Chapter 2 Paleoclimate of China

2.1 Introduction

The regional climate of China in the past can be studied by analyzing
proxy data and modeling. In the last several decades, a plenty of proxy
data, such as tree-rings, ice cores, stalagmite, peat, pollens, lake sediments,
and historical documents were used by Chinese scientists to study climate
changes of China. A longer perspective on climatic variability can be ob-
tained by the study of natural evidences that are climate-dependent. Such
evidences provide the proxy record of climate and are the foundation of
paleoclimate studies. Thus, reconstructed paleoclimatic data from the
proxy data provide the basis for studying the regional climate change of
China at different time scales.

Many natural systems are dependent on climate; where evidence of such
systems in the past still exists, it may be possible to derive paleoclimatic
information from them. By definition, such proxy records of climate all
contain a climatic signal, but the signal may be relatively weak, embedded
in a great deal of extraneous “noise” arising from the effects of other (non-
climatic) influences. The proxy material has acted as a filter, transforming
climatic conditions at a point in time, or over a period, into a more or less
permanent record, but the record is complex and incorporates other signals
that may be irrelevant to the paleoclimatologist.

To extract the paleoclimatic signal from proxy data, we have to under-
stand how, and to what extent, proxy materials are climate-dependent by
using modern climatic records and proxy materials. Generally, we can as-
sume that the modern relationships observed have operated, unchanged,
throughout the period of interest (the principle of uniformitarianism). All
paleoclimatic research, therefore, must build on studies of climate depend-
ency in natural phenomena at the present. Dendroclimatic studies, for ex-
ample, have benefited from a wealth of research into climate-tree growth
relationships, which have enabled dendroclimatic models to be based on
sound ecological principles. Significant advances have also been made in
playnological research by improvements in our understanding of the rela-
tionships between modern climate and pollen rain. It is apparent, therefore,
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that an adequate modern database and understanding of contemporary
processes in the climate system are important prerequisites for reliable pa-
leoclimatic reconstructions. However, not all environmental conditions in
the past are represented in the period of modern experience. We must be
aware of the possibility that erroneous paleoclimatic reconstructions may
result from the use of modern climate-proxy data relationships when past
conditions have no analog in the modern world.

For extending the climate series, calibration and assimilation are impor-
tant in the reconstruction of the climate series for the past climate research
in regional climate of China. The ice cores, tree-rings, stalagmite and
documentary data have been used to estimate the regional temperature
anomalies and precipitation to fill the gaps in observational series. As the
Tibetan Plateau play a very important role in the climate of China, using
more proxy data, mainly ice cores and tree rings from the Plateau, is nec-
essary. A fundamental understanding of the climate change of China in the
past is very valuable for understanding and detecting present and future
climate change in China.

As a numerical tool, climate model has been used to estimate the spatial
and temporal pattern of climate changes in the past. Models are used to test
hypotheses about the causes of environmental changes in the past, to quan-
tify the relative importance of one factor compared to another, and to ex-
amine the sensitivity of the climate system to different forcing mechanisms.
Therefore, paleoclimatic modeling can provide the essential understanding
of climate system variability, and its relation to both forcing mechanisms
and feedbacks, which may amplify or reduce the direct consequences of
particular forcing. Paleo-environmental data and modeling can help us to
evaluate known climate changes in the past, and to comprehend the feed-
backs and system responses that are of direct relevance to the understand-
ing of the future impact of human activities.

2.2 Reconstructed climate of China

Chinese climatologist Zhu Kezhen, published the first paper “Climate
change during the historical time in China” on the climate change in China
in 1925. Then Zhu published “Preliminary study on climate change during
the last five thousand years in China” in 1972. In the last 50 years, more
paleoclimate studies based on the different kinds of proxy data, such as ice
cores, tree-rings, lake sediments, and varve records, have been made and
have greatly improved our understanding to the paleoclimate of China. By
use of the proxy data we can reconstruct precipitation and temperature
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time series with various resolutions for long time. From these reconstruc-
tions we have known more climate change of China in the past.

One of the hot points in paleoclimate is abrupt climate change. A great
deal of the evidences showed that there were series of abrupt change
events in China in the Holocene since Younger Dryas. The assorted
evidences indicate that the most of the cold periods identified in China
correspond to those of the world. Discrepancy in timing may relate to the
uncertainty in those and the Chinese series.

Two typical cold periods were found as abrupt climate changes at 8.2
kaBP (Wang N L et al., 2002) and at 4.0 kaBP in the Holocene. The later
one is possible related to the collapses of ancient civilization in the Nile
Valley and the Mesopotamia and the alternation of the ancient cultures in
China. (Wang S W et al, 2004). The results of studies indicate that the col-
lapses of ancient civilization in the world were associated with an abrupt
shift to a cold and drought climate (Group of experts, 2000). The changes
of wetness in Qinghai Lake are related well to the reduction of precipita-
tion at 4.0 kaBP.

The occurrence of MWP (Mediaeval Warm Period, AD 900~1300) in
China is also an important topic in the studies of historical climate changes.
Zhang De'er (1994) has shown that the 13th century was a warm period
during the last millennium. Wang et al. (2001) reconstructed the tempera-
ture series for eastern and western China with 50-year time resolution. The
mean temperature from AD 850 to 1300 was about 0.2°C higher than the
mean during the whole period except in the 12th century in eastern China.
However, no prolonged warm period was found in western China from AD
900 to AD 1300. Therefore, the MWP can probably be traced only in east-
ern but not in western China. Ge et al. (2002) have synthesized the pollen,
varve, stalagmite and documentary data, and indicated that there was a
warm period from 930 to 1310, but the climate of 1110-1190 was colder
than that of 1951-1980. A recent study on the stalagmite record in
Beijing supports the suggestion that there was a warm climate during AD
900-1300 while temperature was 0.5°C higher than the present (Tan et al.
2003).Yang et al. (2002) examined the temperatures over the Tibetan Pla-
teau based on the lake sediment, ice cores, tree-rings, peat, and glacier data.
They found that the warmest period appeared before AD 1000 over the
northeastern, but no warm period before AD 1300 over the western Tibetan
Plateau. The climate was warm during AD 1150-1350 over the southern
Tibetan Plateau.

Lin et al. (1990, 1995) and Wang (1990) have extended the temperature
series of China back to 1873 and 1880, respectively. Tu (1984) has con-
structed a homogeneous temperature series for China, in which monthly
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mean temperature observations of 42 stations in eastern China are used.
The gaps are filled with the aid of interpolation. Wang et al. (1998b) con-
structed an annual mean temperature series of China from AD 1880 to
2002.1t indicates that temperature has increased in general for the last 120
years period. The great increments occurred from the end of 1900’s to the
middle of 1940’s, and from the middle of 1980’s to the end of the series.
The warming trend is 0.58°C/100a according to the series of 1880-2002.

For the reconstruction of climate in the last 20ka, the lake status data of
CLSDB show that the climate at 6ka BP was wetter than today in north-
eastern and northern China and most areas of western China. The lake re-
cords also suggest that southeastern China was drier than today. For 18ka
BP('*C), lake status data show wetter conditions than that of today in
western China (west of 100°E) including the Tibetan Plateau and inland
Xinjiang, but drier conditions in eastern China.

