Berger 1978a,b). High
northern latitudes experienced excess summer insola-
tion during warm stages corresponding to high sea lev-
els (Chappell and Shackleton 1986; Chappell 1987),
while the main interglacial to glacial transition was a
period of deficit in summer insolation at these latitudes.
This suggests that there is a strong link between the
orbital forcing and glacial-interglacial cycles. One the-
ory, which tries to explain this link is the Milankovitch
theory (Milankovitch 1941) of glaciation. The hypoth-
esis of this theory is that summer in the northern high

The geological record indicates that one of the most
important changes of the earth’s climate in the past is
the fluctuation between glacial and interglacial states.
The close correspondence of the fluctuation to the sum-
mer insolation variation associated with earth’s orbital
changes (Milankovitch 1941) suggests a strong link
between insolation and long-term variations of climate
(Imbrie and Imbrie 1979; Berger 1988). The isotopic
analysis of deep-sea sediment cores has provided
strong evidence that orbital perturbations are of pri-
mary importance in the timing of the waxing and wan-

ing of continental ice sheets (Hays et al. 1976; Berger
1978b; Imbrie et al. 1984; and Berger 1989). Spectral
analysis of these sediment cores revealed that the spec-
trum consists of statistically significant spectral peaks
near the frequencies of variations in eccentricity (cor-
responding to a period of 100 kyr), obliquity (41 kyr),
and precession (23 and 19 kyr). The dominant 100-
kyr cycle needs a nonlinear amplification of the eccen-
tricity precession cycles from the climate system itself.
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latitudes would be cold enough that winter snow would
last through the summer with the result that seasonal
snow could become perennial. This allows a positive
value for the annual budget of the snow and ice and
also provides the basis for a positive feedback. The
increase of the surface albedo due to the increase of
snow and ice would lead to further extension of the
snow and ice. According to this theory, glacial incep-
tion would be associated with times of high eccentricity
and low obliquity with Northern Hemisphere winter
near perihelion. Under this configuration of earth’s or-
bital parameter, the Northern Hemisphere summer re-
ceives less insolation. One period, which is character-
ized by reducing summer insolation and enhanced me-
ridional insolation gradient, was around 115 kyr BP.
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TABLE 1. Orbital parameters in the different experiment.

Obliquity Eccentricity Perihelion
Present day 23.440 0.016724 282.02
115K BP 22.411 0.041424 291.02

The importance of meridional insolation gradient for
ice buildup and decay was discussed by Young and
Bradley (1984). During periods when the meridional
insolation gradient was high, meridional circulation
would have been increased, thus enhancing meridional
moisture transport. High meridional temperature gra-
dients would also have been associated with more fre-
quent development of midlatitude depressions and an
increase in the rate of supply of moisture to high lati-
tudes. The importance of the strong meridional atmo-
spheric—ocean circulation for initial ice sheet growth
was also emphasized by Miller and de Vernal (1992).

Richmond (1986a,b) has argued on several grounds
that a period of glaciation took place in Wyoming
around 115 kyr BP. Widespread ice advance is also
thought to have taken place in the Arctic Canada during
this time period (Andrews et al. 1985, 1986). Shack-
leton (1987) has shown quite clearly that a major pe-
riod of global ice buildup appears to have occurred
around 115 kyr BP. A more recent review study by
Clark et al. (1993) also suggested that the Laurentide
ice sheet first developed over Keewatin, Quebec, and
Baffin Island, then advanced into western Canada. The
possible importance of sea ice in the inception of con-
tinental ice sheets was pointed out by Denton and
Hughes (1981).

Numerous energy balance models (EBMs) have
now been used to examine the reaction of the earth’s
climate to the orbital radiation changes (North et al.
1981; North et al. 1983; Hyde et al. 1989). The lati-
tudinal extent of the perennial snow cover in the
Northern Hemisphere has been shown to be particularly
sensitive to the seasonal variation of insolation in the
seasonal EBM developed by Suarez and Held (1979).
EBMs are particularly useful for a number of paleocli-
mate applications, as they allow economic testing of
the effect of the changes in orbital parameters or bound-
ary conditions. However, this kind of model does not
contain a sophisticated feedback mechanism and does
not contain a hydrological cycle that allows snow to be
explicitly generated or to increase.

