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ABSTRACT

The numerical simulation experiment of climate at Last Glacial Maximum (LGM, 21 ka BP)
in China is made by using an atmospheric general circulation model (AGCM) coupled with land
surface processes (AGCM+SSiB) and earth orbital parameters and boundary forcing conditions at
21 ka. The modeled climate features are compared with reconstructed conditions at 21 ka from
paleo-lake data and pollen data. The results show that the simulated climate conditions at 21 ka in
China are fairly comparable with paleo-climatological data. The climate features at 21 ka in China
from the experiment are characterized by a drier in the east and a wetter in the west and in the
Tibetan Plateau as well. According to the analysis of distribution of pressure and precipitation, as
well as the intensity of atmospheric circulation at 21 ka, monsoon circulation in eastern Asia was
significantly weak comparing with the present. In the Tibetan Plateau, the intensity of summer
monsoon circulation was strengthened, and winter monsoon was a little stronger than the present.
The simulation with given forcing boundary conditions, especially the different vegetation
coverage, can reproduce the climate condition at the LGM in China, and therefore provides

dynamical mechanisms on the climate changes at 21 ka.
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I. INTRODUCTION

The Last Glacial Maximum (21 ka BP) nowadays is a hot topic in the field of
paleoclimate study. Recently, a lot of researched results from data analysis of
palaeoclimate and numerical simulation have revealed that global climate at 21 ka is very
different from the present for the existence of Northern-Hemispheric ice sheets. low
concentration of CQO,, different sea surface temperatures (SSTs), and orbital-forcing
insolation anomalies (CLIMAP Members 1981; COHMAP Members 1988; Harrison et al.
1996: Kotlia et al. 1997; Street-Perrott et al. 1989; Tarasov et al. 1994; Tarasov et al.
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1999; Wright et al. 1993; Yu and Harrison 1995). Quaternary researches in China reveal
very different climate patterns at 21 ka comparing with the present in China. They are
unique and special in the world (Chen et al. 1990; Liet al. 1988: Lietal. 1994: Lietal.
1995; Liew et al. 1998; Qin and Yu 1998; Shen and Xu 1994: Sun et al. 1995: Wang et
al. 1990; Yanetal. 1998; Yao et al. 1994). The palaeoclimate at 21 ka in China has been
reconstructed and the results indicated that there were very different dry and wet climate
patterns in the east and the west, and a dramatical decrease in temperature appeared in
this area. But it has not been understood the dynamical mechanism and atmospheric
circulation background of the climate anomalies. Some numerical experiments have been
conducted just for the global climate at 21 ka (Dong et al. 1996; Joussaume and Taylor
1995: Kutzbach et al. 1998). But so far no good simulation results of paleoclimate
experiments have been reported about the climate change in China at the LGM, especially
the explanations of mechanism of East Asian monsoon variations.

In this study. based on the analysis of different sources of paleo-climatological
records, by using a general atmospheric circulation model (AGCM) coupled with a
simplified land process model (SSiB) (e. g. AGCM + SSiB) and boundary conditions,
climate conditions at 21 ka in China are reproduced and the possible dynamical mechanisms
are explored. By comparing reconstructed climate from various proxy indices with
atmospheric circulation features from the model. the major characteristics associated with
the potential mechanisms of climate change at 21 ka in China are addressed preliminarily.

1II. MODEL AND FORCING CONDITIONS

1. Climate Model and Experiment Design

The model used in this study is a general atmospheric circulation model. coupled with
the land surface processes (AGCM+SSiB). This AGCM is an improved version of 9 levels
spectral model truncated at wave number 15 (Liu and Wu 1995; 1997; Wu et al. 1996).
The spatial resolution in horizontal directions is about 7. 5°X 4. 5°. SSiB is a simplified
biosphere model (Sellers et al. 1986; Xue et al. 1991). In this model, there are one
vegetation layer and three soil layers. in which vegetation is classified into eleven types. In
our experiment, the output of SSiB is incorporated with AGCM.

