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Changes in solar radiation arising from changes in the 
orientation of the earth's axis had pronounced effects on 
tropical monsoons and mid-latitude climates as well as on 
ice-sheet configuration during the last 18,000 years. 
COHMAP (Cooperative Holocene Mapping Project) has 
assembled a global array of well-dated paleoclimatic data 
and used general-circulation models to identify and evalu- 
ate causes and mechanisms of climatic change. Por the 
northern tropics, particularly in Africa and Asia, data and 
model results show that the orbitally induced increase in 
solar radiation in summer 12,000 to 6,000 years ago 
enhanced the thermal contrast between land and sea and 
thus produced strong summer monsoons, which raised 
lake levels in regions that are arid today. In middle to high 
latitudes the climatic response to both the insolation 
changes and to the retreating ice sheets led to readjust- 
ments in the vegetation in both the Northern and South- 
em hemispheres. Model results show that the large North 
American ice sheet split the westerly jet stream into 
northern and southern branches over North America. An 
increase in storms associated with the southern branch 
helps explain high lake levels and increased woodlands in 
the southwestern United States during full-glacial condi- 
tions. Comparisons of paleoclimatic data with the model 
simulations are important because models provide a theo- 
retical fiarnework for evaluating mechanisms of climatic 
change, and such comparisons help to evaluate the poten- 
tial of general circulation models for predicting future 
climates. 

T HE LARGE CHANGES IN THE EARTH'S CLIMATE DURING THE 

last 18,000 years have altered the vegetation, ice volume, and 
sea-surface conditions over most of the globe. Ice sheets and 

some desert lakes disappeared, vegetation was drastically altered, 
many types of large mammals became extinct, and agriculture was 
developed, which changed the course of human history. The nature 
and timing of these changes have posed many puzzles to scientists 
studying Quaternary climate. Why were lake levels high in the 
American Southwest during the glacial maximum at 18 ka (thou- 
sand years ago) and low in the Northwest at the same time, and were 
these variations in lake levels a result of changes in seasonal 
precipitation or temperature? Why were lakes in the Sahara expand- 
ed during the early Holocene (12 to 6 ka), when virtually all the 
American desert basins were dry? Why were summer temperatures 
warmest in central North America at 6 ka, when the summer 
radiation maximum was at 9 to 11 ka? What combination of climatic 
variables can explain the faunal and floral assemblages of the last 

glacial period that have no modern analogs, and what caused the 
changing patterns of vegetation in America and Europe during and 
after the retreat of the ice sheets? 

Global climate has long been postulated as a key factor influencing 
each of these regional changes, but until recently we were uncertain 
about both the causes of the global climate changes and the regional 
interconnections among key components of the global climate 
system. Climatologists had discounted the role of the earth's orbital 
variations, the full climatic impact of the ice sheets was not 
understood, and climate models were not well enough developed to 
test the potential influence of these and other factors. 

Oxygen isotope studies of ocean sediment cores helped to remove 
some uncertainties about Quaternary environmental changes. Peri- 
odicities in the data indicated that the driving force behind much 
long-term climatic change is the varying insolation at the top of the 
atmosphere (1-3). Orbitally induced variations in insolation are the 
"pacemaker" of the ice ages (4). CLIMAP (5) used a diverse array of 
marine and continental indicators to reconstruct conditions at the 
earth's surface at 18 ka, a time when earller insolation changes had 
contributed to the growth of large ice sheets in the Northern 
Hemisphere. This reconstruction was the basis for experiments with 
improved climate models to reconstruct the general atmospheric 
circulation for the glacial maximum (6). 

C O W  (Cooperative Holocene Mapping Project) has contin- 
ued the CLIMAP strategy of using both geologic data and models 
to investigate the global and regional dynamics of climate change. 
Focusing on the sequence of changes during the last 18,000 years, 
COHMAP researchers have assembled data that provide geologic 
records of spatial and temporal changes in climate from radiocar- 
bon-dated stratigraphic sequences from several continents and 
oceans. These data have been systematically compared with the 
model simulations of past climates (7-13) (Fig. 1). The central goal 
of C O W  research is an improved understanding of the physics 
of the climate system, particularly the response of tropical monsoons 
and mid-latitude climates to orbitally induced changes in solar 
radiation and to changing glacial-age boundary conditions, such as 
ice-sheet size. In this article we describe the research design and 
some key results from C O W  research that help answer the 
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Fig. 1. Location of sltes m 
the COHMAP global paleo- 
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mterval Ralocarbon-dated 
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dens were entered m 3000- 
year mtervals. The location 
of CLIMAP (5) marme 
plankton records for 18 ka 
are also mdcated 
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questions posed in the introductory paragraph. 
Comparisons of reconstructed paleoclimates with model simula- 

tions provide a way to evaluate mechanisms of climate change. They 
also test the ability of models to simulate the very different climates 
of the past. The ability to simulate a range of climates is important 
because the same mathematical models are being used to study the 
effects of the anthropogenic increase of C 0 2  and to predict future 
changes in climate. 

