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The Surface of the Ice-Age Earth 

Quantitative geologic evidence is used to reconstruct 

boundary conditions for the climate 18,000 years ago. 

CLIMAP Project Members 

Over the last few million years the 
earth's climate has alternated between ice 
ages and warmer intervals. The cause of 
these climatic fluctuations is an intriguing 
and as yet unsoived problem. The difficulty 
in understanding the cause lies in the com- 
plexity and global scope of the climate sys- 
tem, for changes in climate occur over a 
wide range of time and space scales, and 
involve interactions within a planetary sys- 
tem that includes the ice sheets, the atmo- 
sphere, the surface of the land, and the en- 
tire world ocean (1). Thus, any strategy for 
attacking this problem empirically must be 
linked to a physical model of the global cli- 
mate system. 

The most detailed and highly developed 
models of climate are the general circula- 
tion models (GCM's) of the atmosphere. 
General circulation models do not address 
the problem of long-term climatic change 
directly. Rather, they attempt to explain in 
dynamic terms the complex of processes 
which, by balancing the earth's radiation 
budgets, maintain a particular climate in 
equilibrium. On a global grid, the GCM's 
simulate numerically a time-averaged, 
three-dimensional atmosphere calculated 
to be in equilibrium with a stated set of 
boundary conditions (1, appendix B; 2; 3). 
These models require that three boundary 
conditions be specified: the extent and ele- 
vation of permanent ice, the global pattern 
of sea-surface temperature, and the conti- 
nental geography. In addition, some mod- 
els require that the albedo (reflectivity) of 
land surfaces be specified. 

In 1971 a consortium of scientists from 

many institutions (4) was formed to study 
the history of global climate over the past 
million years, particularly the elements of 
that history recorded in deep-sea sedi- 
ments. This study, known as the CLIMAP 

project (5), is part of the National Science 
Foundation's International Decade of 
Ocean Exploration program. One of CLI- 

MAP'S goals is to reconstruct the earth's 
surface at particular times in the past. 
These reconstructions can serve as bound- 
ary conditions for atmospheric GCM's. 

Our scientific strategy can be expressed 
as a series of climate-simulation experi- 
ments. Each experiment has three phases. 
First, a reconstruction of the average state 
of climatic boundary conditions is made 
for a particular, geologically short interval 
of time. Second, an atmosphere is simu- 
lated by a GCM, as was done in the pio- 
neer study by Williams et al. (6). Finally, 
the accuracy of the simulation is tested 
against an independent set of geologic 
data. Substantial scientific benefits are an- 
ticipated from each phase. The geological 
reconstructions, being global in extent and 
quantitative in nature, should give valuable 
insights into past climatic and geological 
processes, quite apart from their role (as 
boundary conditions) in the second phase. 
The numerical simulations will serve to 
evaluate the sensitivity of the GCM to sub- 
stantial changes in boundary conditions 
and to elucidate the dynamics of past cli- 
mates. The final phase will serve as a check 
on the model's skill. 

Our first experiment simulates global 
climate during an average August at a time 

when the continental glaciers reached their 
maximum extent in the last ice age, ap- 
proximately 18,000 B.P. (years before 
present). This article presents the results of 
the geological reconstruction. Subsequent 
papers (3) will present numerical simula- 
tions by the Rand version of the two-level 
Mintz-Arakawa model (3) and the 11- 
level atmospheric model of the Geophysi- 
cal Fluid Dynamics Laboratory (7), and a 
summary of geological data now available 
for testing the accuracy of atmospheric 
simulations. The second experiment will 
simulate both August and February condi- 
tions, 18,000 B.P., using a considerably ex- 
panded geological data base for the recon- 
struction phase. Other experiments will re- 
construct different times including the in- 
terglacial interval at approximately 
120,000 B.P., a time warmer than today. 

Task groups identified in (8) recon- 
structed the four boundary conditions nec- 
essary to simulate the 18,000 B.P. atmo- 
sphere: (i) the geography of the continents; 
(ii) the albedo of land and ice surfaces; (iii) 
the extent and elevation of permanent ice; 
and (iv) the sea-surface temperature pat- 
tern of the world ocean. 

