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The Influence of Continental Ice Sheets on the Climate of an Ice Age

S. MANABE AND A. J. BRoOCCOLI
Geophysical Fluid Dynamics Laboratory/NOAA, Princeton University, Princeton, New Jersey

The climate influence of the land ice that existed 18,000 years before present (18K B.P.) is investigated
by use of a general circulation model of the atmosphere coupled with a static mixed layer ocean.
Simulated climates are obtained from two versions of the model: one with the land ice distribution of the
present and the other with that of 18K B.P. In the northern hemisphere the tropospheric flow field is
strongly influenced by the Laurentide ice sheet and features a split flow straddling the ice sheet, with a
strong jet stream forming the southern branch. The northern branch of the flow brings very cold air over
the North Atlantic Ocean, where thick sea ice is maintained. The distribution of sea surface temperature
(SST) difference between the two experiments in the northern hemisphere resembles the difference be-
tween the SST at 18K B.P. and at present, as estimated by the CLIMAP Project (1981). The 18K B.P. ice
sheets have very little influence upon atmospheric temperature and SST in the southern hemisphere. This
is because the interhemispheric heat transport hardly changes as the loss of heat energy due to the
reflection of solar radiation by continental ice sheets in the northern hemisphere is almost completely
counterbalanced by the in situ reduction of upward terrestrial radiation. Hydrologic changes in the
model climate are also found, with statistically significant decreases in soil moisture occurring in a zone
located to the south of the ice sheets in North America and Eurasia. These findings are consistent with

some geological evidence of regionally drier climates from the last glacial maximum.

1. INTRODUCTION

The climate of an ice age has been the subject of many
recent studies conducted by using mathematical models of
climate. One can classify these studies into two categories. In
the first category are studies aiming at the identification of
physical mechanisms responsible for causing the transition be-
tween an interglacial and glacial climate. The second category
includes studies exploring how the cold climate of an ice age is
maintained under the influences of various physical factors.
The present study belongs to the latter category. It is likely
‘that the results from the studies of the second category will
‘also provide valuable information for those of the first cat-
egory. '

. It has been suggested that the temporal variation of the
- orbital parameters of the earth is responsible for causing ice
-age climates to develop [e.g., Milankovitch, 1941], and the
spectral analysis of paleoclimatic data from deep sea cores
- supports the speculation [Hays et al., 1976]. However, by the
~time the last glacial period had reached its peak at 18,000
years before present (18K B.P.) the orbital parameters were
very similar to those at the present. (This is due to the
* ~ 20,000-year period of the perihelion cycle and the present
-obliquity being near the average value in its 41,000-year cycle,
which recurs every 20,500 years.) Thus it is reasonable to
. assume that, while temporal variation of the orbital parame-
ters may have induced the start of the last glaciation, differ-
- “ences in the orbital parameters were not responsible for main-
* taining the ice age climate of 18K B.P. Other physical factors
- must have been responsible for maintaining the cold ice age
climate.
One of the important factors helping to maintain a low
atmospheric temperature during an ice age is the existence of
_extensive continental ice sheets that reflect a large fraction of
insolation. The present study investigates the influences of
“continental ice sheets on the climate of the last major ice age

by use of a mathematical model of climate constructed at the
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Geophysical Fluid Dynamics Laboratory of NOAA. In partic-
ular it attempts to determine whether the influence of the
continental ice sheets is large enough to account for the cold
climate of an ice age or whether it is necessary to consider
other factors.

This study is preceded by two important developments. The
first is the detailed reconstruction of an ice age environment
by the CLIMAP (Climate: Long-Range Investigation, Map-
ping, and Prediction) project. Based upon the results from the
analysis of deep-sea cores and other geological data, they re-
constructed the global distributions of sea surface temper-
ature, surface albedo, and continental ice at the peak of the
last major glaciation, i.e., at 18K B.P. [CLIMAP Project,
1981]. This reconstruction provided an ideal data base for the
present study.

The second development is the construction of a mathemat-
ical model of the joint atmosphere-mixed layer ocean system.
In order to study the distribution of the climate change re-
sulting from a future increase of the atmospheric CO,,
Manabe and Stouffer [1980] constructed a climate model that
consists of a general circulation model of the atmosphere and
a simple mixed-layer model of the oceans. This model suc-
cessfully reproduces many of the features of the global climate
and its seasonal variation, despite drastic simplifications
adopted in the construction of the model.