Design of Paleoclimatic Experiments 
Until about 15 years ago, most theoretical work concerning past 

climates was derived from conceptual models of climatic change and 
involved either qualitative reasoning from simple models or inter- 
pretation of the geologic record. The recent development of general- 
circulation models for the atmosphere and oceans has permitted 
quantitative paleoclimate modeling and thus led to a major advance 
in theoretical studies. These mathematical models are based on 
nonlinear flow equations and the principles of mass and energy 
conservation. With the advent of supercomputers, climate modelers 
are able to make the large numerical calculations required for 
paleoclimate studies (14-19) in a reasonable time. 

The C O W  simulation experiments were made with the 
Community Climate Model (CCM) of the National Center for 
Atmospheric Research (NCAR) (20). As input to this model we 
prescribed the orbitally determined insolation, mountain and ice- 
sheet orography, atmospheric trace-gas concentrations, sea-surface 
temperatures, sea-ice limits, snow cover, albedo, and effective soil 
moisture (7, 21-30). 

Changes in the seasonal and latitudinal distribution of solar 
radiation are produced by changes in three aspects of earth-sun 
geometry. The 22,000-year precession cycle regulates the time of 
year when the earth-sun distance is a maximum or minimum and 
hence affects seasonality. The 40,000-year tilt cycle, in which the 
inclination of the earth's axis varies about 1.5" on either side of its 
present value of about 23.5", affects the latitudinal distribution of 
solar radiation. The third aspect, very long period changes in the 
eccentricity of the earth's orbit, is discussed elsewhere (31). The 
possible effects of these orbital variations on climate were studied by 
kroll more than 100 years ago and by Milankovitch in the early 
1900s (1). 

The boundary conditions chosen by COHMAP are schematically 
shown in Fig. 2. The seasonal and latitudinal distributions of solar 
radiation at 18 ka were similar to those of today; therefore, the 
atmospheric conditions simulated for glacial times must be attribut- 
ed primarily to altered surface boundary conditions. Between 15 and 
9 ka, the earth-sun distance decreased in northern summer and the 
axial tilt increased; therefore, the seasonality of climate increased in 
the Northern Hemis~here and decreased &I the Southern Hemi- 
sphere. As a result, continental ice sheets and sea ice retreated and 
the oceans warmed. At about 9 ka average solar radiation over the 
Northern Hemisphere was 8% higher in July and 8% lower in 
January than it is today. After 9 ka these seasonal radiation extremes 
decreased toward modern values. 

The various boundaw conditions were the basis for a seauence of 
model experiments in which the model provided "snapshots" of the 
temperature, precipitation, sea-level pressure, and winds for selected 
dates during the past 18,000 years (Figs. 2, 3, and 4) (25). 
Differences among the model results for these times show how 
changes in orbital forcing and surface boundary conditions may 
have contributed to the observed climatic record (28). 

An atmospheric general circulation model is a highly sophisticated 
tool for illustrating some of the climatic consequences of the changes 
in solar radiation and surface boundary conditions. It can be used to 
demonstrate the link between changes in widely different places and 
to identify the physical mechanisms through which changed bound- 
ary conditions alter climate. In these ways the model simulations 
provide possible explanations for the climatic changes evident at a 
continental and global scale. At the same time discrepancies between 
the model results and the paleoclimatic data reveal the need for new 
research to improve the model physics, the boundary conditions, the 
geologic data, and the methods used to infer climatic information 
from the data. 

Paleoclimatic Data 
Three main types of biologic and geologic data were chosen that 

could provide quantitative or semiquantitative estimates of paleocli- 
mate over subcontinental areas (Fig. 1). They are pollen, lake levels, 
and marine plankton. These types of data have traditionally been 
used to construct conceptual models of climatic change, but are used 
here for comparisons with the model results. 

Pollen. Lake sediments contain pollen that represents the local and 
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regional vegetation. Over broad regions, the relative abundance of 
each pollen type reflects the distribution of its source taxon. 
Through time, variations in pollen abundance reflect variations in 
such climatic variables as summer and winter temperature and 
annual moisture. The network of pollen records, particularly in 
eastern North America and western Eurasia, permits mapping of the 
broad-scale changes in vegetational associations as the ice sheets 
retreated and atmospheric circulation changed (9, 10). 

Lake levels. Under certain conditions, lakes act as natural rain 
gauges. Closed-basin lakes are sensitive to the balance between 
precipitation and evaporation, which is directly linked to atmo- 
spheric circulation (32). Regionally synchronous changes in past 
lake levels, as reconstructed from a variety of geomorphic, sedimen- 
tologic, paleoecologic, and archeologic evidence, thus reflect region- 
al changes in effective moisture (precipitation minus evaporation). 
Lake-level records are particularly valuable for paleoclimatic inter- 
pretations in the arid regions of Africa, Australia, and the western 
United States because the pollen records in these areas are sparse; 
exposed paleoshorelines in many areas testify to wetter climates in 
the past. Changes in effective moisture and seasonality of precipita- 
tion are also inferred from other data sets, such as plant macrofossils 
in pack rat middens in mountainous terrain of the western United 
States (33). 