The 18,000 B.P. Continents 

Geography. Continental geography 
18,000 years ago can be approximated by 
today's configuration with a lowered sea 
level, the result of the transfer of water 
from the oceans to continental ice caps. 
Many authors estimate about -130 m for 
the last glacial low stand (9). Our estimate, 
-85 m, was a conservative interpretation 
based on dated, submerged terraces along 
continental margins (10) and on undated, 
wave-cut notches ranging from -75 to -90 
m on Caribbean islands (11). The magni- 
tude of possible errors in this estimate will 
have little effect on the outcome of calcu- 
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lations made with the current generation of 
GCM's, in which grid spacing ranges from 
approximately 250 to 500 km. 

Land albedo. The first step in estimating 
the ground albedo of nonglaciated areas 
was to determine the distribution of vege- 
tation and soil types in the glacial world. 
This determination was based on pollen, 
snow line, and various sedimentary-per- 
iglacial records. Except for Europe (12, 13) 
the data base was sparse and often poorly 
dated. The second step was to characterize 
the main types of surface cover by albedo 
estimates in the wavelength range 0.3 to 
2.5 gim. These values were taken from pub- 
lished measurements of analogous modern 
ground (14). Although the reconstruction 
has a large margin of uncertainty, the ef- 
fect of land-albedo errors on the GCM 
simulation is small compared to the ther- 
mal effect of sea and ice surfaces. 

Ice sheets. The extent of ice sheets 
shown in Fig. I was derived from a survey 
of a large number of literature sources (15- 
17) supplemented by fieldwork (18). Sev- 
eral regions of the map are controversial; 
these are (i) the contact between the Cor- 
dilleran and Laurentide ice sheets (19); (ii) 
the position of the southern margin of the 
Cordilleran Ice Sheet (20); (iii) the extent 
of ice over the Queen Elizabeth Islands in 
northern Canada (21); (iv) the position of 
the ice margin on Baffin Island (22); (v) the 
extent of ice shelves in the Arctic (23); (vi) 
the extent of grounded ice in the Barents 
Sea (24); and (vii) the extent of the Antarc- 
tic Ice Sheet (25-27). 

The ice margins derived for 18,000 B.P. 
were used as a base to reconstruct the large 
ice sheets in three dimensions. Equations 
from Paterson (28) yielded a series of pro- 
files along flow lines. Altitudes given by 
these flow lines allowed contours to be 

Fig. 1. Sea-surface temperatures, ice extent, ice 
elevation, and continental albedo for Northern 
Hemisphere summer (August) 18,000 years ago. 
Contour intervals are IOC for isotherms and 500 
m for ice elevation. Continental outlines repre- 
sent a sea-level lowering of 85 m. In northern Si- 
beria, dotted lines indicate a recently revised es- 
timate of the ice extent; solid lines indicate the 
ice extent used in this experiment. To aid in the 
visualization of the thermal gradient along the 
North Atlantic Polar Front, alternate contour 
lines have been omitted in the western Atlantic. 
Albedo values are given by the key. (A) Snow 
and ice; albedo over 40 percent. Isolines show 
elevation of the ice sheet above sea level in me- 
ters. (B) Sandy deserts, patchy snow, and snow- 
covered dense coniferous forests; albedo be- 
tween 30 and 39 percent. (C) Loess, steppes, and 
semideserts; albedo between 25 and 29 percent. 
(D) Savannas and dry grasslands; albedo be- 
tween 20 and 24 percent. (E) Forested and thick- 
ly vegetated land; albedo below 20 percent 
(mostly 15 to 18 percent). (F) Ice-free ocean and 
lakes, with isolines of sea-surface temperature in 
degrees Celsius; albedo below 10 percent. 

Table 1. Assemblages of planktonic microfossils and regression equations used to estimate sea-sur- 
face temperature. In the equation number code the first letter indicates the organism (F, foramini- 
fera; C, coccoliths; R, radiolaria), the second letter the ocean (P, Pacific; I, Indian; S, Southern; and 
so forth), and the number the equation used. Values in the last column have been adjusted for de- 
grees of freedom lost. 