Quaternary climate records from South East Asia document large
changes in environmental conditions during the Quaternary. The spatial
pattern of these environmental changes provides insights into the changes
in atmospheric circulation regimes that drive regional climates. The recog-
nition of this fact has led to multiple attempts to synthesis and map the
available palacoenvironmental data from South East Asia (e.g. Winkler and
Wang, 1993; Shi et al., 1993; Yu et al., 1998, 2000; Kohfeld and Harrison,
2003). These syntheses and interpretations are greatly supported by the
existence of palacoenvironmental databases (Kohfeld and Harrison, 2003),
which provide comprehensive, well-documented and quality-controlled
records from individual sites for continental-scale regions. There are three
databases that provide such information for China: the Chinese Lake Status
Database (CLSDB: Yu et al., 2001a, 2001b), the BIOME 6000 data sets
for China (Yu et al., 1998, 2000), and the Chinese Loess database (Sun
et al, 2000; Kohfeld and Harrison, 2003).

2.2.1 Loess

In the northwestern China, the loess plateau with maximum depth of
3000 m provides very important paleoclimate records (Ding et al., 1994)
for the million years before present. Temperatures and precipitation in the
Quaternary (2.4~2.5Ma BP to present) are reconstructed based on the
analyses of magnetization and the size of particles of loess. The recon-
struction from loess records show that there were about thirty-seven gla-
cial-interglacial cycles in the past 2.5Ma and with different periodicities.
The 100ka periodicity appeared in the period from 700~0 ka BP, and the
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period reduced to about 41ka from 0.7 to 1.6MaBP. The loess record also
suggested that temperature during the Last Glacial Maximum (LGM)
(21ka BP) was 6°~7°C lower than that of present, and precipitation was
about 50% of the present normal.

The Chinese Loess Plateau contains an extensive record of aeolian
deposition through multiple glacial-interglacial cycles. Independent chro-
nologies based on pedostratigraphy, magnetic susceptibility, radiocarbon
and luminescence dating have been developed for 79 sites from the Loess
Plateau and the surrounding region and used to estimate acolian mass ac-
cumulation rates (MARs) for marine isotope stage (MIS) 1 through 5 (Sun
et al., 2000; Kohfeld and Harrison, 2003).

High resolution records of loess accumulation during the Holocene
show that accumulation rates were relatively high initially and fell to a
minimum between ca 7000 and 3000 a B.P. Harrison and Kohfeld (2003)
have suggested that these low accumulation rates during the mid-Holocene
reflect an expansion of the Pacific monsoon resulting in wetter conditions
on the Loess Plateau. The timing of the onset and cessation of reduced dust
accumulation varies from site to site, and probably reflects spatial pattern-
ing in the timing of increased monsoonal rainfall.

2.2.2 Ice cores

Ice cores are another useful proxy for understanding past climate
changes. Ice cores provide several hundred years to ten thousands years
long proxy climate records with a high time resolution. The typical ice
cores, such as from Dunde and Guliya drillings in Tibetan Plateau are
130m and 300m, respectively. The analyses of particles numbers and the
8'°0 from Dunde ice core recorded the climate change during the last 40ka,
especially for the Holocene. This record shows that the warmest period oc-
curred from 3.6~2.6kaBP in the Holocene over Tibetan Plateau area. The
unusual cold and dry event appeared at about 8.9~8.7kaBP, with tempera-
ture reduced 3.7k in 300a. Other typical climate periods, such as Little Ice
Age (LIA), Medieval Warm Period (MWP) were also well determined
from 80 of ice core in Dunde. Comparison of 80 from ice cores
changes in Dunde and Greenland indicates significant stadial and intersta-
dial alternations, and the evidence of abrupt climate change, such as the
Younger Drays.

Guliya ice core provides longer climate records than that of Dunde.
There are some ice cores from Dasuopu, Tanggula, Malan and other loca-
tions. Yao et al. compared 8'°O records from four ice cores in Dasuopu
(south), Guliya (west), Dunde (north) and Purogangri (centrl), respectively.
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They reconstructed annual mean temperature series of Tibetan Plateau in
the last 100a and found that climate in the Plateau is warming in the last
100a.

2.2.3 Tree rings (Dendroclimatology)

The analyses of Qilian Mountain tree rings provide number of records
for climate studies, which include winter and spring mean temperature in
the last 1000a, tree ring width with 560a long, annual precipitation in the
last 1100a, summer humidity index of 682a, Delingha 1000a precipitation,
and precipitation in the 1437a in Zaidam . Tree rings collection from Ti-
betan Plateau include Dulan(1835a), Changdu (1000a), Wulan (824a). Be-
sides these tree rings records, there are many records from Xinjiang, north-
east China, and eastern China. Tree-ring data also provide information on
precipitation variations in a relatively short time periods; one of the recent
studies describe precipitation change in Qinghai for the last millennium
(Shao et al., 2004). Synthesis work of the tree-ring studies has provided
decadal mean precipitation anomaly maps of western China from the
1600s to the 1990's (Wang ef al., 1991; Kang et al., 1997, Wu et al.,1981;
Wu et al., 1981; Yang et al., 2002).

2.2.4 Historical documents

Documentary data is one of the main proxy data in examining climate
change in historical time. China has a long history and a plenty of histori-
cal document records. The historical documents most distributed in the
eastern China, which including direct climate records about droughts,
floods, rainfall, snow, freezing, frost, wind and fall dust. And also some of
indirect records on climate are available, such as crop production, famine,
population, insect diseases etc. Chinese historiographers and climatolo-
gists have done a lot work on the historical climate reconstruction for the
last several thousand years, and set up the time series of climate changes in
different regions. (Zhang Deer, 1981, 1997, Zhang Piyuan, 1996, Wang
Shaowu, 1998b, Zheng Jingyun, 1993, Wu Xiangding et al., 1981). Zhu
Kezhen is the first Chinese scientist who studied climate change during the
last 5000 years in China. He confirmed the warm and wet period in the
middle Holocene, and three cold periods within the Little Ice Age were
identified too (Zhu, 1972). In the middle of the 1970s, Chinese scientists
started a project to study the droughts and floods for the last 500 years and
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published the “Droughts/floods maps for the last 500 years in China” in
1981 (CMI, 1981). After that time the series of records of droughts and
floods extended to over a 1000 years (Zhang et al., 1997).

2.2.5 Stalagmite

In the present time current years, stalagmite as proxy data with high
resolution is paid attention to and is used widely since it has a long time,
accurate aging, and high resolution. Chinese scientists have been in the ad-
vance in the world due to their achievement on the paleoclimate studies by
using stalagmite records. Their papers have been cited a lot. Tan Ming et al.
(2003) disclosed the temperature variability in centennial scale and its
spatial distribution by using integrated stalagmite and tree rings records.
They found that the integrated climate record showed a temperature variation
that is symmetrical like a “ V ” shape, not a “ Hockey Stick ™ shape in the
last 1000a in China. The minimum temperature was at “Spdrer Minimum”
and had the same pattern as climate in north Atlantic area. Therefore, this
result confirmed that centennial variability of climate in eastern Asia and
north Atlantic has the same phase in the last 1000a.

2.2.6 Pollen

Pollen data are widely used in the paleoclimate studies. From pollen
analyses, many temperature anomaly series at different sites in China were
reconstructed. The main shortcoming of the temperature anomaly series
from pollen data is the low time resolution. Thus the pollen analysis is
good for time averaged temperature in a period rather than for the single
year or for high resolution study.

A typical case is the maximum temperature anomaly reconstruction of
the Megathermal (mid-Holocene, ca 6ka BP, Shi, 1993). Temperature
anomalies were also estimated according to the changes of vegetation
(Zhang et al., 1993).