Marine plankton. Marine plankton responds to physical and chemi- 
cal variations in the surface waters of the world oceans. The 
distributions of many species are correlated with surface-water 
temperature, and large changes in assemblages occur across promi- 
nent water-mass boundaries (34). Plankton fossils in marine sedi- 
ments thus allow us to estimate the properties and boundaries of 
ocean water masses of former times. 

Modeling Experiments and Paleoclimatic 
Reconstructions 

The following sections summarize the key dynamic and thermo- 
dynamic processes of climatic change that emerged from our 
modeling experiments and analyses of geologic data. We focus on 
two geographic regions where our data coverage is best: (i) the 
North American-Eurasian sector (Fig. 3) and (ii) the monsoon 
sector and southern mid-latitudes (Fig. 4). Detailed information on 
both the modeling studies and the paleoclimatic data base has been 
published elsewhere (7, 25, 35). The results demonstrate that orbital 
changes can explain in broad terms the history of climate and 
landscape development from the last glacial maximum at 18 ka to 
the present, after allowance is made for such internal feedbacks as 
the adjustment of the atmospheric and oceanic circulations to the 
presence of ice sheets, which themselves responded to orbital forcing 
with a time constant of many thousands of years (36). Climate 
events of short duration were not considered in the data synthesis or 
in the modeling experiments. 

North American-Eurasian Sector 
Present-day conditions. One key feature of the mid-latitude climates 

is the westerly jet stream aloft in winter, which marks the boundary 
between warm and cold air masses and governs the location and 
path of traveling storm systems (Fig. 3). It crosses the west coast of 
North America at about 50°N. Inland it turns southeast and crosses 
the east coast at about 40°N. At the surface the Atlantic and Pacific 
subtropical high-pressure cells dominate summer circulation, and 
the Aleutian and Icelandic lows prevail in winter over the northern 
oceans. The NCAR CCM simulates accurately the modern location 

and intensity of these circulation features. The simulation of the 
modern fields of tem~erature and ~reci~i ta t ion  is not ~erfect. but in 

L L 

most areas and seasons the differences between the model results and 
the observed climate are small relative to changes simulated in the 
paleoclimate experiments. 

Permanent land ice is restricted mainly to Greenland. Sea ice 
covers much of the Arctic Ocean in summer as well as winter (Fig. 
3). Spruce-dominated forest extends throughout the boreal zone 
from Alaska to Labrador and across northern Eurasia, and it covers 
high-elevation areas farther south on both continents. Temperate 
regions in eastern North America and western and southern Europe 
have broad-leaved deciduous forests, typically containing oak. The 
American Southwest is dry, with few lakes in the intermontane 
basins. Polar conditions occur in the northwestern North Atlantic, 
as shown by the abundance of the foraminifer Neogloboquadrina 
(Globigerina) pachyderms (left-coiling) and by clastic detritus dropped 
from icebergs and sea ice. Subtropical conditions, indicated by 
Globigerinoides ruber (white and pink varieties), extend from Florida 
to northern Africa. 

Dynamics of the model simulations. At 18 ka the different boundary 
conditions include ice sheets at their maxima, with winter sea ice in 
the North Atlantic extending south to the coast of France (Fig. 3). 
South of the sea-ice border in both the North Atlantic and the 
North Pacific, prescribed sea-surface temperatures were as much as 
10°C lower than those at present. Simulated temperatures over the 
land were also much lower than at present, especially over the 
elevated and highly reflective ice sheets. Strong anticyclonic circula- 
tion around the Laurentide ice sheet brought cold conditions to the 
North Atlantic and strong easterly winds along the southern flank of 
the ice sheet. The sharp temperature gradient at the southern edge of 
the continental ice sheets and the extensive sea ice field was 

Aerosol -I n 

Fig. 2. Boundary conditions for the COHMAP simulation with the 
Communitv Climate Model for the last 18 ka (thousand vears ago). External 
forcing is ihown for Northern Hemisphere solar radiatibn in rune through 
August (SJJA) and December through February (SDJF) as percent difference 
from the radiation at present. Internal boundary conditions include land ice 
(Ice) as percent of 18 ka ice volume (5, 7, 70), global mean annual sea-surface 
temperatures (SST) as departures from present (5, 7), excess glacial-age 
aerosol (Aerosol) with arbitrary scale (71), and aunospheric C 0 2  concentra- 
tion (COz) in parts per million by volume (72). The arrows mark the times of 
the seven sets of simulation experiments. The one for 18 ka included the 
lowered C02 concentration (200 ppmv, large filled circle); the others had 
the C02  concentrations of the control case (330 ppmv) rather than a 
stepwise increase. Experiments incorporating increased glacial-age aerosol 
loading have not been completed. 
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. mw. ,-+ abbl I Iw. -. \am...,. U..(.LIb- ~ i e  atllmrpluc, 
~ p h e r ~ ,  and f; iosphere that accompanied the transition from glacial to 
interglacial conditions during the past 18,000 years, as illustrated by 
geologic and paleoecologic evidence (73) (left panels on each figure), and the 
hqghhghts of the paleoclimatic simulations (right panels) (24. The "datan 
panels show the anent of ice sheets and of year-round and winter only sea 
ice; from 18 ka to 9 ka (thousand years ago) they show the broadened land 
areas resulting from lowered sea level. The dismbutions of oak and spruce as 
inferred from pollen data are shown for eastern North America and Europe. 
Moisture status relative to present is shown for western North America, 