The experiment is designed according to Paleo-climate Modeling Inter-comparison
Project (PMIP). It is used to determine the model predicted equilibrium climate that is
consistent with certain imposed changes in boundary condition characteristics of the period
under study. Here, the boundary conditions indicate the various prescribed conditions,
including orbital parameters which determine the insolation pattern, atmospheric' CO,,

glacial ice distribution and sea surface temperatures. These conditions are considered to be

external to the components of the climate system considered by typical GCMs. By
considering equilibrium climate states. the study limits the kinds of issues that can be
addressed concerning the evolution of climate from the state to another. For the LGM,
two experiments are designed in PMIP. In one experiment. SSTs are prescribed. while in
the other experiment, they are created by model. In this study. the first method is used
and the massive ice sheets covering North America and Scandinavia have been prescribed
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according to reconstruction by Peltier (1994). It is very important that the LGM climate is
characterized by large changes in the surface boundary conditions (ice sheet extent and
elevation, SST, and surface albedo) and atmospheric carbon dioxide concentration, but
only minor changes in the insolation pattern (Berger 1988). This period (21 ka BP) is
very important for understanding how ice sheets and lowered CO; levels influence climate.
Among the climate features of interest in this experiment are only the simulated changes in
the Northern Hemisphere jet stream location and associated changes in the storm tracks
(Gates 1976; Valdes and Hall 1994; Manabe and Broccoli 1985: Rind 1987; Kutzbach and
Guetter 1986: Joussamue 1993). As our knowledge, there is no numerical simulation
study focus on Asian monsoon climate features in China at 21 ka. Therefore, in this
study, we design the experiment and attempt to simulate the climate at 21 ka in East Asia
and China.

2. 21 ka Simulation

In this experiment, the 21 ka simulation is driven by two kinds of forcing conditions.
One is associated with solar radiation, e. g. earth orbital parameters (perihelion,
eccentricity and obliquity). The other is associated with the earth surface conditions.
including SST, snow and ice coverage, atmospheric CO; concentration and vegetation. In
order to identify the climate change at 21 ka from the present, we run both 0 ka and 21 ka
experiments. In the 0 ka (control) test, SST is the present data with 10-year variation.
Snow and sea ice coverage are with seasonal variation, vegetation distribution and earth
orbital parameters are same as the present. CO; concentration is 280 ppm. In the 21 ka
experiment. SSTs, sea ice. snow cover and ice sheet are determined based on PMIP
document. CO, concentration is 200 ppm, and earth orbital parameters are estimated
according to Berger’s work (1978). Some researches indicated that interaction between
vegetation and atmosphere is very important in climate simulation (Foley et al. 1994;
Martin et al. 1999; Winkler and Wang 1993; Wang 1999). In this study, vegetation
distributions at 21 ka in East Asia are prescribed according to pollen data (Yu et al.
1999). All forcing conditions are summarized in Table 1. For both 21 ka and control
experiments, 11 modeling year simulation was run. and averages of the last 10 years were
treated as mean equilibrium climate conditions. Here, 10-year average is used as a typical
period of climate status at 21 ka to be compared with the present climate.

Table 1. The Earth Orbital Parameters and Boundary Conditions for Simulation Experiments

The earth orbital parameters .
Parameters Boundary conditions

Eccentricity | Perihelion Obliquity

280 ppm CO; concentration, 10-year SST,
Present (0 ka)l 0.0167 282.04 23. 446 present snow and sea ice cover, present
vegetation distribution

200 ppm CO, concentration, SST {rom
CLIMAP, snow and ice sheet from PMIP,
21 ka BP 0.0187 294. 42 22.949 . L .
vegetation distribution changed over Eurasia

from geological data
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3. Model Validation

The modeled results are validated by comparison between control experiment and
observed data. The sea level pressure, temperature. geopotential height at 500 hPa from
model output are consistent very well with NCEP/NCAR data (Liu et al. 1999, PIMP
Workshop III). The main features of precipitation distribution are generally good, and
only in some regions from tropical‘zone show a little deviation from NCEP/NCAR data.
Overall, the model used in.this paper has good capability for climate simulation, especially
in the area of China.