By use of an atmosphere-mixed layer ocean model, in
which sea surface temperature (SST) is a predicted quantity,
we wish to evaluate the influence of various ice-age boundary
conditions upon the SST distribution of the model. Thus this
study is fundamentally different from those of Gates [1976a, b]
and Manabe and Hahn [1977], in which CLIMAP SST’s were
used as fixed boundary conditions for simulating an ice age
climate.

This is the first of a series of numerical experiments in which
CLIMAP data is used to quantitatively assess the importance
of various boundary conditions in maintaining an ice-age cli-
mate. In the present study the influence of continental ice will
be examined. Future studies will consider the importance of
other processes and boundary conditions. Preliminary results
from the present study are found in Manabe and Broccoli
[1984a, b].
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Fig. 1. Box diagram illustrating the basic structure of the coupled
atmosphere/mixed-layer ocean climate model.

2. MODEL STRUCTURE

As the box diagram of Figure 1 indicates, the mathematical
model used for this study consists of three basic units: (1) a
general circulation model of the atmosphere, (2) a heat and
water balance model over the continents, and (3) a simple
model of the oceanic mixed layer. A description of these three
units follows.

The atmospheric general circulation model computes the
rates of change with time of the vertical component of vorti-
city, horizontal divergence, temperature, moisture, and surface
pressure based on the equations of motion, the thermodynam-
ical equation, and the continuity equations for moisture and
mass. The prognostic equations assume the hydrostatic ap-
proximation and use a terrain-following vertical-coordinate
system.

The horizontal distributions of the primary variables are
represented by a finite number of spherical harmonics. The
model predicts the rate of change of the spectral components
by computing the tendencies from the prognostic equations at
all grid points and transforming them to the spectral domain
as suggested by Orszag [1970]. The horizontal resolution of
the spectral representation of a field depends upon the degree
of truncation of spherical harmonic components. The present
model adopts the “rhomboidal 15" wave number truncation,
in which 15 associated Legendre functions are retained for
each of 15 Fourier components with the lowest zonal wave
numbers. Vertical derivatives appearing in the prognostic
equations are computed by a centered, second-order finite dif-
ference with nine unevenly spaced levels.

The numerical time integration of the prognostic equations
is conducted by a semiimplicit method in which the linear and
nonlinear components of the rate of change of a variable are
separated and time integrated implicitly and explicitly, respec-
tively. To prevent the growth of fictitious computational solu-
tions, time smoothing is applied at each time step [Robert,
1966].

The dynamical component of the model described above
was developed by Gordon and Stern [1974, 1982] and is very
similar to spectral models developed by Bourke [1974] and
Hoskins and Simmons [1975]. The performance of this spectral
model of the atmospheric general circulation is described in
detail by Manabe et al. [1979b] and Manabe and Hahn
[1981].

The distribution of incoming solar radiation at the top of
the atmosphere is prescribed. Computation of the flux of solar
radiation is performed in a manner similar to that described
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by Lacis and Hansen [1974]. For simplicity the diurnal vari-
ation is removed. Terrestrial radiation is computed by the
method developed by Rodgers and Walshaw [1966] and modi-
fied by Stone and Manabe [1968). The depletion of solar radi-
ation and the transfer of terrestrial radiation is computed by
taking into consideration the effects of water vapor, carbon
dioxide, ozone, and cloud cover. The distribution of water
vapor is determined from the prognostic equation for water
vapor. The mixing ratio of carbon dioxide is assumed to be
constant everywhere. Ozone is specified as a function of lati- |
tude, height, and season.

Cloud cover is prescribed to be zonally uniform and in-
variant with respect to season. The assumption of fixed cloud
cover is made because a reliable parameterization of the
cloud-radiation feedback process is not available at the pres-
ent time. Nevertheless, in view of the dominant influence of
cloud cover upon the distributions of radiative fluxes in the
atmosphere, it is possible that the climatic influence of conti-
nental ice sheets is significantly modified by cloud variation.
This is the subject of future investigation by use of a climate
model in which the cloud-radiation feedback process is taken
into consideration.

Precipitation is predicted whenever supersaturation occurs
in the model. If precipitation occurs while the air temperature
just above the surface is below freezing, snowfall is forecast;
otherwise any precipitation is assumed to fall as rain. A moist
convection adjustment scheme is used to represent moist con-
vection processes. Further details of the prognostic system of
water vapor are found in Manabe et al. [1965].