Sum of 
Equa- squares Standard 
tion Species Assems accounted error of 
num- blages for by estimate 
ber (N ) assemblages (OC) 

FPI Tropical Pacific 14 6 96 1.24 
FP2 South Pacific 23 4 96 1.90 
CP1 Pacific 16 6 98 1.42 
RP1 North Pacific 44 4 92 0.92 
RP2 Northeast Pacific 46 3 90 1.27 
RP3 Temperate Pacific 46 4 91 2.69 
RP4 West Pacific 48 3 92 1.02 
RP5 North tropical Pacific 44 5 91 2.46 
RP6 South tropical Pacific 51 4 96 1.98 
FMI Mediterranean 22 4 94 1.38 
Fll Indian 29 5 97 1.50 
RS1 Antarctic 18 3 95 1.40 
FA13 North Atlantic 29 6 92 1.38 
FA14 South Atlantic 29 6 90 1.39 

drawn for the upper surfaces of the large 
ice sheets (29). These techniques of ice- 
sheet reconstruction are only approximate 
because they involve simplifying assump- 
tions concerned with the noncircular shape 
of the ice sheets, the temperature of basal 
ice, and the placement of ice-sheet domes. 

Albedo values for the surface of the ice 
sheets in August were determined by calcu- 
lating snow lines for large Northern Hemi- 
sphere ice sheets (30) and then assigning 
albedo values (26-31) for the several types 
of snow and ice surfaces in the accumula- 
tion and ablation areas. In higher latitudes 
of the Southern Hemisphere snow was as- 
sumed to cover glaciers in August. 

The 18,000 B.P. Sea Surface 

Paleoclimatic techniques. Recent devel- 
opments in two paleoclimatic methods- 
biological transfer functions and oxygen 
isotope stratigraphy-make it possible to 
compile global charts of sea-surface tem- 
perature for the late Quaternary ocean. 
The transfer function method (32-34) pro- 
vides a means of translating numerical de- 
scriptions of the planktonic biota pre- 
served in deep-sea sediments into estimates 
of past seasonal sea-surface temperature. 
This technique uses a form of factor analy- 
sis that provides a number of empirical or- 
thogonal functions to define biotic assem- 
blages entombed on the modern seabed. 
These assemblages, which reflect the distri- 
bution of surface water masses, are then 
related to seasonal temperatures by multi- 
variate regression equations. As shown in 
Table 1, three planktonic groups (Foram- 
inifera, Radiolaria, and Coccolithophor- 
idae) were used for both surface water- 

mass delineation and temperature estima- 
tion in constructing the sea-surface tem- 
perature map (Fig. 1). The average stan- 
dard error of estimate for individual sam- 
ples is A 1.60C. Where isotherms on Fig. 1 
are controlled by a set of N sample points 
(Fig. 2), the confidence interval is reduced 
by a factor of N''2. 

Foraminifera alone were used for tem- 
perature estimation in the North Atlantic, 
Gulf of Mexico, Mediterranean Sea, In- 
dian Ocean, and South Atlantic. Radio- 
laria were the main source of data for the 
Antarctic, with some overlap in coverage 
with Foraminifera in the South Atlantic 
and the Indian Ocean. In the Pacific all 
three groups were utilized. For samples on 
which more than one equation was used, 
agreement is nearly always within the 
standard errors of the equations (often 
within a fraction of 10). Where differences 
exist between the various estimates, the 
coccolith equation was preferred because 
phytoplankton must be restricted to the 
near-surface waters of the euphotic zone. 
Significant disagreements (> 1.60C) be- 
tween the zooplankton and phytoplankton 
temperature estimates are limited to sam- 
ples from the eastern equatorial Pacific re- 
gion. 

The extent of sea ice in the North Atlan- 
tic (35) and the Antarctic (36) was esti- 
mated from a combination of biologic and 
lithologic evidence. For example, cores be- 
tween the Antarctic Polar Front and 650S 
are characterized by highly diatomaceous 
sediments during interglacial and by clays 
during glacial ages. We infer that clay dep- 
osition indicates inhibition of diatom 
growth by permanent sea-ice cover. Thus, 
the northern limit of summer sea ice 
18.000 BRP. was estimated by mnanninr the 
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Fig. 2. Difference between August sea-surface temperatures 18,000 years ago and modem values. 
Contour interval is 2YC Areas where the temperature change was greater than 4 C are shown in light 
stippling. Ice-free land areas are shown in darker stippling. Continental and ice outlines conform to a 
grid spacing of 4O latitude by 50 longitude. Heavy solid lines indicate continental outlines; dashed 
lines are ice margins on land; dotted lines indicate sea-ice margins. Large dots mark the locations of 
cores used in reconstructing sea-surface temperatures 18,000 years ago (38). 

cores that show this distinctive lithologic 
sequence of glacial clay overlain by Holo- 
cene diatoms. The northern limit of winter 
(Southern Hemisphere) sea ice 18,000 B.P. 
must fall between the Antarctic Polar 
Front (identified faunally) and the summer 
ice boundary. We drew it halfway between. 