China is one of the first regions to be considered in the BIOME 6000
project (Yu et al., 1998) and there have been several subsequent attempts
to improve the vegetation reconstructions (Yu et al., 2000). Tests with a set
of 840 modern pollen samples spanning all biomes and regions show
convincing agreement between reconstructed biomes and present natural
vegetation types, both geographically and in terms of the elevation gradients
in mountain regions of northeastern and southwestern China.
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2.2.7 Lake sediments

Fluctuations in the water balance (precipitation minus evaporation: P-E)
over the catchment of a lake are reflected in changes in lake area, level and
volume, and can thus be reconstructed from geomorphic and stratigraphic
records from the lake basin (Street-Perrott et al., 1989). Although such
changes may be influenced by local non-climatic factors, regional-
synchronous changes in lake area, level or volume (collectively referred to
as lake status) are generally a response to climate. Thus, regional changes
in lake status have been used to reconstruct regional palaecoclimates and
the changes in atmospheric circulation patterns that gave rise to them
(Harrison et al., 1996). Continental-scale reconstructions of changes in
lake status have also been used as a benchmark to evaluate model
simulations of changes in P-E (e.g. COHMAP, 1988; Qin et al., 1998).

The Global Lake Status Data Base (GLSDB: Qin et al., 1998) is an effort
to compile the geomorphic and biostratigraphic data for changes in lake
status for individual lake basins, in order to document changes in regional
water balance during the last 40,000 years. The Chinese Lake Status Data
Base (CLSDB: Yu et al., 2001a, 2001b) is a component of the GLSDB.
Version 1 of the CLSDB contains 42 lakes (Yu et al., 2001a) and a further
26 lakes are included in an updated version of the data set (Yu et al.,
2001Db).

2.3 Climate simulation of the last 1000 years

Historical climate simulation through long time integration is undergo-
ing a rapid development phase. The numerical model simulation plays a
vital role in understanding the causes and physical mechanisms of climate
change on centennial time scale. In this section the temperature over the
last millennium simulated by the global climate model ECHO-G is used to
compare with the reconstructed temperature anomalies in the eastern China.
The purposes are to test the skill of the model in simulating regional cli-
mate of China, and to understand the causes and mechanisms of the past
climate changes in China (Liu et al., 2005). The present study may help
improving our comprehensive understanding of the historical climate
change, enhancing the forecast reliability for predicting the tendency of
future climate change.
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2.3.1 Model description

The climate model ECHO-G consists of the spectral atmospheric model
ECHAM4 and the global ocean circulation model HOPE-G, both were im-
plemented and developed at the Max-Planck-Institute of Meteorology
(MPI) in Hamburg. ECHAMA4 is a fourth generation of atmospheric gen-
eral circulation model, which is based on primitive equations with a mixed
p-o coordinate system. The horizontal resolution of the model is T30, or
approximately 3.75°%x3.75°, and the vertical resolution is 19 levels with
five upper levels being located above 200hpa. The horizontal resolution of
the ocean model HOPE-G is about 2.8°x2.8° with a grid refinement in the
tropical regions, where the meridional grid point separation reaches 0.5°.
The ocean model has 20 vertical levels. The model ECHO-G has been
used in a number of simulations for the present and past climates.

Two 1000-year integrations with the ECHO-G model have been carried
out at MPIL. One is a control simulation, in which the external forcing is
kept at constant values of the present climate. This experiment can simu-
late annual, inter annual and decadal climate oscillations that are deter-
mined by the internal dynamics of the coupled climate system, but cannot
simulate the climate change caused by external forcing, such as the Me-
dieval Warm Period and the Little Ice Age. Another experiment is exter-
nally forced simulation, in which the model ECHO-G was driven by three
external forcing factors: solar variability, greenhouse gas concentrations in
the atmosphere (including CO, and CHy4) and an estimation of radiative ef-
fects of stratospheric volcanic aerosols, for the period of 1000 to 1990 A.D.
Further details of the simulations can be found in Storch et al. 2004. The
result from the forced simulation is used for comparison with the recon-
structed sequences in this section.

2.3.2 Reconstruction data

Abundant historical, documentary records on phonological events of
cold/warm and dry/wet climate are available in China as described in last
section. Numerous studies on reconstructing the historical climate change
have been done by Chinese scientists using these documentary records. In
recent years, Ge et al. conferred with and developed Zhu’s method of de-
ducing climate change for the past 5000 years using phonological records
in China. They reconstructed winter half-year (October to April) tempera-
ture anomalies for the past 2000 years in the central region of eastern
China (25°—40°N, east of 105°E) at 10-30 years resolutions. Their recon-
structed temperature anomalies since 1000 A.D. at a 30-year resolution are
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used here.

The study of climate change since Little Ice Age (LIA, 1550-1850AD)
has been received extensive concern in China. Widely spread and severe
famine and serious social turmoil have taken place in China during LIA
(Xu, 1997). Because of this broad interest, the climate of China during
the last 2000 years has been reconstructed by Chinese scientists, in particular
temperature and precipitation since LIA with a variety of proxy data, such
historical documents, tree rings, ice cores, lake warves, archaeological
materials, etc. (Wang et al., 1998; Wang and Gong, 2000; Zheng and Zheng,
1993; Yao et al., 1996).

2.3.3 Model and data comparison

The simulated temperature anomalies from the externally forced simula-
tion with ECHO-G are first compared with 120-year observed data in east-
ern China (25°-40°N, east of 105°E) in order to test the model’s perform-
ance. Fig.2.1 compares the simulated and the observed variations of the
winter-half year temperature anomalies in the eastern China since 1870. It
can be seen that the increasing trends of temperature fluctuations in the
eastern China are evident and consistent for both model output and obser-
vations. There is a statistically significant correlation between them at
99.5% confidence level, although the simulated mean temperature is about
0.15°C lower than the observed one. The uncertainty in Jones’ observed
data is of the same order, suggesting that the model results and Jones’ data
may be considerably consistent with each other.

To be compatible in temporal resolution, we first compiled the winter-
half year temperature anomalies in the eastern China (25°—40°N,
105°—-123.75°E, 20 grid points) from the externally forced simulation, and
then calculated 30-year mean temperature anomalies. Finally, the simu-
lated results are compared with reconstructed winter-half year temperature
anomalies (at a 30-year resolution) of the eastern China. Figure 2.2 shows
these two time series along with their corresponding polynomial fitting
curves.

Figure 2.2 indicates that the reconstructed and the simulated results ex-
hibit similar low-frequency variations and long-term trends. The range of
the simulated temperature is from —0.70°C to 0.92°C, and that of recon-
structed is —1.1°C to 0.9°C. The amplitude of the simulated temperature
anomalies is about 1.62°C, slightly less than that of reconstructed (2.0°C).
The correlation coefficient of the two time series is 0.37 that is significant
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at 97.5% confidence level. Overall, both simulation and reconstruction
show the Medieval Warm Period from 1000 to 1300, the Little Ice Age
from 1300 to 1850, and the modern warming period since 1900. The
anomalies from simulation and reconstruction in the Little Ice Age
(1300-1850) and warming since 1900 are particularly consistent. Espe-
cially, both simulated and reconstructed temperatures reached their mini-
mum values without phase difference during the Maunder Minimum of
sunspots from 1670 to 1710. However, for the Medieval Warm Period of
1000-1300, the simulation and reconstruction show some phase differences:
The reconstruction displays two peaks with one valley in between, whereas
the simulation shows three peaks with two valleys in between.

It can be seen from Fig.2.1 that after 1500 the phases and amplitudes of
the reconstruction and the simulation match better than those in the period
prior to 1500 A. D. This may be related to the fact that less amount of data
sites were used for climate reconstruction in the earlier period. Of also no-
table is that the difference between the simulation and reconstruction be-
comes large in the last 100 years. The simulation shows a faster increasing
trend and higher than reconstructed temperature. The possible cause for
this discrepancy may be partially due to the exclusion of the aerosol forc-
ing in the forced experiment. The effects of aerosol have been thought to
be a forcing factor that can offset the warming. It is conceivable that the
regional cooling effect of aerosols could reduce the warming if they were
included in the model, especially in the 20™ century.