It would clearly be of great interest to employ gen-
eral circulation models (GCMs) for the purpose of test-
ing the earth’s climate response to orbital parameter
changes. It would be especially of interest to see what
a GCM depicts for the snow/ice mass and energy bal-
ances as orbital parameters are gradually changed.
However, because of computer time restrictions, GCMs
can be used only to provide snapshot views of the cli-
mate in equilibrium with some boundary conditions
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and external forcing. Royer et al. (1983), using a low
resolution GCM with the surface boundary conditions
similar to the present ones simulated the annual cycle
of climate at 125 kyr BP and 115 kyr BP using the
appropriate seasonal insolation distribution. They ar-
gued that cooling over Canada and increased precipi-
tation induced by insolation change at 115 kyr BP
would favor the extension of permanent snow cover
over the Labrador area and could have triggered for-
mation of the Laurentide ice sheet. However, they did
not explicitly determine the net snow accumulation
rate. Rind et al. (1989) investigated the capacity of the
Goddard Institute for Space Studies (GISS) GCM to
retain snow cover in critical northern high-latitude lo-
cations under a variety of the imposed ‘‘Milankovitch’’
insolation regimes. However, they found that their
model failed to grow or sustain low-altitude ice during
the time of high-latitude maximum solar insolation re-
duction. Oglesby (1990) and Verbisky and Oglesby
(1992) performed a sensitivity study of glaciation us-
ing the National Center for Atmospheric Research
(NCAR) GCM. They mainly considered the effect of
changing carbon dioxide concentration and sea surface
temperature (SST) on maintaining the continental ice
sheets. But they did not consider the effect of changing
orbital parameters. Phillipps and Held (1994) also in-
vestigated the role of orbital perturbations. They found
significant northern summer cooling and extension of
sea ice but no increase in the area of snow accumula-
tion. Mitchell (1993), J. E. Kutzbach (1994, personal
communication) and Ramstein (1994, personal com-
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FiG. 1. Changes of solar insolation in W m~2 between 115 kyr BP
and present day as a function of latitude and time. Contour intervals
are 5.0 W m~? with negative values as dashed lines.
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munication) all report failure of their GCMs to accu-
mulate snow. Syktus et al. (1994) reported a success
of ice sheet initiation, but with a GCM coupled to a
dynamic upper ocean.

The main purpose of this paper is to investigate
whether a deficit in summer solar insolation can create
favorable conditions for Northern Hemisphere glacia-
tion using the UGAMP (U.K. University Global At-
mospheric Modelling Programme ) GCM. The sensitiv-
ity of glaciation to sea ice extent and snowmelt param-
eterization is also considered.

2. The model and experiment design

The UGAMP GCM is based on the forecast model
of the European Centre for Medium-Range Weather
Forecasts (ECMWF). The version we are using is
nearly identical to that currently being used in the At-
mospheric Model Intercomparison Project (AMIP),
which is described in detail by Slingo et al. (1994).

It is a spectral model using a sigma-pressure hybrid
vertical coordinate and using a triangular truncation at
total wavenumber 42. The physical parameterizations
are evaluated on a longitude/latitude grid of 128 by 64
points, where the mesh size is approximately 2.8°. The
model has 19 levels in the vertical, 5 of which are
within 150 hPa of the surface (i.e., in the boundary
layer).

The model includes the following physical parame-
terizations. The radiation scheme is that of Morcrette
(1990) and includes a predictive cloud scheme based
on relative humidity criteria (Slingo 1987). The cloud
scheme allows for four cloud types-convective and
three-layer clouds (high, middle, and low level). Pre-
cipitation results from both moist convection and from
supersaturation due to large-scale ascent. An envelope
orography is used in the model, which improves the
representation of small-scale orography significantly
(Wallace et al. 1983). For example, the elevation of
Baffin Island is 550 m, which is very close to reality
(567 m). A parameterization of the effect of atmo-
spheric gravity waves generated by subgrid-scale orog-
raphy is also included. This is referred to as gravity
wave drag (Palmer et al. 1986). The vertical advection
uses a total variance diminishing scheme (Thuburn
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being relatively dissipative. An important modification
included in this version of the model is that the con-
vective scheme is based on the work of Betts and Miller
(1986) and Slingo and Blackburn (1992). This scheme
has resulted in a substantial improvement of the tropical
circulation, compared to the results using the original
Kuo convection scheme.