Over the continents, surface temperatures are determined
by the requirement that no heat be stored in the soil. The
surface albedo, which is needed to determine the net solar flux
at the ground, is prescribed geographically, based on a study
by Posey and Clapp [1964]. However, these albedos are re-
placed by higher values wherever continental ice or snow
cover are present. The albedo for continental ice is prescribed
to be 70%. The albedo for snow cover is a function of latitude
and show depth. Table 1 gives the albedo values for deep
snow as a function of latitude. When the water equivalent of
the snow depth is below 1 cm, it is assumed that the snow
albedo decreases from the values in Table 1 to the albedo of
the underlying surface as a square root function of snow
depth. A change in snow depth is predicted as the net contri-
bution from snowfall, sublimation, and snowmelt, with the
latter two determined from the surface heat budget.

The groundwater budget is computed by the “bucket
method.” The soil is assumed to have a water-holding capacity
of 15 cm. If the computed soil moisture exceeds this amount,
the excess is assumed to be runoff. Changes in soil moisture
are computed from the rates of rainfall, evaporation, snow-
melt, and runoff. Evaporation from the soil is determined as a
function of soil moisture and the potential evaporation rate

TABLE 1. Albedo (%) of Snow and Sea Ice as a Function of
Latitude
Latitude, deg
0-55 55-66.5 66.5-90
Deep snow 60 60 ~ 80* 80
Thick sea ice 50 50 ~ 70 70
Melting 45 45 45

* ~ means linear interpolation with respect to latitude between the
two values.
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Fig. 2. Terrain height in kilometers above sea level as used by the model. As noted in the text, the topographic features
are smoothed considerably as a result of spectral truncation: (top) present; (bottom) 18K B.P.

(i.e., the hypothetical evaporation rate from a completely wet
soil). Further details of the hydrologic computations can be
found in Manabe [1969].

The oceanic mixed-layer model consists of a vertically iso-
thermal layer of water with a uniform depth of 68.5 m. This
thickness was chosen to yield approximately the observed sea-
sonal amplitude of sea surface temperature (SST). This model
takes into consideration the large heat capacity of the oceanic
mixed layer but neglects the effects of horizontal heat trans-
port by ocean currents and of the heat exchange between the
mixed layer and the deeper parts of the ocean.

Over ice-free regions the rate of change of the mixed-layer
temperature with time is computed from the net contribution
of the solar and terrestrial radiation fluxes and the sensible
and latent heat fluxes at the ocean surface. In the presence of
sea ice the mixed-layer temperature is fixed at the freezing
point of seawater (—2°C), and the heat conduction through
the ice is balanced by the latent heat of freezing (melting) at
the bottom of the ice layer. This process together with melting
at the ice surface, sublimation, and snowfall determines the
change in ice thickness [Bryan, 1969]. For the computation of

et solar radiation at the oceanic surface, albedo is prescribed

as a function of latitude. Over regions covered by sea ice,
higher surface albedo values are prescribed as a function of
latitude and ice thickness. Table 1 gives the albedo values for
thick sea ice as a function of latitude. The formation of melt-
water puddles is parameterized by lowering the surface albedo
to 45% when the surface temperature reaches the melting
point. When the ice thickness is less than 0.5 m, the albedo is
further reduced from the values in Table 1 to the lower albedo
of the underlying water surface as a square root function of ice
thickness. A more detailed description of the mixed-layer
ocean model can be found in Manabe and Stouffer [1980].

3. NUMERICAL EXPERIMENTS
3a. Experimental Design

In order to evaluate the influence of continental ice sheets
on the climate of an ice age, two long-term integrations of the
atmosphere-mixed layer ocean model described in the preced-
ing section are conducted. The first time integration, hereafter
identified as the standard experiment, assumes (as a boundary
condition) the modern distribution of continental ice, as re-
flected by the topography shown in the upper portion of
Figure 2. The second time integration assumes the distribution
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Fig. 3. Time variation of the global mean mixed-layer ocean temperature from the ice sheet and standard experiments.
A l-year, running mean operator is applied to both curves. Because of differences in sea level, the oceanic area is different
between the two experiments; therefore the smallness of the difference in area-mean temperature is not representative of

the temperature change between the two experiments.

of continental ice at the peak of the last major glaciation at
18K B.P. and will hereafter be identified as the ice sheet exper-
iment. This continental ice distribution represents the “maxi-
mum reconstruction™ as discussed by Hughes et al. [1981].
The 18K B.P. distribution of continental ice as reconstructed
by CLIMAP is reflected in the ice age topography shown in
the lower portion of Figure 2.