It is worthy to point out that the simulated temperature anomaly in the
20th century is higher than that in the Medieval Warm Period, while the
reconstructed temperature in the 20th century is lower, albeit close to that
of the Medieval Warm Period (Fig. 2.1). These two different results pro-
vide two different interpretations regarding the nature and amplitude of the
recent global warming. One is that the 20th century warming has exceeded
the normal range of the climate change, and it will result in catastrophic
impact on human beings if warming continues going up. The other is that
the current climate change has not yet exceeded the range of natural cli-
mate change in the past millennium. The final answer for this problem
calls for both the improvement of the fidelity of the climate models in their
long-term climate simulation and more profound work on quantitative re-
construction of paleo-climatological data. The latter requires reconstruct-
ing historical climate change sequences with higher resolution, precision,
and reliability.
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Fig. 2.1 Comparison of model-simulated and the observed winter half-year tem-
perature anomalies (Jones, 1998) in the eastern China. The anomalies are calcu-
lated with reference to the 1951-1980 mean temperature as shown by the dotted
line.
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Fig. 2.2 Comparison of simulated and reconstructed winter half-year temperature
anomalies in the eastern China. Detailed explanation is referred to the text.
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2.4 Sensitive simulation of climate in LIA

Promoted by the international research projects of PAGES and CLIVAR,
the studies on climatic and environmental changes in the past 2000 years
have drawn the attention of geologists and palaecoclimatologists all over
the world. Among them the cold event of the Little Ice Age (LIA) is par-
ticularly the most attractive one, which is the nearest typical cold period in
the global range from modern age, and had a profound impact upon human
society. Additionally, more knowledge about the causes of origin and dy-
namic mechanisms of LIA may enrich and improve the theory of climatic
changes on century scale, which can be used to predict the future tendency
of climatic changes, and evaluate the possibility of cold vibrations on the
global warming background.

There has been a half-century history of the LIA study abroad. Recently,
based on the high-resolution and multi-environmental proxies from ice
cores, tree rings, historical documents, lake sediments, corals and stalag-
mites, scientists have deeply known about the age, internal fluctuations
and the characteristics of the climate and environment in LIA. Subse-
quently, setting out from the climatic control factors, the cause of LIA
formation was effectively explained, by using the changes of those pa-
rameters, such as sequences of '“C in tree ring (related to solar activity),
acidity of ice core (related to volcanic activity), and concentration of green
house gases in ice core bubbles. Owing to the continual progresses in
methods and techniques of climatic simulation, scientists have carried out
the simulation experiments of LIA, and have made obvious progresses.

Studies on lots of historical documents, archaeological datum and kinds
of climatic proxies (tree ring, ice core, lake sediment), Chinese scientists
have worked hard and carefully on several aspects, including the main
climatic characteristics and stages of LIA in China and the effect of LIA on
Chinese social ecology and people's livelihood. The results mentioned
above indicate an evident regional difference in origin, amplitude and du-
ration of the change in temperature and precipitation. This part is about
LIA simulations on the mechanisms of climatic changes during LIA by us-
ing a GCM (Liu et al., 2002).

2.4.1 Model description

A global model (AGCM + SSiB) is used which includes the terrestrial
processes. The AGCM model is an improved nine-layer and fifteen-
spectrum model, with horizontal resolution of 7.5° X 4.5°. The SSiB
model is a simplified version of the simple biosphere model, in which
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there is one vegetation layer with twelve vegetation types and three soil
layers. After the calculation of SSiB, diagnostic variables are obtained,
such as soil temperature and humidity in each layer, the temperature and
moisture storage of the vegetation crown and ground temperature and
snow amount, and SSiB and AGCM are coupled finally. Ever since the
1990s, Chinese climate modelers have made improvements in many as-
pects of the model.

2.4.2 Design of the simulation experiments

During LIA the solar radiation was 0.5% less than the average of mod-
ern time, the average optic depth of stratosphere volcanic dust is 0.15 and
the vegetation of the underlain surface is slightly changed by human activi-
ties. We therefore design seven simulation experiments (Table 2.1).

In all the LIA simulation experiments (Table 2.1), atmospheric CO,
level, sea surface temperature, background and preliminary field of atmos-
pheric aerosol have consistent values. The integration time of the model is
15 years, taking the average result of the last 10 years as the equilibriums
of these simulations. Running the experiments involved above, we can
compare the effects and mechanisms caused by changes of solar radiation,
optic depth of stratosphere volcanic dust, underlain surface vegetation and
CO, content in the formation of LIA.

2.4.3 Analyses of simulation

Temperature

(1) Characteristics of the temperature change forced by a single factor.
The differences between Exp.1 and Exp.2 reflect the possible effect of the
decrease in solar radiation output by 0.5%, taking Exp.1 as the compara-
tive standard experiment (control run). Fig. 2.3 shows the difference distri-
bution of annual mean temperature, summer temperature and winter tem-
perature in Eurasian continent between Exp.1 and Exp.2, respectively. The
difference of annual mean temperature of the whole Eurasia is abnormally
negative (Fig.2.3 (a)), except for the small region of Middle East and the
Siberian high-latitude region. And the most remarkable temperature de-
crease appears in northeastern China and northern Africa, the mean maxi-
mum decrease may reach up to 0.6°C, mostly exceeding over 0.2°C. The
summer temperature decrease is larger than that of winter. The whole
Eurasia of the Eastern Hemisphere suffered from temperature decrease by
over 0.2°C, the maximum is up to 1°C (Fig. 2.3 (b)). Compared with that
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of summer, the temperature decrease of winter is smaller both in region
and extent. Temperature still decreases in Northeastern China, whereas the
increase occurs in the mid and west part of China. All the results above in-
dicate that the reduced solar radiation, as the forcing mechanism of tem-
perature decrease during LIA, has different effects on the seasonal tem-
perature decrease; the temperature decrease is more evident in summer
than in winter. Meanwhile, because of other feedback mechanisms, there is
a large regional difference in the winter temperature change. However, the
annual mean temperature decrease is the most obvious characteristic.

Table 2.1 Characteristics of LIA simulation experiments

Expt. Solar radiation ~ Optic depth Type of underlain CO,  Remark

(w/m?) of volcanic surface vegetation (ppm)
dust
1 Modern value ~ Modern Modern 345 Control ex-
(1367.04) value periment
2 -0.5% Modern Modern 345 Single-factor
(1360.165) value sensitivity
experiment
3 Modern value  +0.15 Modern 345 Single-factor
(1367.04) sensitivity
experiment
4 Modern value ~ Modern Ante- Industrial- 345 Single-factor
(1367.04) value Revolution sensitivity
experiment
5 -0.5% +0.15 Modern 345 Double-factor
(1360.165) sensitivity
experiment
6 -0.5% +0.15 Ante- Industrial- 345  Tri-factor
(1360.165) Revolution sensit.ivity
experiment
7 -0.5% +0.15 Ante- Industrial- 280  Typical
(1360.165) Revolution LIA experi-
ment