I1I. RESULTS

1. Modeled Climate Features at 21 ka in China

The simulated surface temperature, precipitation and effective precipitation P—E at
21 ka in the area of China are shown in Fig. 1. The annual mean surface temperatures,
shown in Fig. la are from 20°C to —20°C with the region from Hainan Island, southern
China. to northeastern China. Annual mean surface temperature in the Tibetan Plateau is
about —5°C to —10°C, the one of the coldest regions by the model simulation, and the
another one is northeastern China. It can be seen from Fig. 1b that there is a high annual
precipitation in the Tibetan Plateau region. The maximum precipitation is more than
2.5 mm/d, the most of the Plateau is covered by areas of 1.5 mm/d. There is the region
covered by 2.5 mm/d in the north of China. On the contrary, precipitation in eastern and
southeastern China is less than 2. 5 mm/d. Indices representing dry and wet conditions
(annual effective precipitation P — E) are mapped in Fig.lc. The pattern of P—E
distribution is very similar to that of precipitation. The maximum is in the Tibetan
Plateau. In the middle and south of the Plateau, P—E is greater than 1.5 mm/d, and the
maximum is about 2 mm/d. As a contrast, P—E is less than 1 mm/d in the eastern
China, which is much less than that in the Plateau. This distribution shows that there was
humid climate in the Tibetan Plateau and drier climate in the east of China at 21 ka.

From above results we can find the main climate features at 21 ka in China, t. e. it is
colder and wetter in the Tibetan Plateau and warmer and drier in eastern China compared
with the Plateau. The differences of the climate between 21 ka and the present are shown
in Fig. 2. From the differences of annual mean temperature (Fig. 2a). it can be seen that
decreases in temperature ranged between 1°C to 10°C at 21 ka. In the plateau, temperature
decreasing in summer is less than that in winter. This indicates that climate was warmer in
summer half year in the Tibetan Plateau. The anomalies of annual precipitation at 21 ka
(Fig. 2b) show that the positive anomalies are located at the Tibetan Plateau. northwest
of Xinjiang. north and northeast of China. The differences of annual precipitation are
negative in the regions where precipitation is plentiful at present. such as the east and the
southeast of China. Especially in the upper and middle basins of Yangtze River, the
decrease in precipitation is more than 1 mm/d. It means that these areas are short of
precipitation at 21 ka. The distributions of difference of annual effective precipitation (P—
E) are almost the same as that of annual precipitation (Fig. 2¢).
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From the simulation of 21 ka conditions, we can find that it is colder in China at 21 ka
than the present, and the spatial patterns of humidity conditions are almost inverse
between 21 ka and present, e.g., it is wetter in the west and drier in the east of China at
21 ka.

2. Comparison between the Simulation and Paleoclimate Evidence of 21 ka

The simulation of climate at 21 ka is validated by using various palaeoclimate
evidence. In this subsection, reconstructed lake status and vegetation pattern at 21 ka in
China from paleo-lake-status database and pollen database (Fig.3). which can be used as
indices of the climate conditions, are compared with the model simulation results.

It can be seen from Fig. 3a that lake-water levels are lower at present in the
northwest. north and northeast of China, and they are higher in southern and
southeastern China today. The conditions registered by lake-status are basically matched
the precipitation distribution in the present China. The data of 21 ka (Fig. 3b) show high
lake water levels in the Tibetan Plateau and northwestern China and the low levels in the
eastern China. These reconstructed climate features at 21 ka were wet in the west and dry
in the east of China. The distribution of vegetation patterns in Figs. 3c and 3d shows cold
and humid conditions in the northeast of China. As a comparison. modern vegetation
patterns in the southeast of China is indicating warm and wet condition., the steppe and
desert vegetation respond to arid condition in the northeast and northwest of China, while
the tundra in eastern Tibetan Plateau is controlled by alpine cold and wet conditions. In
these regions climate is colder and drier. While at 21 ka in China, the vegetation in the
most eastern China, except for the coastal zone of southeast. was characterized by the
steppe and deserts. There were some vegetations fit to humid climate in the Tibetan
Plateau and the northeast of China. Therefore the climate in these regions was cold and
humid. and consistent with the distributions of modeled precipitation and effective

precipitation shown as Fig. 2.
IV. THE 21 KA CLIMATE DIAGNOSES

Based on the basic atmospheric circulation fields of the simulation at 21 ka, and
analogue to modern climate, we attempt to understand the mechanisms and causes of
climate at 21 ka and their changes from the present in China.