The topographic maps in Figure 2 are obtained by applying
the “rhomboidal 15" spectral truncation to the modern and
18K B.P. surface elevations. Thus they are compatible with
the computational resolution of the spectral model used for
the present study. Despite this spectral smoothing the major
characteristics of the original topographic distributions remain
unaltered. A disturbing consequence of the spectral truncation
are the spurious ripples of negative altitude in oceanic regions.
These ripples are particularly pronounced near the steep
coastal slopes of Antarctica and Greenland. The negative alti-
tudes in oceanic regions do not exceed 400 m at any point and
are generally less than 50 m.

The land-sea boundaries indicated in the maps of Figure 2
are not derived from the spectrally truncated topography. In-
stead, high-resolution topographic data are interpolated to the
model grid to obtain land-sea boundaries.

According to the estimate by CLIMAP, the 18K B.P. sea
level was about 150 m below the present sea level because of

the exchange of water mass between continental ice sheets and
oceans. Therefore the difference in sea level between the two
experiments is prescribed to be 150 m.

Orbital parameters in both experiments are set at modern
values. This is a reasonable simplification, since the set of
orbital parameters at 18K B.P. is not very different from the
modern set, as noted in section 1. Thus the distribution of
insolation at the top of the atmosphere with latitude and
season is the same in both experiments. The same distribution
of surface albedo of snow- and ice-free areas is used for both
experiments. The albedo of continental ice is the same in both
experiments, and the treatment of snow cover and sea ice is
the same, as described in section 2.

3b.  Numerical Time Integration

The initial condition for both time integrations is an iso-
thermal and dry atmosphere at rest coupled with an iso-
thermal mixed-layer ocean. The initial temperature is chosen
to be 280°K. The temporal variations of global mean (water)
temperature of the mixed-layer ocean from the two experi-
ments are shown in Figure 3. Annual variation is removed
from both curves by applying a 1-year running mean operator.
According to this figure, the global mean temperature of the
mixed-layer ocean of the model changes little after year 12 of
both experiments. The detailed analysis of the results from the
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Fig. 4. Latitudinal distribution of annual average zonal mean surface air temperature from the standard experiment

(solid line, degrees Kelvin). The observed zonal mean tempera

included for comparison and are indicated by crosses.

numerical time integrations, however; indicates that zonal
mean temperature distribution of the mixed-layer ocean of the
model does not become stationary until several years after the
global mean temperature reaches a stationary value. Therefore
the results from the last 6 years of the standard experiment
and the last 5 years of the ice sheet experiment are used for the
analysis described in subsequent sections.

The distribution of climate that emerged from the standard
experiment is described in detail by Manabe and Stouffer
[1980]. As emphasized in their paper, the model attained a
rather realistic climate toward the end of the standard time
integration. One notes, however, significant differences be-
tween the simulated and actual climates as indicated by
Figure 4, which compares the latitudinal distribution of zo-
nally averaged surface air temperature of the model atmo-
sphere with the observed distribution. According to this figure,
the zonal mean surface air temperature of the model is slightly
lower than the observed temperature in the northern hemi-
sphere, whereas it is significantly warmer than the observed in
the southern hemisphere.

Sea ice is somewhat overestimated in extent in the northern
hemisphere, particularly in winter. In the southern hemisphere
the model substantially underestimates the areal extent of sea
ice throughout the year. The differences between the model
sea ice distribution and the observed sea ice distributions are
consistent with the differences between computed and ob-
served surface air temperature described in the preceding
paragraph.

Precipitation is simulated reasonably well by the model, but
there are two major inconsistencies with the observed precipi-
tation. The location of the intertropical convergence zone and
its accompanying rainbelt is about 5°~10° latitude south of the
observed position. This is probably due to hemispheric biases
in surface air temperature. In addition the model precipitation
at high latitudes is too large throughout the year. It has been
noted that this is one of the characteristics of a spectral model
°_f the atmosphere with relatively low computational resolu-
tion [Manabe et al., 1979b].

tures [Crutcher and Meserve, 1970; Taljaard et al., 1969] are

4. CLIMATE RESPONSE

4a. Sea Surface Temperature

To illustrate the effect of continental ice on the distribution
of sea surface temperature (SST), Figures 5 and 6 are con-
structed. These figures show the geographical distributions of
the SST difference of the model mixed-layer ocean between
the ice age and the standard experiments for February and
August, respectively. (Note that in the areas covered by sea ice
the SST is assumed to be —2°C.) For the sake of comparison
the distribution of the SST difference between 18K B.P. and
the present as determined by CLIMAP is added to the lower
half of each figure.