Fig.2.4 gives the distribution of temperature difference between Exp.3
and Exp.1, which represents the temperature change effect after increasing
the optic depth of stratospheric volcanic dust. The temperature decrease ef-
fected by volcanic dust is obvious, and the annual mean value is between
0~0.4°C, with the maximum of 0.4°C being in Northeastern China (Fig.2.4
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(a)). The temperature decrease is slightly smaller than that of Exp.2 in both
region and extent. Compared with the figure about annual mean, summer
mean, and winter mean change of temperature (Fig.2.4), the amplitudes of
summer and winter mean change are apparently larger than that of annual
mean. Additionally, the change in winter is more remarkable than in sum-
mer. The summer temperature decrease in most parts of China is between
0~0.6°C, while that is 0.2~0.8°C in winter, the maximum in the Siberian
region is above 1.2°C. The results indicate that volcanic dust plays an im-
portant role in the winter temperature decrease. This decrease is opposite
to the effect of temperature decrease caused by solar radiation. Moreover,
comparing Fig.2.3 with Fig.2.4, the effect of temperature decrease arising
from the change of volcanic dust is smaller than that from the reduction of
solar radiation, however, their spatial distribution has some similarity.
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Fig. 2.3 The distribution of temperature  Fig. 2.4 The distribution of tempera-
difference between Exp.l and Exp.2. ture difference between Exp.l and
(a) Annual mean; (b) summer mean; (¢) Exp.3.(a) Annual mean; (b) summer
winter mean. mean; (¢) winter mean.
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(2) Characteristics of the temperature change forced by double factors.
Fig.2.5 shows the temperature effect after reducing the solar radiation and in-
creasing the optic depth of stratospheric volcanic dust. In these maps, annual
mean temperature in Eurasia still decreases. The annual mean temperature de-
crease in China is between 0.2~0.4°C, and that in Europe and most parts of
North Africa is above 0.2°C (Fig.2.5 (a)). Comparing with Fig.2.3(a) and
Fig.2.4(a), the region of maximum temperature decrease above 0.4°C in
Fig.2.5 (a) extends, which reflects that the synchronous function caused by the
reduction of solar radiation and the increase of optic depth of volcanic dust has
a superposed strengthening effect on the temperature decrease in large regions.
The main regions of summer temperature decrease include the whole Eurasia,
especially in East China, whose central part is North China, with an amplitude
of 0.2~1.0°C. The range of summer temperature decrease is still larger than
that of the annual average. In winter the center of temperature decrease in
Eurasia moves to the west, the center of maximum temperature decrease ap-
proximately above 1°C. And the east part of China turns into an uneven de-
crease region. The most remarkable temperature decrease occurs in North East
and South China, while the slight temperature increase appears in West China.

In the analysis of the results of simulation experiments mentioned above,
both the reduction of solar radiation and the increase of the optic depth of
stratospheric volcanic dust can result in the air temperature decrease of
land surface, but because the mechanism of decrease in temperature and
the background of atmospheric circulation are different, the extent of the
decrease and the regional distribution are not the same. However, the inte-
grated effect is to decrease the temperature, to make the distribution more
even, and to strengthen the average extent of temperature decrease.

(3)Temperature effect resulting from the change of vegetation and CO,
concentration is another important topic in the LIA climate change. Many
research and simulation experiments indicate that the change of vegetation
plays an important role in the air temperature of land surface in the certain
time scale and climatic background. When performing the LIA climate
simulation experiments, two types of vegetation are chosen for making
comparison, modern vegetation and vegetation before Industrial Revolu-
tion. As a whole, the latter has a larger rate of natural vegetation coverage
than that of the former. The result of Exp.4 indicates that the change of
vegetation field engenders different tendency in temperature change, i.e.
the annual mean temperature increased in East Asia, while that of North
Africa decreased significantly (figure omitted). Thus the promotion of the
vegetation coverage profits the increase of temperature, and the decrease
of vegetation coverage contributes to the decrease in temperature of the
land surface. Because the LIA climate turned cold, the vegetation coverage
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in some regions of China became smaller. So, from this point of view the
vegetation status has played a certain role in the formation of LIA climate.
For lack of the more completed vegetation status in LIA, the simulation
experiments with real vegetation coverage in LIA did not perform.

Precipitation

(1) Precipitation effect caused by the reduction of solar radiation is
shown in Fig.2.6 and Fig. 2.7. Fig.2.7(a) shows the difference of precipita-
tion distribution between Exp.2 and Exp.1. It can be seen that there is no
evident change of annual precipitation in the whole Eurasia, while precipi-
tation increases significantly in the West Pacific Region. The increase in
annual precipitation in the West Pacific Region and the South East China is
above 0.3 mm/d, and that in North West and Mid of China is about 0~0.3
mm/d, approximately 100 mm/a or so. Precipitation in other regions
slightly decreases or remains as usual. While in summer the precipitation
changes evidently, increasing in East Asia, South Asia and Indian region.
In the most parts of China, except the littoral region in South China, the
precipitation variation is positive abnormally, especially in east part of
China, with an increase about 0.5~1.0 mm/d, which amounts to 50~100
mm in the three months of summer. Meanwhile, precipitation also in-
creases in the equator TCZ, South Asia, Northwestern Pacific Ocean and
Indian Ocean, but decreases in the South China Sea and Bengal Bay. The
change of winter precipitation is similar to that of the annual precipitation.
Except the South China Sea and the West Pacific Ocean with an increase
of 0.5~1.5 mm/d, there is nearly no change in the mainland of China.
These characteristics of precipitation uncover that summer monsoon circu-
lation and precipitation change in East Asia with the change of solar radia-
tion, that is, certain decrease in insolation will profit increase in precipita-
tion of summer monsoon in East Asia.

(2) Precipitation change caused by effect of volcanic dust is shown in
Fig.2.7. Fig.2.7 (a) indicates that the increase in the optic depth of volcanic
dust does not affect the annual precipitation in most parts of the Eurasian
continent, while precipitation increases slightly in the region of China and
India in East Asia. Furthermore, there is still a significant increase in pre-
cipitation in the region of the Western Pacific Ocean. The change of annual
precipitation is less than 50 mm, or even unchanged in most parts of China.
Meanwhile, precipitation changes insignificantly in the region near the
equator. This tendency is strengthened in summer, and precipitation in-
creases evidently in the middle of China. The increase range in the Indian
subcontinent is approximate to that in the region of East Asia. In China
from southeast littoral to inland, the increase range is between 0~1 mm/d,
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which means that the maximum change in summer precipitation can reach
about 50~100 mm. The significant decrease in precipitation still occurs in
the South China Sea. There is an evident increase in precipitation in the
Western Pacific Ocean and equator TCZ, with the maximum value of 2.5
mm/d. This phenomenon probably implies that the increase in the optic
depth of volcanic dust can intensify the precipitation caused by Southwest-
ern Monsoon and South western Air current, while in other non-monsoon
regions the effect of volcanic dust is not significant (Fig.2.7 (b)). The fact
that the winter precipitation decreases in South Asia and slightly increases
in Mid-Asia may indicate its relationship with the activity of southern
branch of westerly (Fig.2.7(¢c)).
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Fig. 2.5. The distribution of tempera- Fig. 2.6. The distribution of precipita-
ture difference between Exp.l and tion difference between Exp.l and
Exp.5. (a) Annual mean; (b) summer Exp.2. (a) Annual mean; (b) summer
mean; (c) winter mean. mean; (c) winter mean.
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(3) Precipitation change affected by double factors. Fig.2.8 shows the
precipitation change caused by both the reduction of insolation and the in-
crease in the optic depth of stratosphere volcanic dust. The composite ef-
fects of the two forcing factors cause the increase in annual precipitation in
East Asia, especially in East China. The maximum of that is 0.3 mm/d,
equal to about 100 mm/a, while the decreases in annual precipitation in
both Southeast Asian and Indian region. The spatial distribution pattern of
summer precipitation is similar to that of annual precipitation, but the
ranges of increase and decrease become larger; and the summer precipita-
tion increases by above 0.5 mm/d (approximately 46 mm in the season) in
East China; the maximum is more than 90 mm, while the summer precipi-
tation decreases by above 1 mm/d (90 mm) in South Asia; the maximum
exceeds 180 mm. The winter precipitation does not change evidently in the
whole Eurasia, but there is a maximum center in Mid-Asia where the pre-
cipitation increases over 40 mm. The conclusion is that the composite ef-
fects of both factors are to promote the precipitation of summer monsoon
in East China, and to reduce the southwestern monsoon precipitation in
South Asia.