The land surface temperature and moisture content
are calculated using a three-layer diffusive model. A
no-flux boundary condition at the bottom of the soil
model (approximately 3.4 m thick) is used. This is es-
sential for paleoclimate simulation because it allows
the surface temperature to respond fully to the forcing
rather than being tied to some current climatology on
long timescales.

An interactive surface hydrology is employed. Snow
cover is computed as the balance of snow fall, snow
melting, and sublimation. Snow height is measured in
meters of equivalent liquid water and obeys the equa-
tion ‘

. J
a5 =Cs,~2+ P, — M, (1)
ot Pw

where S, is snow depth, P, is the amount of precipita-
tion falling as snow, J, is the surface moisture flux, and
p. is the density of water. Here Cj, is the area fraction
covered by snow and is defined as

(S,
CS,, = nnn<S"”’ 1) ]

with §, = 0.015 m. If the surface temperature is below
the freezing point, the precipitation is assumed to be
snow; otherwise, it is taken as rain. Snowmelt (Mjs, )
occurs when the surface energy balance demands tem-
peratures above freezing point. Net heating of the snow
surface raises the temperature as high as the freezing
point. Additional heating causes snow melting. Once a
grid point becomes completely snow free, the surface
temperature is immediately allowed to rise to whatever
level above freezing point that the surface energy bal-
ance dictates. Snowmelt is parameterized as (if surface
temperature T, > T, = 273.16 K)

(2)

1993). This scheme improves the representation of ver- o= H,1 1 , (3)
tical moisture transports, but has the disadvantage of " pw Ly 208
TABLE 2. Description of experiments.
Experiment Conditions Length
PD Present-day climate, with present-day orbital parameters and SSTs, CO, concentration is 345 ppm. 10 yr
115K 115 kyr BP orbit parameters with present SSTs, CO, concentration is 280 ppm. 7yr
MD 115K 115 kyr BP orbit parameters with modified present SSTs in such a way that SST northward 65°N is decreased 7yr
by 2°C in June, July, and August. CO, concentration is 280 ppm.

MX PD Present-day climate in predicted SSTs with a mixed-layer ocean model. CO, concentration is 345 ppm. 10 yr
MX 115K 115 kyr BP orbit parameters in predicted SSTs with a mixed-layer ocean model. CO, concentration is 280 ppm. 10 yr
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where H, is the amount of available excess energy ac-
tually applied to net snowmelt. Here L, is the latent heat
of fusion, and At is the time step of integration.

Surface albedo and roughness length are prescribed.
The snow albedo, which is snow depth dependent, is
given by

S

(Sy + Swe)’
where the albedo A, is 0.80 and S,. is 0.01 m of
equivalent liquid water. Here A, is the bare land albedo.

The sea surface temperature (SST) in the model can
be specified or can be generated directly. In the gen-

A= AL + (Asnow - AL) (4)
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eration mode, the ocean is represented by a 50 m well-
mixed layer, with prescribed, seasonally varying heat
flux C. Thus the rate of change 9T/ in surface tem-
perature T is given by

ot

where p and C, are the density and heat capacity of sea
water; h is the depth of the mixed layer; and S is the
net downward surface heat flux from the atmosphere.
The heat divergence C is derived from (5) by diag-
nosing § as a function of month and location in an
atmospheric integration with prescribed sea surface

pCh=— =58 - C, (5)
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FiG. 2. Geographical distribution of the 10-yr averaged mean sea level pressure (hPa) for the present-day
simulation for (a) JJA and (b) DJF. Contour intervals are 4.0 hPa.
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FiG. 4. Geographic distribution of the mean precipitation (mm day ~') for the present-day simulation for JJA (a) and DJF (b), and observation for JJA (c) and DJF (d).

Observations are based on Legates and Willmott climatology. Contours are at 1.0, 2.5, 5.0, 10.0, 20.0 mm day ~'. Shading indicates precipitation rate is greater than 5.0 mm day -1
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temperature and using climatological SST to estimate
OT/0t. Here C is diagnosed separately over water and
sea ice. These values of C are prescribed and used along
with the surface fluxes S produced in the coupled in-
tegration to update the sea surface temperature. Over
water the surface albedo is 0.07.

The sea ice edge is prescribed as the —2°C contour
in the sea surface temperature. On sea ice itself, the
surface temperature is calculated using a simple sea ice
model as in Valdes and Hall (1994). This is a purely
thermodynamic model in which heat is stored by and
diffused vertically across a slab of ice that is 2 m thick.
Over sea ice the surface albedo is 0.55.