'YllC4 1-a, an1u ' X L W U a U a  1'UI.l A" W u ma. 111.. y'-lC rebu11 .Yll.."e an,.- 
precipitation is less than 300 mm is shown for the southwestern United 
States and for Africa, Asia, and Australia. The "model" panels show the 
distribution of ice sheets and sea ice that served as boundary conditions for 
the simulations. Surface winds and the position of the jet stream as simulated 
by the model are shown in schematic form by arrows (broken arrows if jet is 
weak). For the simulation of the present dimate, regions where annual 
precipitation is less than 1000 mm are indicated (Fig. 4 only). Comparisons 
noted on the simulations (for example, colder, wetter) in all cases are with 
reference to present conditions. 
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associated with a strengthened jet stream aloft, which extended 
across North America and east to Eurasia. The large 3-km-thick 
Laurentide ice sheet was also responsible for splitting the flow of the 
jet stream in winter across all of North America, with one branch 
located in southern North America and the other along the northern 
edge of the ice sheet. 

By 12 ka the general warming of the climate associated with 
increased summertime solar radiation had begun, and the Lauren- 
tide ice sheet had decreased in size and thickness sufficiently so that 
the winter jet was no longer split, although it was still stronger than 
it is today. The glacial anticyclone weakened in the western United 
States, where westerlies replaced easterlies. The glacial anticyclone 
over western Europe was also weaker than it was during the glacial 
maximum, and the increased summer insolation warmed the conti- 
nent. 

At 9 ka the increased insolation in summer played a much larger 
role but the still smaller Laurentide ice sheet continued to influence 
the climate. Only a small glacial anticyclone remained active in 
eastern North America. By then the Pacific subtropical high had 
strengthened off the west coast of North America, and northwester- 
ly winds replaced westerly winds along the coast in the Northwest. 
The increased insolation caused summer temperatures to be higher 
than at present in both Eurasia and western North America (by 2" to 
4"C), but it was still colder than at present just south of the ice sheet 
in eastern North America. A southerly summer monsoonal flow was 
evident along the Gulf Coast and in Mexico. 

By 6 ka summer temperatures were 2" to 4°C higher than at 
present throughout the continental interiors of North America and 
Eurasia, and the southerly flow into the eastern United States had 
strengthened. Strong westerlies blew in the Midwest and in Europe; 
they have weakened from 6 ka to the present, and summer tempera- 
tures have declined with the reduction in summertime insolation. 

Paleoclimatic data. At 18 ka, with the ice sheets and the North 
Atlantic sea ice at their maximum extent (Fig. 3), N .  packydevna 
(left-coiling) was abundant far to the south of its current range. 
Spruce and oak forests were absent from Europe because of the cold, 
dry conditions, and permafrost was widespread. The Mediterranean 

lowlands were treeless, although lake levels in Turkey and the 
Levant were high. In North America, spruce forest dominated in the 
Midwest, subalpine parkland in the Pacific Northwest, and tundra in 
Alaska, but in the Southwest lake levels were high and woodlands 
were expanded. 

After 18 ka oak in both Europe and North America, spruce in 
North America, and N. pachyderma and G. ruber all moved north, and 
by 6 ka prairies had expanded to a maximum in the American 
Midwest as a result of increased summer warmth. Modern plant 
assemblages did not form until about 10 ka (37, 38). After 12 ka lake 
levels were lower in the American Southwest than they were earlier, 
and in the Northwest and Alaska conditions became warmer. In 
Europe after 9 ka the range of spruce expanded westward from 
Russia to Scandinavia. After 6 ka the southern limit of spruce in 
both Europe and North America shifted to the south, as summer 
temperatures decreased (11, 39, 40). 

Data-model compavisons. Patterns of change observed in the data are 
consistent with many of the circulation, temperature, and moisture- 
balance changes simulated by the model. Vegetation moved north as 
the ice sheets melted and temperatures increased, and greatest 
summer warmth occurred in western Canada much earlier than in 
central North America (25, 40, 41). The southward displacement of 
the jet stream and storm tracks at 18 ka explains the higher lake 
levels and expansion of woodlands in the American Southwest, and 
cold and dry conditions in the Northwest can be attributed to the 
easterly winds of the glacial anticyclone (42). Regional studies (12, 
13, 43, 44) have demonstrated that the model simulates the general 
geographic patterns of selected climatic variables; the model results 
in turn provide useful explanations for the past patterns in the data. 