Precipitation change affected by the change of vegetation. After chang-
ing the status of vegetation (Exp.4), the annual precipitation increases sig-
nificantly in East Asia, and the precipitation of summer monsoon also in-
creases by 46~160 mm. Meanwhile, there is evident precipitation increase
in India and Southeast Asia, while precipitation decreases in Mid-Africa.
Winter precipitation does not change significantly. It is suggested from
these analyses that, after coupling with vegetation component, precipita-
tion increases where the vegetation coverage increased (e.g. East Asia);
when the vegetation coverage reduces (e.g. North Africa), the precipitation
decreases, too.

2.5 Palaeoclimate simulations of mid-Holocene and LGM

Reconstructions from proxy data, including pollen, lake-level, and loess
records, have been providing a picture of regional climate changes of
China during the Quaternary. The General Circulation Models (GCMs) has
been used to explore the mechanisms of observed regional and global cli-
mate in the past decades. By use of GCMs, we can simulate the atmos-
pheric response to the external forcing in LGM (21ka B.P.) and mid-
Holocene (6ka B.P.). Some model simulations have demonstrated the im-
portance of land-surface and ocean feedbacks for regional climates. Here
we introduce the results of equilibrium climate simulation for the East Asia
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by using prescribed vegetation coverage corresponding to the observed
changes in vegetation patterns for these two periods. Comparisons of
model simulations with palacoclimate data from China show how far we
can explain past climate changes and the confidence that can be placed in
current state-of-the-art models.
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Fig. 2.7. The distribution of precipita- Fig. 2.8 The distribution of precipita-
tion difference between Exp.l and tion difference between Exp.l and
Exp.3. (a) Annual mean; (b) summer Exp.5. (a) Annual mean; (b) summer
mean; (c) winter mean. mean; (c) winter mean.

As we known that the Palacoclimate Modelling Intercomparison Project
(PMIP: Joussaume and Taylor, 1995; Joussaume and Taylor, 1999) has
examined how the northern hemisphere monsoons responded to changes in
climatic forcing at the last glacial maximum (LGM, ca 21 ka BP. equivalent
to ca 18 '*C ka BP.) and during the mid-Holocene (Pinot et al., 1996;
Joussaume et al., 1999). These two intervals represent two climate extremes.
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The model used here is the same as that used in LIA simulation,
AGCM+SSiB to simulate climate changes in the Asian region at 6 ka BP
and 21 ka BP. The experimental design for the 6 ka BP and 21 ka BP. ex-
periments followed the PMIP protocol (Joussaume and Taylor, 1995) and
some changes are made according to the reconstructed vegetation data in
order to investigate the importance of vegetation feedbacks on regional
climates over Asia.

The BIOME 6000 vegetation data sets for 6 ka BP and 21 ka BP. (Ver-
sion 4.0: Prentice et al., 1996; Yu et al., 1998; Yu et al., 2000) were used
as the basis for the derived land-surface characteristics. The pollen-based
reconstructions at each site in the BIOME 6000 data set were interpolated
to the grid of the climate model; grid cells containing multiple pollen sites
were attributed to the modal vegetation type, and no change was made to
grid cells lacking pollen sites.

2.5.1 The 6 ka BP climate simulations

It is important for us to understand a similar impact of climate warming
in response to the increased atmospheric carbon dioxide in the future, and
climate warming in response to one likely consequence of the changes in
radiation forcing in the mid-Holocene (6 kaBP), which has become one of
hot topics in international community of Global Changes.

An international project for paleoclimate modeling at 6 kaBP (PMIP:
Paleaoclimate Modeling Intercomparison Project) was launched in 1990s
and has made great progresses. However, some important issues have not
resolved so far. The PMIP designed a program for AGCM (Atmospheric
General Circulation Model) simulations in which variations of solar radia-
tion is considered as a major dynamic force for 6 kaBP climate. As the so-
lar radiation variation played a unique role in the simulations, conse-
quently most of the AGCMs have simulated the paleoclimate of 6ka BP
with a general pattern of a warm summer and a cold winter over the major
continents of the world.

However, synthesized studies from Quaternary data indicate that winter
temperature at 6 kaBP was 2.5°C warmer in the east and 3-4°C warmer in
the west of China than that at the present. This warm climate condition was
recorded not only in China, but also in northern America. These facts do
not agree with the modeling results that were only driven by solar radiation.
Therefore, there would be other control factors that contributed to the
warm climate at 6 ka BP, especially to the winter warming. It is necessary
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for us to explore the causes of winter warming in the mid-Holocene in the

East Asia.
Studies from TEMPO Program have revealed that, after introducing the

feedback of surface albedo with a coupled climate-biome model, a north-
ward-shift climate zone in northern Africa can be simulated. Chinese sci-
entists also did modeling experiments to test the impact of vegetation on
the monsoon precipitation. Claussen et al., (1996) found that the influence
of changed orbital geometry of the Earth has been amplified in the climate
change in subtropical climate zone because of the feedback of atmosphere
and vegetation. It is likely believed that changes in the regional and global
vegetation have strong feedbacks on climates of the mid-Holocene.

Although the above studies have suggested that the climate at 6kaBP
was directly or indirectly controlled by a feedback between climate and
land surface, the simulations of PMIP before 1999 did not include the forc-
ing from an active land surface in the boundary conditions of the modeling
experiments. This caused that modeling results disagreed with observed
data from the East Asia, especially they produced a contrary result for win-
ter temperature in China.

In this section, an AGCM plus SSiB was used to simulate climate at 6 ka
BP. As an improved dynamical factor, land surface conditions of vegeta-
tion at 6 ka BP were reconstructed from geological records and input into
the climate model in order to simulate more realistic features of paleocli-
mate (Chen et al., 2002).

Forcing conditions

Forcing conditions for control test (0 kaBP) are based on modern cli-
mate, including orbital geometry of the earth (1950 AD), atmospheric CO,
concentration (345ppm), sea surface temperature (SST), vegetation distri-
bution, and ice or snow coverage.

The paleoclimate simulation is designed in two experiments. The forc-
ing conditions for Experiment One of 6 kaBP climate (Exp. 1) are pre-
scribed according to a standard prescription from the PMIP. The orbital
geometry of the Earth is from Berger’s studies. CO; is set to 280 ppm. SST,
vegetation, and ice or snow coverage are prescribed as the present-day
conditions. In Experiment Two of 6 kaBP climate (Exp. 2), solar radiation,
SST, ice or snow coverage and CO, are the same as Exp. 1, but we used
paleovegetation at 6 ka BP instead of a prescribed one from modern vege-
tation. The vegetation distribution at 6 kaBP is reconstructed from pollen
data over major continents by using biomization method. This method is
good at translating pollen data into vegetation types. Yu (1998) introduced
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how to translate pollen data of 6 kaBP into vegetation types in detail. We
interpolated the point-type vegetation data into grid data by 4.5°X7.5°grids
in order to match the resolution of the AGCM. Forcing conditions of
control test (0 kaBP) and 6 kaBP simulations are listed in Table 2.2.

Table 2.2 Forcing conditions used in the simulation experiments

Forcing condition 0 kaBP 6 kaBP

. Obliquity 23.446 24.105
gﬁ’r“aelrfmmeter Eccentricity 0.016724 0.018682

& Perihelion 282.04 180.87
Topography present Same as 0 kaBP
SST present Same as 0 kaBP
Sea ice present Same as 0 kaBP
Ice sheet present Same as 0 kaBP
CO, concentration 345 ppm 280 ppm
Vegetation present Based on pollen

data

Results and Analysis of the Simulations at 6 kaBP

11-year model run was made under the forcing conditions for 6 kaBP
simulations. The average of the last 10 years was treated as mean climate
condition.