The technique of isotopic stratigraphy is 
based on the demonstration that downcore 
variations in the oxygen isotope composi- 
tion of calcareous shells reflect primarily 
variations in continental ice volume (37). 
Because these variations are synchronous 
within the mixing time of the world ocean, 
and have been dated in suitable cores by 
carbon-14, a detailed chronostratigraphic 
framework of global extent can be con- 
structed. This framework, extended locally 
by standard micropaleontological and lith- 
ologic techniques, and checked againt car- 
bon-14 dates, has made it possible to iden- 
tify a set of 247 samples representing sedi- 
ment that accumulated on the sea floor ap- 
proximately 18,000 B.P. (38). The error in 
the selection of the 18,000 B.P. level is esti- 
mated to be less than 4 2000 years in most 
cores. If the marine climate was changing 
rapidly during the interval around 18,000 
B.P., there might be serious inaccuracies in 
Fig. 1. However, there is ample evidence 
from deep-sea cores that the interval in 
question was relatively stable over the peri- 
od from 24,000 to 14,000 B.P. (33). 

Map construction. The process of con- 
structing a paleoisotherm map (Fig. 1) is 
comprised of seven steps. First, a suite of 
deep-sea cores is obtained to provide both 
surface and downcore samples over a 
broad geographic area. Second, the rela- 
tive abundance of the species in the surface 

samples is determined, and species assem- 
blages are defined by factor analysis (34). 
This provides a quantitative statement of 
the relative importance of each species in 
each assemblage and of each assemblage in 
each surface sample. The assemblages are 
then checked to see that they form coher- 
ent distributional patterns that can be re- 
lated to surface water masses in the mod- 
ern ocean (39-41). The third step is to es- 
tablish, by means of a regression equation, 
the relationship between the average Au- 
gust sea-surface temperature (42) and the 
numerical value of the assemblages at each 
sample site (Table 2). This equation ex- 
presses sea-surface temperature as a func- 
tion of the various assemblages (32). If the 
seabed data set includes a wide range of 
ecologic and diagenetic conditions, the 
equation is insensitive to nonthermal ef- 
fects. The accuracy and reproducibility of 
the equations are then tested on an inde- 
pendent set of data (39). Fourth, the stra- 
tigraphy of the time interval under study 
is determined by using paleontological, 
geochemical, and paleomagnetic tech- 
niques, and a suite of isochronous samples 
are chosen that represent the sediment de- 
posited at the time we wish to reconstruct. 
Each sample represents 1 cm of sediment 
and integrates the climatic record over a 
certain time interval. This interval is based 
on the average accumulation rate in our 
open-ocean cores (about 1 to 10 cm per 
1000 years) and, allowing for mixing by 
burrowing organisms, it is estimated to 
range between 4000 and 400 years. Fifth, 
the microfossils in these sediments are ex- 
amined and counted. Each sample is then 
described in terms of the assemblages de- 

fined in the surface sediments. Sixth, from 
this numerical description of the ice-age 
samples in terms of modern assemblages, 
and the regression equations relating mod- 
ern assemblages to temperature, an esti- 
mate of the 18,000 B.P. temperature is 
made for each sample. Finally, the results 
are plotted and contoured to yield pa- 
leoisotherm maps. 

The reconstruction of sea-surface condi- 
tions (Fig. 1) was controlled by 247 data 
points. The quality of this control (Fig. 2) 
ranged from good in the North Atlantic to 
poor in the South Pacific. To guide the 
contouring in poorly controlled regions, 
therefore, it was helpful to formulate a 
general view of the nature of oceanic circu- 
lation at 18,000 B.P. and to employ biotic 
assemblages as water-mass indicators. 
Without exception, these radiolarian, fo- 
raminiferal, and coccolith assemblages are 
related to water-mass boundaries (39-41). 
It was therefore reasonable to assume that 
their distribution in the past can be used to 
indicate the positions of surface water- 
masses and currents. In the regions of poor 
control we assumed that changes in ocean- 
ic gyre geometry between 18,000 B.P. and 
today were similar to those that occurred 
in regions where our control is good-that 
is, that the major gyres of the ocean circu- 
lation were not disrupted at 18,000 B.P., 
but were shifted in position or changed in 
size or shape. 