These maps indicate that, during both February and
August, the SST difference in the southern hemisphere of the
model is very small. On the other hand the difference between
the 18K B.P. and modern sea surface temperature estimated
by CLIMAP has significant magnitude in not only the north-
ern hemisphere but also the southern hemisphere. Since most
of the changes in the distribution of continental ice between
the two experiments are located in the northern hemisphere,
this result suggests that the existence of an ice sheet in one
hemisphere has relatively little influence on the distribution of
sea surface temperature in the other hemisphere. This issue is
discussed further toward the end of this section.

In the northern hemisphere, SST’s from the ice sheet experi-
ment are significantly colder than the corresponding temper-
atures in the standard experiment. In both Februdy and
August the difference is most pronounced in the mid-latitudes
of the North Atlantic and the North Pacific. The ice-sheet-
induced cooling over the Atlantic is generally larger than the
corresponding cooling over the Pacific. This feature is in good
qualitative agreement with the difference obtained by
CLIMAP between the modern and 18K B.P. distributions of
SST. Some of the characteristics of the CLIMAP SST differ-
ences are not reproduced by the model. For example the
model distribution lacks the areas of slight positive SST differ-
ence in the subtropical region of the North Pacific and the
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Fig. 5. February monthly mean SST difference (degrees Kelvin, stippling indicates positive difference): (top) difference
between ice sheet and standard experiments; (bottom) difference between 18K B.P. and present (as reconstructed by
CLIMAP). Areas covered by sea ice in the ice sheet experiment and at 18K B.P. are indicated by black shading.

narrow belt of large negative SST difference located along the
east coast of the Eurasian continent. This region of localized
negative difference appearing in the CLIMAP result is prob-
ably indicative of the shift of the Kuroshio current between
the glacial period and the present. Since the simplified mixed-
layer ocean of the model does not have the effect of heat
transport by ocean currents, it is not surprising that the model
fails to reproduce this characteristic.

The zones of maximum difference in sea surface temperature
in winter over both the North Atlantic and the North Pacific
of the model approximately coincide with the winter sea ice
margin from the ice sheet experiment. Since the temperature of
water beneath sea ice is prevented from falling below the freez-
ing point (i.e, —2°C), the meridional gradient of mixed-layer
temperature is zero poleward of the sea ice margin, while it is
negative equatorward of the sea ice margin. This feature is
evident in Figure 7, which includes the latitudinal profiles of
zonal mean SST and sea ice thickness over the North Atlantic
ocean in winter from both experiments. (For the discussion in

section 4e the latitudinal distributions of surface air temper-
ature from the two experiments are also added to the same
figure.) The difference between the two zonal mean SST's is at
a maximum near the sea ice margin in the ice age experiment
and becomes zero poleward of the sea ice margin in the stan-
dard experiment. This figure clearly reveals the close relation-
ship between the sea ice margin and the difference in sea
surface temperature between the two experiments.

For a quantitative comparison between the results from the
model experiments and those obtained by CLIMAP, Figure 8
is constructed. This figure illustrates, for the months of Febru-
ary and August, the zonal mean difference in SST between the
ice sheet and standard experiments. In addition the corre-
sponding difference between the 18K B.P. and modern SST
obtained by CLIMAP is plotted in the same figure. Again, one
notes that in the southern hemisphere the SST difference be-
tween the two experiments is very small, whereas a significant
difference is indicated in the CLIMAP results. The only area
in which a substantial reduction in zonal mean SST can be
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noted in the southern hemisphere is the coastal waters near
Antarctica. It is likely that this reduction results from the
difference in the horizontal extent of the Antarctic ice sheet
between 18K B.P. and the present. According to Figure 2, the
18K B.P. ice sheet is more extensive than the present one,
occupying most of the continental shelves of the Ross and
Weddell seas. Elsewhere, southern hemisphere zonal mean
SST for the ice age experiment is slightly warmer than the
corresponding temperature for the standard experiment. This
slight warming probably results from the ice-sheet-induced in-
crease of sea level pressure which occurs in response to the
lowering of sea level and displacement of atmospheric mass by
the ice sheets. This increases the optical depth (for terrestrial
radiation), enhancing the greenhouse effect of the atmosphere.
This speculation is supported by the results from a numerical
experiment using a one-dimensional, radiative-convective
model of the atmosphere in which a 15-mbar increase in sea
level pressure produces an increase in surface temperature of
: 0.04 K. The main implication of the present results is however,
¥ lhat the thermal influence of the northern hemisphere upon

the sea surface temperature of the southern hemisphere is
small.