The insolation at the top of the atmosphere is pre-
scribed as a function of latitude, longitude, time of day,
and time of year. Two different orbital parameter con-
figurations are calculated according to three orbital pa-
rameters, which have been determined using the
method prescribed by Berger (1978a). The parameters
are the eccentricity of the earth’s orbit, the obliquity,
and the date on which the perihelion occurs (measured
in solar days from the vernal equinox ). These are given
in Table 1, which reveals that at 115 kyr BP the eccen-
tricity is larger than at present while obliquity is
smaller. The perihelion at present and at 115 kyr BP
occurs close to winter solstice. Large eccentricity and
low obliquity, combined with perihelion occurring in
northern winter at 115 kyr BP, leads to a reduced sea-
sonality in the Northern Hemisphere. The resulting dif-
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ference in incident solar radiation between 115 kyr BP
and present day as a function of latitude and time is
shown in Fig. 1. At 115 kyr BP, Northern Hemisphere
summer solar radiation at high latitudes was reduced
by up to 40 W m~2, which is about a 7% decrease.
Negative anomalies move to the Southern Hemisphere
in southern spring. In contrast, Northern Hemisphere
winter receives more insolation, mainly in low latitude
and with smaller magnitude (less than 20 W m~2).

The main experiments with different orbital param-
eters with both prescribed SST and with varying SST
are presented in Table 2. All experiments listed in Ta-
ble 2 are integrated from climatological conditions of
15 January.

In addition, two short experiments were performed
to test sensitivity to the snowmelt parameterization.
The specific description of each expenment will be pre-
sented in section 4.

3. Model performance of present climate

The response of a model to perturbations in orbital
parameters or to perturbations in boundary conditions
will depend on the simulations of the unperturbed cli-
mate (Palmer and Mansfield 1986; Mitchell et al.
1987). Hence a necessary, though not sufficient con-
dition for reliable climate changes due to forcing
change is that the model’s control simulation is real-
istic. In this section, the present-day model climatology
is briefly described.

The time-mean sea level pressure simulated by the
model is shown in Fig. 2. In general, the agreement of
the simulations of our model and the observations is
good and is better than those using low-resolution mod-
els (e.g., Schlesinger and Gates 1980; Mitchell et al.
1988). The geographical distribution of the simulated
and observed surface temperatures during DJF and JJA
are given in Fig. 3. Generally, simulations are in good
agreement with the observed values with relatively cold
air over Northern Hemisphere continents and warm air
over southern continents during DJF. The cold center
over Siberia is well simulated, but it is about 4°C cooler
than observation. Central North America is 2°—4°
warmer. The model simulated surface temperature over
the Antarctic is 5°—10°C colder than the observation.

In JJA, the surface temperature over continents in
the subtropics is simulated accurately. However, the
simulated surface temperature over central North
America and central Asia is 5°-10°C warmer. The
model underestimated surface temperature over Ant-
arctic by 10°-12°C. However, the observational data is
uncertain in these regions and the effects of orographic
elevation are important.

The simulated and observed precipitation patterns
(Legates and Willmott 1990) are shown in Fig. 4. In
most areas the major precipitation features are well
simulated. The main bands of the precipitation maxi-
mum associated with the intertropical convergence
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FiG. 6. Geographical distribution of snow depth (water equivalent in meters) for the present-day simulation
with prescribed SST for (a) August of year 10 and (b) February of year 10. Contours are at 0.01, 0.05, 0.25, 0.50,
1.0, 2.0, 4.0, 8.0, and 16.0 m. Shading indicates snow depth is greater than 0.25 m.

zone (ITCZ) and along midlatitude depression tracks,
are reasonably accurate. The ITCZ is well defined in
the model by a narrow band of maximum precipitation.
It is located around 5°N during DJF and 12°N during
JJA. This seasonal shift is also in good agreement with
observation. The model successfully simulates the
dry areas in the Sahara desert where the annual mean
precipitation is less than 0.1 mm per day. The posi-
tions and intensities of precipitation maximum over
North Atlantic and North Pacific storm tracks are
well simulated during DJF season. The pattern of
2.5-5.0 mm day ~' agrees well with observation. In

JJA, the model simulates the dry areas off North and
South America, southwest Africa, Australia, and in
the lee of mountain chains such as the Rockies and
Andes. The regions of high rain fall are also repro-
duced along the equator in the Amazon and African
rainforests. The Asia monsoon rain is also success-
fully reproduced. The simulated and observed pre-
cipitation in terms of zonal average are shown in Fig.
5. It is evident that the model successfully simulated
subtropical dry regions, precipitation maximum
along ITCZ, and midlatitude precipitation maximum.
However, the agreement between simulation and ob-
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servation is poor over the Southern Hemisphere. The
model underestimates midlatitude precipitation in
southern summer and overestimates it in southern
winter.