Discussion 

Land albedo. The reconstruction of the 
distributions of vegetation types during the 
last ice age (Fig. 1) indicates that desert re- 
gions, steppes, grasslands, and outwash 
plains expanded at the expense of forests, 
yielding a slight increase in the albedo of 
land areas not covered by ice. Although the 
effect of this vegetational change on the 
dynamics of the global climate system may 
have been slight, the effect of the increase 
in albedo associated with the great expanse 
of land ice may have been quite large. 

Cryosphere. The most striking feature 
of the 18,000 B.P. world was the Northern 
Hemisphere ice complex, consisting of 
land-based glaciers, marine-based ice 
sheets, and either permanent pack ice or 
shelf ice (Fig. 1). This complex stretched 
across North America, the polar seas, and 
parts of northern Eurasia. By contrast, 
large arctic areas in Alaska and Siberia re- 
mained unglaciated. In the Southern 
Hemisphere the most striking difference 
was the winter extent of sea ice, which was 
significantly greater than it is today. 
Changes in land ice were small. This exten- 
sive ice cover in the North Atlantic and 
southern oceans may have reduced the loss 
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of heat from the oceans to the atmosphere 
in high latitudes (43), where today most of 
the world ocean's bottom and intermediate 
waters are formed. Permanent sea-ice cov- 
er in the Norwegian, Greenland, and Lab- 
rador seas must have precluded the for- 
mation of North Atlantic deep water. 

The high-latitude ocean. In the North 
Atlantic the Gulf Stream shifted slightly 
southward off the Carolinas and swept al- 
most directly eastward across the basin to 
the Iberian Peninsula (Fig. 1). The steep 
thermal gradient forming its northern 
boundary at 42?N marked the southern 
edge of the polar water mass. There was no 
strong northward transport of warm, high- 
er-salinity waters such as occurs in the 
present North Atlantic Drift, Norwegian, 
and Irminger currents (44). The resulting 
temperature anomaly (Fig. 2) is seen as a 
belt of maximum values running from ap- 
proximately 400N in the west (-180C maxi- 
mum) to 50?N in the east (-120C maxi- 
mum). This area of pronounced change ex- 
tended southward along Spain and includ- 
ed the northwest Mediterranean. The 
eastern Mediterranean, however, experi- 
enced a temperature decrease of only 1? to 
20C. Thus, whereas the temperature differ- 
ence between the Balearic Islands and 
Crete is only 10 to 20C today, the corre- 
sponding east-west gradient during the ice 
age was 10?C. 

In the North Pacific there was a slight 
southward shift and steepening of the tem- 
perature gradient in the region between the 
Kuroshio and Oyashio currents. The re- 
sulting large negative temperature anoma- 
ly (-60 to -100C) probably extended into 
the Sea of Japan (13, 45). Lowered sea lev- 
el blocked the southern passage into this 
inland sea and prevented the northward 
flow of warm tropical waters. Similarly, 
lowered sea level completely blocked any 
incursion of Arctic waters into the Bering 
Sea. The amount of cooling in this area 
was small compared to that in equivalent 
latitudes in the North Atlantic (46). 

Major differences between the Antarctic 
Ocean of 18,000 B.P. and that of today 
were the increase in thermal gradient and 
the northward movement of the polar 
front. In the Pacific this front shifted at 
least 40 of latitude (16, 47), in the western 
South Atlantic about 60, and in the western 
Indian Ocean about 3o. Our data indicate 
little or no latitudinal displacement of the 
Subtropical Convergence; thus, the north- 
ward displacement of the Antarctic Polar 
Front resulted in an areal reduction of sub- 
antarctic water. Little or no temperature 
change occurred in the region between Af- 
rica and Antarctica, where flow is con- 
strained by the boundaries of the basin. 