In eastern North America, statistical models derived from the 
modern relations between pollen and climate have been used to 
transform the climate model results into maps of the pollen abun- 
dances for six major pollen types (12). The model-simulated maps 
for spruce from 18 ka to the present show a time sequence of 
patterns and changes that match those in the map sequence of 
observed values (Fig. 5). Comparisons show that simulated and 
observed patterns for most other taxa from 9 ka to present are 

Spruce Observed 

S ~ r u c e  Simulated by CCM Output 

Fig. 5. Maps showing observed (upper row) and model-simulated (lower Simulation values were produced by applying the observed (present) associa- 
row) percentages of spruce pollen for each 3000-year interval from 18 ka to tion between spruce pollen and climatic variables to the temperature and 
the present (0 ka). Region with diagonal lines in north is a digital precipitation values simulated by the climate model. Fair to good agreement 
representation of the location of the Laurentide ice sheet, which shrank in in mapped patterns for the observed and simulated values of spruce pollen 
area after 18 ka (thousand years ago) and was gone soon after 6 ka. Area of indicate that the model simulates a combination of temperature and precipi- 
spruce abundance is shown by dark stippling for >20%, intermediate tation values compatible with the presence of spruce trees in the regions 
stippling for 5 to 20%, and light stippling for 1 to 5% spruce pollen. where they grew (12). 
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similar, but discrepancies are evident in the distribution of several 
taxa in the southeastern United States from 18 to 12 ka. For this 
period the model simulated July temperatures that were substantial- 
ly higher than those indicated by the data. Further work is needed to 
understand why this discrepancy arose. The map comparisons also 
show that the model had only fair success in simulating precipitation 
patterns in the mid-latitudes (a problem with most general circula- 
tion models), but that it did simulate correctly the location of the 
border between prairie and forest in central North America during 
the past 9000 years (9, 12). 

Monsoon Sector and Southern Md-Latitudes 
Pvesent-day condttlons. The present-day northern summer-monsoon 

circulation is driven by the relative warmth of the African-Asian 
landmass compared to the surrounding ocean (45). Hydrostatic 
considerations show that this thermal gradient results in low 
pressure over land and high pressure over the ocean, producing 
southerly to southwesterly inflow of moist air and heavy monsoonal 
precipitation to west Africa and south and east Asia. Much of north 
Africa and central Asia are beyond the penetration of the monsoon 
rains and are hot and dry. Aloft, a large anticyclone develops, with 
an easterly jet on its southern flank, which stretches from the 
northern Indian Ocean to west Africa. The model simulates this 
summer monsoon circulation. Some features of the January circula- 
tion are also well simulated, although the model overestimates the 
strength of the cross-equatorial flow from the Northern to the 
Southern Hemisphere in the Atlantic sector. 

Modern vegetation includes equatorial rain forest flanked to 
north and south by broad belts of dry forest and savanna. Subtropi- 
cal deserts occur in both hemispheres because of low precipitation 
(Fig. 4). African lake levels are low except for a few basins close to 
the-equator in west and east Africa. water levels are also low in the 
Arabian Peninsula and low to intermediate in Afghanistan, north- 
west India, and central Asia. In the western Indian Ocean the 
modern distribution of the foraminifer Globi~evina bulloides reflects 

u 

the occurrence of coastal upwelling driven by the southwesterly 
summer-monsoon winds. Tropical and subtropical water masses are 
indicated by the distribution of Globigevinoides vubev. Southern 
Australia, New Zealand, and southern South America receive 
seasonally uniform or winter-dominated rainfall generated by west- 
erly storm tracks over the southern oceans, but, at low latitudes, the 
subtropical high-pressure cells produce easterly tradewinds, summer 
monsoons, and interior or lee-side deserts. 

Dynamics of  the model simulations. At 18 ka the highly reflective ice 
sheets, generally cold oceans, and equatorward-extended sea-ice 
borders resulted in a significantly different simulated climate from 
what occurs today in the monsoon region and the southern mid- 
latitudes (Fig. 4). The low temperatures produced by these bound- 
ary conditions strengthened the north-south temperature gradient 
over Eurasia and thereby helped to displace the wintertime polar 
front and the westerlies southward to parts of northwest Africa, the 
Mediterranean, and southern Asia. The circumantarctic sea-ice 
boundary at 18 ka lay about 7" latitude closer to the equator than at 
present (5), and the resulting steeper temperature gradient strength- 
ened the southern westerlies, especially across the Indian and the 
South Pacific oceans. 