Temperature simulation in Exp. 1

Fig.2.9 plotted the differences of simulated temperature between 6 kaPB
and 0 kaBP. In the west of Eurasia, annual temperature at 6 kaBP was 0-
0.5°C warmer than that in the present in the south of 50°N, and colder than
present in the north of 50°N (Fig.2.9a). In the East Asia, summer tempera-
ture was about 2.0°C warmer at 6 kaBP than the present in the south of
40°N (Fig.2.9b), and winter temperature decreased about 2.0°C (Fig.2.9¢)
at 6 kaBP comparing with the present. This result agrees with those of
PMIP climate simulations at 6ka BP.

PMIP standard simulations at 6 kaBP revealed a typical Post-glacial
climate when Quaternary ice sheets were melted in the Northern Hemi-
sphere. In views of climate dynamical mechanisms, solar radiation is the
fundamental basic forcing that causes changes in climate warming globally
and extensions of African and Indian monsoons regionally. Similar to all of
the PMIP simulations at 6 kaBP, the Exp. 1 also showed annual and sum-
mer temperature about 1°C increases and significant decrease in winter
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temperature in the low and middle latitudes (20-50°N) of Eurasian conti-
nent.

During the Holocene, the summer solar radiation reached the maximum
at 9 kaBP (11 kaBP in calendar year) in the Northern Hemisphere, and was
7-8% greater in summer and 2-3% less in winter than present in middle
and low latitude area (south of 50°N). This abnormal pattern had continued
to the mid-Holocene (6 kaBP) and becomes a key reason why the PMIP
climate simulations and the Exp. 1 modeled the cold temperatures in win-
ter at 6 kaBP.
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Fig. 2.9 Differences of simulated temperatures between 6ka BP (Exp. 1) and Oka
BP, (a) Difference of annual temperature (°C), (b) Difference of summer tempera-
ture (°C), (c) Difference of winter temperature (°C)

Temperature simulation in Exp. 2

In the Exp.2, the vegetation distribution at 6 kaBP is used as land sur-
face coverage in the modeling. The differences of temperature between
Exp. 2 and control test (Figs not given) in the East Asia indicate ca 1-2°C
warmer in summer and ca 0.5-1.0°C warmer in winter at 6 kaBP than the
present. The annual temperature at 6 kaBP increased about 0.5-1.5°C over
all of the East Asia. The results imply that Exp. 2 has much more im-
provement in temperature simulation of 6 kaBP than Exp. 1. To compare
the temperature simulations between the two experiments, we computed
the temperature differences between Exp. 2 and Exp. 1 in order to under-
stand the net effect of the vegetation on the temperature changes (Fig.2.10a,
b and c). The index was shown in Fig. 2.10.

Simulated annual temperature in Exp. 2 was higher than that in Exp. 1 in
the north of 50°N in Europe, but it was slightly lower in Exp. 2 than Exp. 1
in Siberian area. In the south of 50°N, annual temperature was about 1-2°C
higher than that in Exp. 1 in the eastern and northern China. There was no
significant change of summer temperature between Exps. 1 and 2
(Fig.2.10b). However, winter temperature in Exp. 2 was 1°C higher than
Exp. 1 in the middle and eastern parts of China in the south of 50°N (Fig.
2.10c)

Exp. 2 did not show a significant temperature change in Tibetan Plateau
at 6 kaBP. It was 1-2°C lower in winter in the central Plateau and 1°C
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warmer in summer of north plateau than those in Exp. 1. Modern summer
warming in the plateau is mainly due to increased solar radiation, which
the summer heating is a major contribution to the annual temperature in-
crease due to the specific geographical position and atmospheric optical
characteristics of the plateau. Thus the warming effects should not mainly
come from the vegetation changes in the plateau region. However, it is
necessary to further study the causes of temperature change in the plateau
in terms of the specific horizontal and vertical structures, the independent
pressure system, and the planetary westerly over the Tibetan Plateau, e.g.
using coupled climate-vegetation model to explore the possible mecha-
nisms of climate at 6 kaBP.

60N

40N g
30N
20N

10N+

~ g
s 0—
> N-
EQ- N e ‘“é;
A ED\-‘ RPN
e L Y
oy

108 ) - ) ) ) 1 1 1
20W 0 20E 40E 60E 80E  100E 120E  140E

60N

50N
40N -y )
30N ... ¥
20N T
10N 4

EQ

10S

CE 40 60F  80E  100E 120 140
(b)



76 CHEN Xing

60N

50N -
40N -
30N /"
20N ¢
10N+

EQ

108 T T T T T — T

20W 60E 80E 100E  120E  140E
©

Fig. 2.10 Differences of simulated temperature at 6 kaBP between Exp. 2 and

Exp.1, (a) Difference of annual temperature (°C), (b) Difference of summer tem-
perature (°C), (c) Difference of winter temperature (°C)

Significant test of simulations

From above analysis we can see that changes of solar radiation and
vegetation in the mid-Holocene (6 kaBP) have played very important roles
in the climate changes. Here we give the results of significant test for these
simulation changes. By using T-student test at 95% confidence limit, two
pairs of experiments (0 ka BP and 6 ka BP in Exp. 1, 6ka BP in Exp. 1 and
6 ka BP in Exp. 2) have been performed by T-test processes. Significant
areas for each pair of parameters are shadowed in Fig.2.9 and Fig.2.10. In
Exp. 1, when solar radiation is considered as a unique forcing factor, both
summer warming and winter cooling in the East Asia are significant. The
simulation of winter temperature by vegetation forcing in Exp. 2 has the
largest significant areas in the east parts of China, and also larger
significant area in the subtropics area (western Asia and northern Africa).
Significant test showed that increases in annual and summer precipitation
are significant in the middle latitude of the East Asia (30°N —50°N),
northern Africa, and western China (Figs not shown).

Data and model comparison of climate at 6 ka BP

Paleaoclimate records can provide a reconstructed climate in the mid-
Holocene in China, on basis of studies in Quaternary sciences, paleoclima-
tology and paleoenvironmeatal sciences. Records from pollen, fossil plants
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and animals, paleosoils, lakes, ice cores, and the Neolithic archaeological
evidences have reconstructed that annual mean temperature was higher
than the present in China in the mid-Holocene. Researchers used various
proxy indices to reconstruct qualitatively climate change (such as warm
and wet, hot and dry, cool and mild, etc.) and to transform quantitatively
temperature estimates. Pollen data indicate that paleovegetation belts
shifted northward in latitude and upward in altitude. Records of macrofos-
sils of animals and plants have estimated temperature of the mid-Holocene
on basis of animal groups immigrated northward to a large extent. The pa-
leosoils development and anthropological traces (traces of ancient human)
in loess series, the change of oxygen isotope in ice core, historical docu-
ments and archaeological evidence of animal distributions all indicated a
warm condition in the mid-Holocene. Based on these studies we estimated
quantitatively mean temperature of annual, summer, and winter at 6 kaBP.
The annual mean temperature (from 43 sites), summer temperature
(from 7 sites), and winter temperature (from 12 sites) are presented by dif-
ferences of temperature between 6kaBP and Oka BP in each geological site.
In climatological studies, summer temperature infers to the mean tempera-
ture of June, July and August. In the geological studies, the definition of
summer temperature is not accurate since some people used three months
of June, July and August, but others may use the warmest month (July), so
did the definitions in winter. Here, we included both climatological and
geological definitions as semi-quantitative climate parameters. Result
shows that annual mean temperature at 6 kaBP was about 1-5°C higher in
the western China and about 3-4°C higher in the North China than the pre-
sent. Exp. 1 has simulated about 0.5°C warmer in this area, but Exp. 2
showed 1-2°C warmer, suggesting that Exp. 2 has made great improve-
ment comparing with the geological data. The winter temperature at 6
kaBP was about 3°C higher than the present in China. Exp. 2 simulated
about 1-2°C higher in winter in this region, which agreed with extents of
temperature changes from estimate of geological data. Summer tempera-
ture change at 6 ka BP was smaller than winter, about 1-2°C. The Exps. 1
and 2 have simulated similar summer temperatures to the geological data.
Improved surface condition in Exp. 2 has produced a better climate
simulation with increased winter temperature at 6 kaBP. This simulation
revealed the potential effects of both solar radiation and vegetation on the
climate change, because the simulated winter warming is very much ap-
proaching to the reconstructed climate from geological data at 6 kaBP. Our
climate simulation of 6 kaBP has also improved PMIP simulation of 6
kaBP. It should be pointed out that the pollen data could respond to the
mean status of annual temperature and the plants growing season in spring-
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summer. To improve the comparisons, more proxy data and the analyses
are necessary.