1. Sea Level Pressure

The simulated sea level pressure of 21 ka and 0 ka and their differences in summer and
winter in eastern Asia and western Pacific are shown in Fig. 4. It shows that sea level
pressure in the western Pacific in summer at 21 ka is lower than that at present, so that
the differences are negative. Over eastern Asia Continent the pressure differences in
summer are positive in most part of China. This means that the India low-pressure system
that controlled continent in summer was weaker at 21 ka than that today. Therefore. the
sea level pressure differences between sea and land at 21 ka are smaller than the present,
and lead to the weakened summer monsoon system over the Pacific. As a consequence of
that. precipitation in eastern China decreased significantly and climate turned to drier at 21
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A much drier than 0 ka
@ much wetter than 0 ka

C  similar condition to 0 ka

@ Tropical rainforest

@® Tropical seasonal forest
@ Warm mixed forest

@ Temperate deciduous forest
@ Cool mixed forest

® Cool conifer forest

O Taiga

® Cold deciduous forest
A Tundra/wetland

A Steppe

A Desert

Fig.3. Lake (a), (b) and pollen (c), {(d) based reconstructions at the 21 ka and 0 ka BP.
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Fig. 4. Differences of sea level pressure from 21 ka to 0 ka in summer (a) and winter (b).

ka. On the other hand. the low pressure system in the west of China was strengthened and
precipitation increased. and climate became humid at 21 ka in summer. In winter. the
differences of sea level pressure distribution features are that Mongolia high and Aleutian
low were strengthened and climate was much colder and less precipitation for the strong

winter monsoon system and cold air mass extended southward.

2. Streamlines

Streamlines at 700 hPa in summer and winter at 21 ka and 0 ka are given in Fig. 5.
The distribution of streamlines in summer at 0 ka shows that main anticyclonic circulation
system is in western Pacific. As a result, the east of China is controlled by warm and
moist air flow {from the Bay of Bengal and South China Sea and there is a closed convergent
center in the east of Tibetan Plateau. This streamline distribution pattern is important
because in the summer a great deal of humid and warm air enters and converges in this
area. For the present in China. water vapor in summer is from the south. Meanwhile the
northwestern China is controlled by anticyclonic circulation and thus there is less
precipitation in summer.

The simulated summer streamline distribution at 21 ka indicated some different
features from 0 ka as shown in Fig. 5b. The features of streamlines at 21 ka are: (1) There
was a convergent center in the Tibet in summer and it enabled the water vapor from South
China Sea entering into and converged in Tibetan Plateau. northern and northwestern
China. As a result of that the climate in these regions became more humid in summer.
(2) Anticyclonic system of northwestern Pacific was more westward into the Asia inland
and led to a dry climate in summer in the east of China. (3) In the north of China. the
parts of Hebei and Inner Mongolia are another convergent area, here warm and moist air
was joint with cold air of westerlies and formed precipitation. The distribution of these
convergent areas is good consistent with the distribution of precipitation at 21 ka

simulation.

3. Monsoon Index

Climate in eastern Asia is associated with the eastern Asia monsoon circulation
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Fig. 5. Simulated 700 hPa streamline in summer (a), (b) and winter (), (d) at 21 ka and 0 ka.

intensity and extent. The factors, controlling the intensity and extent of the eastern Asia
monsoon. are complicated. The major factors that we pay more attentions to are sea level
pressure differences between sea and land, dynamics of large topography such as Tibetan
Plateau, and shift of planetary systems. In order to study how these three factors affect
the climate changes at 21 ka. two monsoon indices are defined to indicate differences
between sea and land and topography dynamical roles of Tibetan Plateau. Then wind
vector fields at 1000 hPa are compared for determining the shift of planetary wind
systems,
The index of sea-land sea level pressure differences is defined as

AP, = AP,, — AP,, eD)
where AP, andA P, are sea level pressure differences between land and sea (land minus
sea) at 21 ka and 0 ka, respectively. The sea level pressure over finite topography has
been reduced from surface pressure assuming hydrostatic balance and a lapse rate of —6. 5°
km™' (McAvaney et al. 1978). Therefore, AP, is the difference between 21 ka and 0 ka,
indicating the change of the pressure differences from 21 ka to Oka. The areas for AP,
calculation are the windows of 80—120°E and 20—50°N (land) and 120—170°E and 20—
50°N (sea). The index for Tibetan Plateau dynamical role is defined as