In the northern hemisphere the belt of the largest SST dif-
ference produced by the model is located to the south of the
corresponding belt in the CLIMAP results. This is the case for
both February and August. As pointed out earlier in the dis-
cussion of the geographical distribution of SST difference be-
tween the ice sheet and standard experiments, the belt of the
largest difference is located near the winter sea ice margin in
the ice sheet experiment. Since the northern hemisphere SST
as simulated by the model is colder than the observed temper-
ature as pointed out in section 3, the simulated sea ice margin
is placed equatorward of its observed position. This explains
why the belt of the largest temperature difference is placed
equatorward of the belt of maximum difference between 18K
B.P. and present SST as estimated by CLIMAP.

These discussions are substantiated by Figure 9, in which
zonally averaged northern hemisphere SST differences are
plotted against the sea surface temperature of the standard
experiment rather than latitude. In this figure the largest SST
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difference between the ice sheet and standard experiments
occurs approximately at the same temperature as the largest
SST difference between 18K B.P. and the present as estimated
by CLIMAP. This figure suggests that, if the sea surface tem-
perature in the northern hemisphere of the model were simu-
lated more realistically, the agreement between the computed
and CLIMAP profiles of SST difference in the northern hemi-
sphere would have been better.

4b. Flow Field

From the discussion in the preceding subsection it is clear
that the zonal belt of large SST difference in the North Atlan-
tic Ocean of the model is a manifestation of the equatorward
shift of the margin of sea ice from the standard to the ice sheet
experiment. The physical mechanism responsible for the shift
becomes evident when one examines the winter distribution of
atmospheric flow as obtained from the ice sheet experiment.

Figure 10 contains maps of the geopotential height at the
S15-mbar surface averaged over the December-January-
February season (i.e., northern hemisphere winter) for the ice
sheet and standard experiments. This figure indicates that the
515-mbar geopotential height field from the ice sheet experi-
ment is characterized by (1) an intense ridge over western
North America, (2) a long-wave trough in eastern North
America tilted from southwest to northeast, and (3) a ridge
located along the west coast of Europe. Examining the distri-
bution of wind speed at the S15-mbar level shown in Figure
11, a split flow structure is present straddling the Laurentide
ice sheet. The northern wind maximum, by far the weaker of
the two, possesses an anticyclonic curvature over the north-
western portion of North America. On the other hand the
southern branch becomes very intense on the downstream side
of the eastern North American trough described above.

Although one can identify qualitatively similar character-
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istics in the field of 515-mbar geopotential height from the
standard experiment, the pattern is much less pronounced. No
split flow structure exists, and the single jet present is con-
siderably weaker than the southern branch jet from the ice
sheet experiment. Thus it is clear from this comparison that
the North American ice sheet is responsible for creating a split
flow and intensifying the eastern North American trough at
mid-tropospheric levels.

The pattern of 515-mbar geopotential height from the ice
sheet experiment can be compared with the surface flow field
shown in Figure 12. Beneath the strong mid-tropospheric
ridge over northwestern North America, a region of antij-
cyclonic outflow is present at the surface. An intense surface
flow originates from this anticyclone and follows the northern
periphery of the North American ice sheet, eventually passing
between the Laurentide and Greenland ice domes and over
the Labrador Sea. This parallels the route of the northern
branch of the mid-tropospheric split flow. The northern slope
of the ice sheet, with its high reflectivity, provides an ideal
environment for the development of the extremely cold air
masses which invade the North Atlantic Ocean. This cold air
is responsible for the formation of thick sea ice which, in turn,
reduces the heat exchange between the sea water and the
overlying air and prevents the warming of the air mass. This
self-sustaining mechanism will be discussed further in the fol-
lowing subsection.