The tropics were slightly cooler than they are at present, but most 
regions had rainfall similar to present levels or were slightly drier. 
The simulation of wetter conditions than those today in East Africa 
and drier conditions in south Asia for 18 ka was caused in part by 
the warmer-than-present waters of the western equatorial Indian 
Ocean (46), as specified by CLLMAP (5) .  These warm waters may 

Lake Levels Observed 

Moisture Budget (P minus E) Simulated by CCM Output 
4nn , 

18ka 15ka 12ka 9ka 6ka  3 k a  Oka 

Fig. 6. Observed status of lake levels (upper row) and model-simulated 
moisture budget, precipitation-minus-evaporation (lower row), for each 
1000 years (observations) or each 3000-year interval (model) from 18 ka 
(thousand years ago) to present (0 ka). The temporal variations in percent- 
age of lakes with low, intermediate, or h ~ g h  levels is taken from the Oxford 
lake-level data bank. The observations and the simulated hydrologic budgets 
from the climate model (CCM) are for the latitude belt 8.9" to 26.6"N (8). 
The observations and simulations agree in placing the highest lake levels arid 
largest excess of precipitation over evaporation in the interval 9 to 6 ka. 

reflect an altered global pattern of glacial-age ocean currents (29). 
The increase in July and decrease in January insolation between 

12 and 6 ka (Figs. 2 and 4) produced a major strengthening of 
northern monsoons. The north African-Eurasian landmass was 2" 
to 4°C warmer than at present, and the enhanced land-ocean thermal 
contrast and strengthened monsoons brought increased rainfall to 
the Sahara, Arabia, and south and east Asia. After 6 ka, as July 
insolation decreased, simulated temperatures over the land de- 
creased, the monsoonal winds and rainfall weakened, the northern 
subtropical deserts expanded, and the present climatic patterns 
developed. In the southern tropics the changed insolation (more in 
July, less in January) had exactly the opposite effect. It produced 
decreased seasonality and less intense summer rains in tropical South 
America, southern Africa, and Australia. However, the smaller size 
of the southern continents, especially Australia, muted this effect. 

Paleoclimatic data. At 18 ka, the pollen data show that the extent of 
forests in the Atlas Mountains and west Africa was greatly reduced, 
while dry steppe vegetation occupied the Mediterranean area, which 
suggests that northwest Africa and the lapds around the Mediterra- 
nean were cooler than they are today with moisture levels similar to 
present levels or slightly drier (Fig. 4). This interpretation is in 
conflict with evidence for high lake levels in the Near East and for 
greater runoff from the Atlas into the northern Sahara. Most lakes 
were dry (or low) in the southern Sahara and eastern Africa, 
indicating that the differences in precipitation from the present were 
only minor. Weaker monsoonal upwelling and weaker monsoon 
southwesterlies are indicated by the decreased abundance of G. 
bulloides and windblown pollen in the western Arabian Sea (47). 

Snowline and paleovegetation data from Australia, New Guinea, 
New Zealand, and South America for 18 to 15 ka suggest that mean 
temperatures were 4" to 6°C lower than they are today (48-51). 
Tropical rain forests were reduced because of dry conditions (48, 
49), and dune fields in central Australia were active (52). Only in 
parts of the southern Andes does the pollen record imply that 
effective precipitation was greater than it is today (53). 

From about 12 to 6 ka, the pollen and lake-level data reveal that 
effective moisture was greater than it was before across northern 
Africa and down to at least 16"s in eastern Africa, and eastward 
through Arabia and Afghanistan into northwest India and China. 
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Crocodiles and hippopotamuses extended their range into the 
present-day Sahara desert, and people settled near the freshwater 
lakes (43). In China forests expanded at this time because of wetter 
conditions, and lake levels rose on the Tibetan Plateau (Xizang) and 
in western China (54). In the western Arabian Sea, the increased 
abundance of G. bulloides and windblown pollen from eastern Africa 
clearly indicate that both monsoonal upwelling and monsoon 
southwesterlies were stronger (47). All of this evidence points to a 
major strengthening of the north African-Asian monsoon coinci- 
dent with the period of increased seasonality of solar radiation in the 
Northern Hemisphere (55, 56). After 6 ka the northern tropical 
lake levels fell as would be expected with the return of solar 
radiation to modern values (Fig. 2) .  

For the Southern Hemisphere between 9 and 6 ka the mesic 
forests reached their maximum extent in Australia. New Guinea. 
New Zealand, and parts of tropical and temperate south America; 
although at 30" to 35"s in South America pollen data indicated that 
conditions were drier (57). By 6 ka the levels of Lake Titicaca (16"s) 
and most other lakes were lower than levels today (58, 59). 

Data-model  compavisons. The observations clearly portray the inten- 
sified monsoons in northern Africa and southern Asia from about 
12 to 6 ka in contrast to the weaker monsoons of glacial and present 
times. For tropical lands, this is the outstanding feature of the 
18,000-year climatic record. Our simulation experiments indicate a 
pattern of intensified northern monsoon circulation and precipita- 
tion that agrees closely in time and space with the observations and 
explains the phenomenon in terms of orbitally induced change in 
solar radiation. 