The mid-latitude ocean. In mid-lati- 
tudes, the central gyres showed little, if 

Table 2. Geographic distribution of the August 
ice-age sea-surface temperature anomaly, AT 

(?C). Values are averages weighted by area, ex- 
cluding regions covered by sea ice. 

Area AT (?C) 

Northern Hemisphere 
Atlantic -3.8 
Pacific -2.3 
Indian -0.8 

Average -2.6 
Southern Hemisphere 

Atlantic -1.7 
Pacific -2.6 
Indian -1.3 

Average -2.0 
Global Ocean -2.3 

any, temperature change. In the Atlantic, 
Pacific, and southern Indian oceans, the 
polar fronts moved to lower latitudes and 
the subpolar and transitional water masses 
were reduced. Evidence for increased sur- 
face water transport in the eastern bound- 
ary currents of the North Atlantic is seen 
in the high gradients associated with the 
distribution of planktonic assemblages and 
with the derived thermal patterns. Along 
the west coast of North Africa, the south- 
ward deflection of isotherms probably re- 
flects both the advection of cooler water 
and increased upwelling (48). On the west- 
ern side of the basin, warm water moved 
north along the coast, but was deflected 
sharply eastward off Cape Hatteras. Trop- 
ical species, carried by this western bound- 
ary current, were found farther east at 
18,000 B.P. than today. In the South At- 
lantic, northward flow of colder water in 
the glacial Benguela Current was greater 
than it is in the modern austral winter. The 
axis of the cold Benguela lobe (Fig. 1) ap- 
pears to have been displaced westward and 
detached from the African coast; however, 

the details of this pattern may be an arti- 
fact of the core coverage. Today the center 
of the thermal pattern that marks the Ben- 
guela flow extends to 10?E longitude at 
200S latitude and to 15?W longitude at the 
equator. Additonal cores now under study 
from the west African coast may alter this 
geometry by widening the thermal plume 
to the east, but the western boundary is 
well controlled. To the south, a small area 
with a negative temperature anomaly of up 
to -40C appears off the tip of South Africa. 
This may reflect a decrease in the influence 
of the Agulhas Curr.ent at 18,000 B.P. 

Negative anomaly patterns in the Indian 
Ocean differ from those in other oceans in 
that they tend to be meridional and to oc- 
cupy both the eastern and western margins 
of the basin. The larger eastern anomaly is 
the result of increased equatorward flow of 
cool water along the coast of Australia, 
while the western anomaly is due to the ab- 
sence of a strong Mozambique Current 
18,000 B.P. We suggest that the Agulhas 
Current may not have been the major fea- 
ture of the circulation that it is today and 
that the Mozambique Current turned east 
to parallel the West Wind Drift instead of 
joining the Agulhas Current. If this inter- 
pretation is correct, a strong anticlockwise 
gyre would have formed at temperate lati- 
tudes. Without a southern outlet for the 
advective loss of warm tropical waters, the 
regions may have become more thermally 
isolated. 

In the eastern North Pacific, radiolarian 
species now found in the cool waters off 
Washington, Oregon, and northernmost 
California (41, 49) extended their distribu- 
tion at least 1000 km to the south in the 
California Current. The southward shift of 
the frontal region associated with the Cali- 
fornia and North Equatorial currents re- 
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sulted in a large temperature decrease off 
the coast of northern Mexico (Fig. 2). The 
pool of warm water associated with the 
eastern end of the North Equatorial Coun- 
tercurrent was shifted slightly to the south 
and extended into the Panama Basin, but 
there was little change in temperature. In 
the South Pacific the steepening of the 
temperature gradient in the subantarctic 
region probably gave rise to increased 
transport and cooler waters extending into 
the area of the Chile Current. 

The low-latitude ocean. In the equa- 
torial regions of the Pacific and Atlantic, a 
marked cooling is present at 18,000 B.P. 
This feature may have had as important an 
effect on climate as the equatorward dis- 
placement of polar fronts in the high-lati- 
tude oceans. Apparently, increased up- 
welling along the Pacific equatorial diver- 
gence produced temperatures that were as 
much as 60 cooler than today's. The 
present thermocline is very shallow in this 
region, and it is here that there is dis- 
agreement between the estimate of sea-sur- 
face temperature at 18,000 B.P. based on 
coccoliths and that based on radiolaria and 
foraminifera. This discrepancy suggests 
that the shallow thermocline broke down 
during the glacial interval, resulting in 
upwelling of cool waters to the surface. 
Such a change would have a pronounced 
effect on the habitats of the phytoplankton, 
but would appear as only a minor temper- 
ature change to the deeper-living zoo- 
plankton. Although the westward limit 
of this effect is not well known, the cool 
waters did not reach the western Pacific. 
Here, glacial temperatures were little 
different from those of today. 