AP, = AP} — A Pg, (2)
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where AP, and AP¢ are sea level pressure differences between the plateau and low land
(plateau minus low land) at 21 ka and 0 ka, respectively. Here, AP,, represents pressure
difference change from 21 ka to 0 ka. The window for Tibetan Plateau is 80— 100°E and 30
—40°N and for low land it is 80— 120°E and 20—50°N (the plateau area is removed from
this area when calculating the pressure differences).

From the above definition of two indices we can know that when AP, >0 then it
indicates that pressure differences between sea and land at 21 ka are greater than that at
present and monsoon circulation became stronger. and vice versa, if AP,<(0, the monsoon
became weaker at 21 ka. If AP,>>0 then the plateau monsoon at 21 ka became stronger
than today and it became weaker when AP,,<{0. All parameters in Egs. (1) and (2) are
calculated for summer and winter at 21 ka and 0 ka (Table 2). The indices in Table 2
show that in winter both AP, and AP,, are small, indicating that monsoon circulation
driven by sea-land differences and large topography does not significantly change at 21 ka,
However, the change in intensity of summer monsoon at 21 ka is significant compared with
winter monsoon. As the decrease in pressure between sea and land, the summer monsoon
at 21 ka became weaker than today, AP,is —3.42 hPa. On the other hand. AP,,is 2.57
hPa, showing Tibetan Plateau summer monsoon at 21 ka stronger than 0 ka due to the
topographical dynamics. This is the potential cause leading to more precipitation and
humid climate in the plateau. In addition. the change of wind vector fields controlled by
seasonal shifting of planetary wind systems (Figs. 6a and 6b) is an important factor for
monsoon system in eastern China. Wind vectors show that the change of wind directions at
1000 hPa from summer to winter at 21 ka is not significant in southeastern China. It
means there were no significant seasonal changes of surface wind directions in southeastern
China and no strong summer monsoon presented at 21 ka. In summary. the modeled
eastern Asia summer monsoon circulation at 21 ka is weaker than today in the southeast of
China, and the Tibetan Plateau summer monsoon became stronger at 21 ka than the

present.
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Fig. 6. Simulated 1000 hPa wind fields in summer (a) and winter (b) at 21 ka and 0 ka.
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Table 2. Pressure Index Indicating Change of Monsoon Intensity

Winter Summer
21 ka Oka [21ka~Oka| 21ka Oka |21 ka—0ka

Pressure difference between land
8. 20 7.59 0. 61 11. 46 14. 88 —3.42

and sea

Pressure difference between low
land and Tibet

9.34 9.38 —0.04 12.95 | 10.38 2.57

V. DISCUSSION AND CONCLUSION

The preliminary simulation results of climate at 21 ka in China discussed above give
the typical climate conditions that have been addressed by a lot of geological data. This is
the first effort on using AGCM +SSiB model to explore climate at 21 ka in China and it is
fairly consistent with reconstructed paleoclimate. Before then there were some simulation
experiments by using CCMs and UGAMP. but these experiments could not give realistic
East Asia monsoon system signal and precipitation field. In our study, modeled East Asia
monsoon system is better and 21 ka simulation is agreed with geological evidences.

Based on the comparison between model output and data analysis, we can draw the
'following conclusions:

(1) The modeled results of AGCM + SSiB with 21 ka boundary conditions and
changed vegetation distribution experiment predicted the completed different conditions at
21 ka from the present in China, i.e. dry conditions in the eastern China and humid
conditions in the Tibetan Plateau. This result is consistent with paleoclimate evidence and
shows the different climate at 21 ka compared with the present. This is the first successful
simulation that captured the climate features in China at 21 ka.

(2) Decreases in temperature at 21 ka in China are significant. The range of
temperature decrease is from 1 °C to 10°C.

(3) The changes of eastern Asia monsoon circulation are dramastically in summer at
21 ka. The weaker summer monsoon is associated with the decreasing in pressure
differences between land and sea, while in the Tibetan Plateau the summer monsoon is

strengthened.
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