4c. Surface Air Temperature

The geographical distribution of the difference in the surface
air temperature between the ice sheet and standard experi-
ments is illustrated in Figure 13 for the December-January-
February (DJF) and June-July-August (JJA) seasons. (Com-
puted “surface air temperature” is the temperature at the
lowest finite-difference level of the model, which is located
~70 m above the earth’s surface.) Since the response of the
surface air temperature is different for oceanic and continental
areas, it is discussed separately for oceans and continents.

Oceans. During the DJF season, one notes the belt of large
negative surface air temperature difference over the North At-
lantic Ocean at about 50°N, with a magnitude of more than
30°C over the Labrador Sea. A similar belt of large negative
surface air temperature difference is also present in the western
North Pacific at approximately the same latitude but of less
magnitude than its Atlantic counterpart. As discussed in the
preceding subsection, an extremely cold surface air mass is
developed over the northern periphery of the North American
ice sheet and flows over the North Atlantic Ocean in the ice
sheet experiment. This accounts for the North Atlantic maxi-
mum of surface air temperature difference described above. It
is of interest that over both the North Atlantic and North
Pacific oceans the magnitude of the DJF difference in surface
air temperature is much larger than the corresponding SST
difference.

The physical mechanism responsible for this large difference
in the surface air temperature becomes evident from the analy-
sis of Figure 7. The top part of this figure illustrates the distri-
butions of zonal mean sea surface temperature for the Atlantic
Ocean from both the standard and ice sheet experiments. The
bottom part of Figure 7 contains the latitudinal distributions
of surface air temperature from the two experiments. The dis-
tribution of zonal mean sea ice thickness is also shown in the
upper part of the figure for reference. In both experiments the
zonal mean air-sea temperature difference increases sharply
from the margin of sea ice toward higher latitudes, where sea
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Fig. 8. Latitudinal distribution of zonal mean SST difference between the ice sheet and standard experiments (degrees
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ice is thicker and heat exchange between the ocean and the
overlying air is reduced. Since the sea ice margin in the ice
sheet experiment is located to the south of the sea ice margin
in the standard experiment, one can identify in this figure a
zonal belt between 47°N and 60°N where sea ice exists only in
the ice sheet experiment. In this zonal belt the air-sea temper-
ature difference in the ice sheet experiment is much larger than
the corresponding difference in the standard experiment be-
cause of the insulating effect of sea ice. This is why the differ-
ence in surface air temperature between the two experiments is
very large just to the north of the sea ice margin in the ice
sheet experiment as indicated in the upper half of Figure 13.

In the JJA season the air-sea temperature difference is small
over both the North Atlantic and North Pacific oceans of the
model in both experiments. Therefore the distribution of the
difference in surface air temperature between the two experi-
ments is essentially similar to the distribution of SST differ-
ence discussed in the preceding section.

Continents. As Figure 14 indicates, the difference in zonal
Mmean surface air temperature between the two experiments
undergoes large seasonal variation over the continents. Over

both the North American and Eurasian continents, the differ-
ence in winter is much larger than the corresponding differ-
ence in summer. In winter the region of large difference ex-
tends from the southern periphery of continental ice sheets
toward subtropical latitudes, where in summer it is limited to
the immediate vicinity of ice sheets.

Figure 15 illustrates the latitude-time distribution of the
difference in zonal mean albedo of the continental surface
between the two experiments. The difference is large in winter
and small in summer in the middle latitude region south of the
ice sheets. This seasonal variation of the difference in surface
albedo is partly responsible for the large seasonal dependence
of the surface air temperature difference described above. The
winter snow cover in the ice sheet experiment is much more
extensive than the corresponding snow cover in the standard
experiment. This partly accounts for the large difference in
surface albedo in winter. On the other hand the difference in
snow cover between the two experiments is small during
summer when there is little snow to the south of ice sheets.

The difference in surface air temperature between the ice
sheet and standard experiments can be compared with paleo-
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climatic estimates of the temperature difference between 18K
B.P. and the present. The estimates used are extracted from
the compilation of paleobotanical and other geological data
by Peterson et al. [1979]. In selecting the data to be used in
this comparison, all of the paleotemperatures mapped by Pe-
terson et al. are used irrespective of differences in the precision
of the dating. Figure 16 contains a pair of scatter diagrams
that illustrate the correspondence between these paleoclimatic
temperature differences and the temperature differences from
the nearest model grid point for various geographical lo-
cations in 