Similarly, in the Gulf of Mexico, Carib- 
bean Sea, and western equatorial Atlantic, 
changes in surface temperature were less 
than 20C (48). In the eastern equatorial re- 
gion of the Atlantic, however, increased 
flow of the Benguela Current and up- 
welling along the divergence apparently 
lowered surface water temperatures by ap- 
proximately 50C (35). This general cooling 
of equatorial waters was not pronounced in 
the Indian Ocean. Except for cooler water 
in the eastern Arabian Sea, which may in- 
dicate increased upwelling, there was little 
change in sea-surface temperatures. Like 
the anomaly in the eastern Mediterranean, 
changes over the low-latitude Indian 
Ocean do not exceed 20C. 

The world ocean. Perhaps the most im- 
portant conclusion to be drawn from Fig. 2 
is that the ice-age surface-temperature 
change was not, in general, very large; the 
average anomaly over the entire ocean is 
only -2.30C (Table 2). In the Northern 
(summer) Hemisphere the large shift in the 
path of Gulf Stream waters causes the 
Atlantic to have the highest anomaly. In 

the Southern (winter) Hemisphere the 
marked cooling along the South Equa- 
torial Current gives the Pacific the largest 
average difference in temperature. Addi- 
tional insights into the spatial pattern of 
climate change can be gained from a latitu- 
dinal plot of zonally averaged sea-surface 
temperature anomalies (Fig. 3). On this 
plot, the changes at high northern latitudes 
appear to dominate the pattern. If this 
curve is weighted according to the area of 
ice-free ocean along discrete latitudinal 
bands, then the maximum effects occur at 
about 380N, 60S, and 460S and are roughly 
of the same magnitude. 

The increase in divergence and the com- 
pression of thermal gradients, indicated by 
these maximums and seen in Figs. 1 and 2, 
suggest a more energetic circulation sys- 
tem. Certainly surface transport was in- 
creased, and probably a more rapid turn- 
over of surface and intermediate waters 
was effected. Inferences about the struc- 
ture of deeper waters are more tenuous. 
However, previous studies of deep-sea ben- 
thonic foraminifera have indicated that 
changes in the distribution of deep-water 
masses of the North Atlantic did occur 
during the last glacial maximum (50). 
These findings, combined with our evi- 
dence that near-surface waters were cooler 
and better mixed and with our inference 
that a greater conservation of heat oc- 
curred beneath sea ice at high latitudes, 
suggest that the thermal contrast between 
surface and bottom waters of the 18,000 
B.P. ocean was less than it is today. 

Summary 

In the Northern Hemisphere the 18,000 
B.P. world differed strikingly from the 
present in the huge land-based ice sheets, 
reaching approximately 3 km in thickness, 
and in a dramatic increase in the extent of 
pack ice and marine-based ice sheets. In 
the Southern Hemisphere the most strik- 
ing contrast was the greater extent of sea 
ice. On land, grasslands, steppes, and 
deserts spread at the expense of forests. 
This change in vegetation, together with 
extensive areas of permanent ice and sandy 
outwash plains, caused an increase in glob- 
al surface albedo over modern values. Sea 
level was lower by at least 85 m. 

The 18,000 B.P. oceans were character- 
ized by: (i) marked steepening of thermal 
gradients along polar frontal systems, par- 
ticularly in the North Atlantic and Antarc- 
tic; (ii) an equatorward displacement of po- 
lar frontal systems; (iii) general cooling of 
most surface waters, with a global average 
of -2.3oC; (iv) increased cooling and up- 
welling along equatorial divergences in the 
Pacific and Atlantic; (v) low temperatures 

extending equatorward along the western 
coast of Africa, Australia, and South 
America, indicating increased upwelling 
and advection of cool waters; and (vi) near- 
ly stable positions and temperatures of the 
central gyres in the subtropical Atlantic, 
Pacific, and Indian oceans. 
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