To illustrate this broad agreement of observations and simula- 
tions, we have made a quantitative comparison between the ob- 
served record of changes in level of closed-basin lakes in the 
northern tropics and the model's simulation of precipitation-minus- 
evaporation (Fig. 6) (8). We compared these two independent 
estimates of the surface hydrologic budget for each 3000-year 
interval from 18 ka to the present. This period covers essentially one 
precession cycle from near present insolation values around 18 ka to 
the greatly increased summer insolation of 9 ka to the present (Fig. 
2). For the ~ e r i o d  12 to 6 ka the model simulates a 25 to 30% 
increase in rainfall compared to present values, and about a seven- 
fold increase in net moisture availability as measured by precipita- 
tion-minus-evaporation (Fig. 6) .  For comparison, most northern 
tropical closed-basin lakes in our survey were at intermediate or high 
levels between 12 and 6 ka, whereas almost all are at low levels now 
(Fig. 6). Similar estimates of increased rainfall and precipitation- 
minus-evaporation are available from paleohydrologic studies based 
on field data (60). This agreement between model results and 
geologic data appears in large part to answer one of the long- 
standing puzzles posed in the introduction. 

Outside of the northern tropics, our data sets are not as complete 
in time and space, and we have not made regional comparisons of 
the type shown in Figs. 5 and 6. We have compared the simulations 
and observations at selected locations and there are areas and times 
of agreement and disagreement, some of which are cited as examples 
below. 

For the Southern Hemisphere, the simulated strengthening of the 
southern westerlies over the eastern South Pacific and southern 
South America for 18 ka is supported by pollen data from southern 
Chile (53). For 9 ka the model indicates that seasonality and summer 
rains decreased, and the pollen and lake-level evidence for subtropi- 
cal South America, South Africa, and Madagascar supports this 
reconstruction. However, elsewhere in the tropical and temperate 
latitudes of South America (53, 61), Australia (62), and New 
Zealand (50) the pollen data show that mesic forests were at their 
maximum extent, which suggests that conditions were moister than 

those simulated by the model. 
The simulated climate disagrees with some geologic data concern- 

ing the time of the onset of enhanced northern monsoon rains. The 
model indicates that the onset occurred at 15 ka, whereas the data 
show that lake levels did not rise until around 12 ka (Fig. 6). We do 
not know the reason for this discrepancy, but perhaps glacial-age 
aerosols significantly depleted the incoming solar radiation in the 
tropics, a factor not included in our model. 

Another area of apparent disagreement for the last glacial maxi- 
mum (18 ka) between the geologic data and the simulations of our 
model and other models (18) centers around New Guinea. There, 
glacier equilibrium lines and vegetation zones were about 1000 m 
lower than at present at some time during the last glacial interval 
(49); this evidence implies that terrestrial temperatures were 5" to 7" 
lower then, whereas adjacent sea-surface temperatures were only 
about 2°C lower (5). Only about a third to a half of the implied 
terrestrial cooling is simulated by the model, in which sea-surface 
temperature estimates from marine plankton are a surface boundary 
condition (63-65). The same type of disagreement occurs in other 
areas of tropical mountain glaciation, including eastern Africa and 
the central Andes (51, 66). The model's simulation of a weakened 
Indian monsoon is consistent, however, with the observed decrease 
in the upwelling indicated by the G.  bulloides in the western Arabian 
Sea. 

In the Mediterranean region at 18 ka, the paradox of high lake 
levels in northwest Africa and the Near East coinciding with pollen 
evidence for steppe vegetation may be explained by the model 
simulation of a southward shift of the westerlies in summer. Such a 
shift would have brought cloudiness, occasional rains, and low 
evaporation rates into the region and would have reduced the 
strength of the summer subtropical high that prevails there today. 
Winters would have been cold and precipitation reduced because of 
strong northeasterly airflow. 

Causes and Mechanisms of Long-Term 
Change 

Our modeling experiments show how orbitally induced changes 
in insolation and variations in surface boundary conditions affect 
regional climates and thus help answer the questions posed in the 
introduction by explaining the major shifts in vegetation, marine 
plankton, and hydrologic budgets. Variations in insolation changed 
the seasonality of climate in the tropics and mid-latitudes. By 
enhancing the thermal contrast between oceans and land, increased 
seasonality produced strong summer monsoons from 12 to 6 ka in 
the Northern Hemisphere tropics and subtropics and warm and dry 
summers in the continental interiors of northern mid-latitudes. 
Lake-level data agree with these results. Lakes expanded in the 
Sahara and elsewhere in the northern tropics, but lake levels were 
low in central and western North America (Figs. 3 and 4). Pollen 
data and their derived climate estimates also indicate that the climate 
was warm and dry in central North America and Europe. The model 
output suggests that in the Southern Hemisphere the orbital 
variations produced somewhat weaker summer monsoons in Africa 
and South America at 9 ka, although more data from southern 
Africa and southern Amazonia are needed to assess this interpreta- 
tion. 

The model results indicate how surface boundary conditions (ice- 
sheet size, sea-ice extent, and sea-surface temperatures), themselves 
representing a delayed response to radiation changes, could have 
influenced atmospheric circulation patterns and thus the patterns in 
temperature and precipitation that affect vegetation. The extent of 
sea ice in the North Atlantic, which is largely controlled by cold 
northwesterly winds from the North American ice sheet, in turn 
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influenced the location and strength of the westerly jet stream over 3. See J. Imbrie and K. P. Imbrie Ice Ages: Solving the Mystery (Enslow, Short Hills, 
NJ, 1979) for historical essay on the development of the theory. 