Shown in Fig. 6 are snow cover at August of year
10, when seasonal snow cover is the minimum and in
February, when seasonal snow cover is maximum. The
maximum in northern winter shows that snow covers
much of North America and Asia northward of 35°N,
the Tibetan Plateau, Greenland, and Antarctic. The
snow depth in North America ranges from 10 mm to
0.3 m and in Asia from 10 mm to 0.5 m. During
Northern Hemisphere summer, snow cover is confined
exclusively to the assumed permanent ice cap over
Greenland and over the Antarctic. The seasonal snow
cover variations are consistent with the snow cover ob-
servation analyzed by Robock (1980).

Seasonal variations of snow cover area over North
America and Eurasia are given in Fig. 7 together with
the National Oceanic and Atmospheric Administration
(NOAA) visible data. Over North America, simulated
snow cover agrees very well with NOAA data except
that in spring the model overestimates snow cover by
6%—25%. Over Eurasia, simulated snow cover is gen-
erally greater than observation except in August and
September when the snow cover is the minimum. These
results are similar to that found in the UKMO and
ECHAM models (J. Foster 1994, personnel commu-
nication).

In summary, the model-simulated present-day cli-
mate is quite realistic. The main features of the present
climate are successfully produced by the model. There-
fore, we think that the model is sufficiently realistic to
simulate the large-scale response to orbital perturba-
tions and boundary condition perturbations.

4. Model response to forcing changes
a. Orbital perturbations

The changes in the insolation at the top of the at-
mosphere at 115 kyr BP relative to the present day are
reduced before reaching the surface by reflection from
cloud and by atmospheric absorption and scattering
(Fig. 8a). However, the pattern of the differences in
solar radiation absorbed at the surface of the continents
is largely similar to the insolation forcing anomaly at
the top of the atmosphere (Fig. 1). The changes in
insolation in the Northern Hemisphere correspond to a
weakened seasonal cycle. The pattern of zonally av-
eraged surface temperature changes are very consistent
with the insolation changes. This is manifested by gen-
erally lower temperatures over land in the northern
summer and higher temperatures in the subtropics dur-
ing northern winter (Fig. 8b). Maximum decrease of
surface temperature occurs in northern high latitudes.
Zonally averaged differences over land are about —4°C
during northern summer and +1°C during northern
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FiG. 7. Time-averaged monthly snow cover area over
North America (a) and Eurasia (b).

winter. The increase of surface temperature also occurs
in the subtropics but with smaller magnitude.

The time-latitude diagrams provide a useful sum-
mary of the seasonal variations. However, zonally av-
eraged fields sometimes may be misleading, particu-
larly when there is a large variation along a particular
latitude. In the following, the geographical distribution
of the climate change due to changes in insolation and
SST will be presented.

Shown in Fig. 9 are surface temperature differences
between 115 kyr BP and the present day. During JJA,
there is a cooling over the continents except in Antarc-
tic. The largest cooling occurs in central Siberia and
central North America where the surface temperature
decreases by 4°-6.5°C. The cooling coincides with
regions of increased soil moisture by 2.0-4.0 mm,
which is about a 25%-30% increase (Fig. 11a), and
increased total cloud cover by 10%—15% (not shown).
These changes in the hydrological cycle enhance the
direct effect of the decreased insolation. The cooling
produced by our model is slightly larger than that pro-
duced by Rind et al. (1989). The cooling during the
Northern Hemisphere summer is also accompanied by
an increase of mean sea level pressure (not shown)
over continents. The mean sea level pressure over
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Fic. 8. Time versus latitude diagram of zonal mean difference over
land of surface solar radiation (a) and surface temperature (b) be-
tween the 115 K and PD runs. Contours are every 5.0 W m~2 in (a)
and 1.0°C in (b) with negative values as dashed lines.