The American ice sheet at its maximum 4. J. D. Hays, J. Imbrie, N. J. Shackleton, Science 194, 1121 (1976). 
extent split the westerly jet stream over North America and de- 5. Climate Mapping and Prediction: CLIMAP Project Members, ibid. 191, 1131 

(1976); Geol. Sot .  A m .  Map Chart Ser. MC-36 (1981). 
creased the seasonality of 'Iimate in eastern No* America' Both 6. W. L. Gates, Science 191, 1138 (1976); J .  Atmos. Sci. 33, 1844 (1976); S. Manabe 
the North American and Eurasian ice sheets produced anticyclones ,d D, G, ~ d ,  J ,  ~ ~ ~ ~ h ~ ~ ,  R ~ ~ ,  82, 3889 (1977). 
that led to surface easterly winds along their southern boundaries. 7. J. E. Kutzbach et al., Eds., Global Climates Jor 9000 and 6000 Years Ago (Univ. of 

Minnesota Press, Minneapolis, in press). The southward-dis~laced jet stream and storm track at l8 ka led to 8, J, E, Kutzbach and F, A, Street.Perrott, m t u r e  317, 130 (1985). 
high lake levels in the American Southwest, and the surface easterlies 9, M, G, Winkler, A. M. Swain, J. E. Kutzbach, Quat. Res, ( N e w  York) 25, 235 
along the ice-sheet edge produced dry conditions in the Northwest. (1986); G. L. Jacobson, T. Webb 111, E. C. G r i m ,  in North America and Adjacent 

Oceans During the Last Glaciation, W. F. Ruddiman and H. E. Wright, Jr., Eds. 
The of America from l8 to l2 ka were any (Geological Society of America, Boulder, CO, 1987), pp. 277-288. 
today, and this condition led to floras and faunas without analogs in lo. B. Huntley and H. J. B. Birks, A n  Atlas of Past and Present Pollen Mapsfor Europe C- 

today's vegetation and animal communities. The radiation maxi- 11, % J ~ ~ ~ ~ A ~ d ( $ ~ ~ ~ ~ g ~ ~ ~ ~ i ~ ~ , " ~ " ; ~ ~ " ; i $ ~ i $ 9 8 3 ) ~  
mum occurred before ka and in high temperatures the 12. T. Webb 111, P. J. Bartlein, J. E. Kutzbach, in North America and Adjacent Oceans 
southwest of the Laurentide ice sheet. In contrast, in eastern North During the Last Glaciation, W. F. Ruddiman and H. E. Wright, Jr., Eds. (Geological 

Society of America, Boulder, CO, 1987), pp. 447-462. America the 'low retreat of the ice sheet the 13, C, W, Barnosh, P, M, Anderson, P, J ,  B d e i n ,  &id,, pp, 289-321, 
thermal maximum until 6 ka. 14. Earlv ex~eriments for 18 ka 115) were followed bv those of Gates and of Manabe 

Climate models provide useful thermodynamical and dynamical 
explanations for the past patterns in the data. Paleoclimatic data in 
turn indicate that climate models have fair skill in simulating the 
broad geographic patterns of atmospheric circulation, temperature, 
and moisture. The stage is now set for new paleoclimatic experi- 
ments with versions of the models that include additional interactive 
components of the climate system, for example, soil moisture, ocean 
circulation, aerosol content, and other factors (67, 68). New paleo- 
climatic tests of the model results are also needed. These can build 
on results described here and will show how well the models can 
simulate the geographic patterns of vegetation, lakes, and marine 
plankton for each new model experiment. 

Implications for Understanding Past and 
Future Changes 

As confidence is gained in the climate and ocean models, opportu- 
nities will arise both at global and regional scales to examine the 
effects of c h a t i c  change on biosphere dynamics. For example, if the 
changing distributions of spruce, oak, and other trees in North 
America and Europe can be understood in terms of the climate 
simulated by the model, then key paleoecological problems, such as 
the potential for migrational lags in plant distributions, can be 
examined in a new light (69). Similarly, we can evaluate in the 
marine data the extent to which the distribution of certain foraminif- 
era1 species can be related to distinct oceanic conditions (for example 
temperature and nutrient levels) that reflect climatic change. Most 
importantly, the physical mechanisms responsible for these environ- 
mental and biospheric changes can be better understood. 

Climate has influenced human activities. Two great cultural 
developments emerged at about the time of major environmental 
change between 12 and 10 ka-the earliest appearance of agriculture 
in the Old World, and the cultural changes accompanying extinction 
of the Pleistocene megafauna in the New World. Both developments 
may have been caused at least indirectly by the types of climatic 
change examined here. Now we may be faced with the reverse: 
human modification of climate and of related aspects of the physical 
environment. Application of a well-tested climate model is at present 
the only method for predicting these climatic and environmental 
changes and can help in planning a response to them. C O W  
research is contributing to the testing of these models and to the 
understanding of past climates. 
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