oceans was decreased. This reduces ocean continent
pressure gradient and leads to a weakened monsoon
circulation. As a result, the precipitation over South
Asia is decreased (Fig. 10a). However, the precipita-
tion over the North Atlantic and North Pacific is en-
hanced due to enhanced baroclinic wave activity. The
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cooling is less pronounced in the southern continents
where changes in insolation are smaller. The increase
of temperature in central Africa near the equator is re-
lated to changes of hydrological processes. In that re-
gion, precipitation decreases, as does the evaporation
and cloud cover. This change allows more solar radi-
ation to reach the surface and decreases latent heat loss
due to evaporation. These two effects offset the direct
insolation changes and lead to a surface temperature
increase.

During the DJF season, the insolation in the Northern
Hemisphere was increased at 115 kyr BP. Generally
surface temperatures in the northern continents were
increased. In the Northern Hemisphere subtropics,
there is a warming of about 1°-2°C. The warming over
Siberia is also about 1°-2°C. The smaller warming in
northern winter is consistent with insolation changes.
However, in northeast America, the surface tempera-
ture decreased by 1°-2°C, which may be related to the
enhanced Iceland low pressure system, which brings
cold air to northeast America. Surface pressure is re-
duced over the continent in low latitudes, especially
over South Asia, central Africa and South America (not
shown) in response to the increased insolation. In the
Southern Hemisphere, the enhancement in continent—
ocean pressure gradient indicates an enhanced mon-
soon circulation. Thus low-level convergence is en-
hanced, resulting in an increase of precipitation and soil
moisture over South America, south Africa, and south-
east Australia (Figs. 10b and 11b).

Shown in Fig. 12 is the snow cover at August and
February of year 7 of the run with 115 kyr BP orbital
parameters. There are striking differences compared
with the present-day control simulation (Fig. 6). Much
of the Canadian Archipelago and a small area over the
Tibetan Plateau are snow covered during the time of
seasonal snow cover minimum. In these regions, the
model can initiate snow cover when 115 kyr BP orbital
parameters are used and snow is accumulated through
time in the model integration. Snow accumulation rate
over the southern edge of Greenland is enhanced,
which is associated with the enhancement of precipi-
tation there in the 115 kyr BP run. Except for the above-
mentioned regions, snow cover over North America
and Siberia is still seasonal. Snow accumulates in win-
ters and melts in summers. However, snow cover du-
ration over North America and Siberia, for the 115 kyr
BP run, is 2—3 weeks longer than the present day.
Snow accumulation rate over the Antarctic is very
small (less than 0.1 m yr™") for both the present day
and 115 kyr BP because the air over there is very cold

and dry.
b. Orbital perturbation with modified SSTs

So far we have assumed that the ocean and sea ice
extent do not respond to the changes of insolation. This
is clearly an unrealistic assumption. It is likely that, in

8QDXWKHQWLFDWHG _

'RZQORDGHG



OcCTOBER 1995

DONG AND VALDES

2481

FiG. 9. Geographical distribution of the mean surface temperature anomalies (115 K-PD) for JJA (a) and DJF
(b). Contour intervals are every 1.0°C with negative values as dashed lines. Shading indicates that the differences
are significant at 95% confidence level using Student’s t-test.

northern summer, the ocean temperatures would be
cooler and sea ice extent increased. This would act to
enhance the cooling over the land. Thus, we have per-
formed an SST sensitivity experiment by cooling June,
July, and August SST poleward of 65°N by 2°C. This
has the effect of extending the sea ice by 2—8 latitudes
southward in the Arctic.

During the JJA season, the pattern of surface tem-
perature difference between the MD 115 K run and the
present day is similar to that shown in Fig. 9, except
that negative surface anomalies over Arctic Canada and
Siberia are enhanced by 1°-2°C. The cloud cover

changes over Asia are similar to the difference between
115 kyr BP and the present-day control. However, total
cloud cover over North America, especially over Baffin
Island increased by about 20%. Increase of soil mois-
ture in Siberia relative to the present day is only about
15%, which is due to the fact that snow remains in
summer, resulting in less snowmelt and hence a reduc-
tion of soil moisture. During DJF, warming over the
Siberian region due to change in insolation is reduced.
The changes in other regions relative to the 115 K run
are relatively very small because only SST northward
of 65°N during the JJA season was modified.
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