Mechanisms of vegetation effects on climate change

The simulations suggested that increased solar radiation in the mid-
Holocene played a major role in global warming, and increases in regional
precipitation were mainly controlled by feedback of vegetation forcing.
Foley et al., (1994) pointed out that the main cause of 6 kaBP warming in
the high latitudes (60-90°N) of North Hemisphere is due to the decrease in
the surface albedo because forests were extending northward and replacing
tundra. Claussen et al (1999) discussed the sensitivities of vegetation and
climate change over northern Africa in the mid-Holocene, suggesting that
the regions with more vegetation coverage could not only absorb more solar
radiation on the surface, but also increase surface evaporation, which could
enhance greenhouse effect and lead to warm and wet climate comparing
with bare surface conditions. TEMPO members (1996) found that the posi-
tion of the northern border of forests in the mid-Holocene was related with
temperature increases, especially the changes in vegetation could caused
warming in summer (July), ca. 1.5°C to 4.0°C higher than that in 0 kaBP.
Bonan et al., (1992) suggested that winter and summer temperature in the
high latitudes (60-90°N) would increase when forests replaced tundra because
of significantly reduced surface albedo. Studies of paleovegetation in the
mid-Holocene showed that in the east part of China (east of 100°E), tropi-
cal broadleaf-evergreen trees extended northward and the large area cov-
ered by forests that replaced groundcover and desert in Inner Mongolia. At
the same time, forests in Tibetan Plateau were extended upward at the high
altitude. Therefore, the change and extension of vegetation coverage in
large-scale would result in the spatial variation of the earth surface albedos.
According to the vegetation distribution used in present simulation, needle
leaved evergreen trees in mid-Holocene extended to the areas of modern
tundra in the north part of Eurasia continent. Modern deciduous needle
leaved trees forest in the high latitude of eastern Eurasia area was covered
by needle leaved evergreen forest in the mid-Holocene. There were broad-
leaf-evergreen trees that shifted northward in the east part of China. Broad-
leaf trees and groundcover in northern Africa in subtropical latitudes cov-
ered deserts in the mid-Holocene. These evidences suggested: (1) When
deciduous-trees was replaced by evergreen trees, the surface albedo in
winter was reduced from 0.14 to 0.12 and annual average surface albedo
kept same values 0.12 as today. (2) When desert and bare soil were re-
placed by groundcover, surface albedo decreased either. (3) When tundra
in high latitudes replaced by coniferous-evergreen trees, the average sur-
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face albedo changed from 0.16-0.17 to 0.10-0.12. Because of decrease in
surface albedo, especially the winter albedo, it can create a warmer effect
on climate in the mid-Holocene. Decreases in winter surface albedo, as a
consequence of vegetation changes in the south part of China, would be
equivalent to increases in surface net radiation and lead to increase in win-
ter temperature.

According to the heat balance on the earth surface, changes in the sur-
face albedo would lead to the differences of the thermal contrast between
land and ocean, and lead to variations of monsoon circulation in the East-
ern Asia. From the seasonal sea level pressure differences between Exp. 1
and Exp. 2 (Figs. Not shown), there is an enhanced low-pressure system
over the East Asia and a subtropical high-pressure over Northwestern Pa-
cific Ocean in the summer. As a result, difference between land and ocean
would cause a strong summer monsoon circulation. In winter, high-
pressure system over the East Asian continent and pressure system over
northwest Pacific all became weaker in the mid-Holocene. The possible
cause of this monsoon circulation change is likely that the tundra in high
latitude area retreated to polar area, and coniferous leaved trees extended
northward in a large-scale. Changes in the surface vegetation cover in the
high latitude would increase earth surface thermo capacity, reduced cool-
ing in high latitude, and weaken the cold high-pressure system over the
continent. Thus, weakened winter monsoon circulation in the Eastern Asia
would reduce the winter cooling, although there was an cooling effect of
solar radiation decrease in the middle and low latitude areas (0-40°N). Fur-
thermore, variation of the earth surface albedo from vegetation change in
the mid-Holocene led to differences of seasonal thermo contrast between
land surface of the East Asia and sea surface of northwest Pacific Ocean.
As a result, summer monsoon circulation in the mid-Holocene became
stronger than the present and wetter climate is formed.

Discussion

Based on two sets of boundary conditions, i.e. PMIP setting at 6 kaBP
(Exp. 1) and paleovegetation setting (Expt. 2), the climate at 6 kaBP was
simulated by using AGCM+SsiB. Exp. 1 simulated about 1-2°C increase in
annual mean temperature and about 2°C decrease in high latitudes in the
East Asia. Exp. 1 revealed solar radiation driving and responded to the
change of orbital geometry of the Earth in the mid-Holocene. This result is
similar to those of most PMIP climate simulations at 6 kaBP in the late of
1990s.

Simulation of Exp. 2 explored the warming effects of vegetation under
solar radiation forcing in the mid-Holocene. Annual mean temperature was
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about 1-2°C warmer and winter temperature was 2-4°C warmer in the
Eastern Asia. This fact revealed the vegetation effects on the climate
warming through reducing surface albedo. Even though there are some
discrepancies with geological records, results of Exp. 2 made a great im-
provement for winter temperature simulation in the mid-Holocene, sug-
gesting that surface vegetation plays a very important role in changes of
the seasonal and regional climate at 6 kaBP.

The comparison of simulation experiments shows that surface albedo
variation due to vegetation change can produce the seasonal change in the
thermodynamic differences between land surface in the Eastern Asia and
sea surface over western Pacific Ocean in the mid-Holocene. On the other
hand, forest extending in high latitude regions has increased the thermal
capacity on the surface and reduced the cooling effects. As a result, the
winter monsoon circulation was weakened and cold air activity was lim-
ited, leading to the winter temperature increased. Next work will need, in
paleoclimate modeling, especially developing simulation experiments with
coupled climate-biome models to improve simulation so that we can fully
understand the physical processes and mechanisms of the paleaoclimate
change.

2.5.2 The 21 ka BP climate simulations

Last Glacial Maximum (21ka BP) is another hot topic in the field of pa-
leoclimate study. Recently, a lot of research results from data analysis of
palaeoclimate and numerical simulation reveal that global climate at 21ka
is very different from that in the present due to the existence of north-
hemispheric icesheets, low concentration of CO,, 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; Wright et al.,
1993). Quaternary researches in China reveal very different climate patterns
at 21ka BP comparing with present in China. They are unique and special
in the world (Chen et al., 1990; Li et al., 1988; Li et al., 1994; Li et al.,
1995; Liew et al., 1998; Qin and Yu, 1998; Sun et al., 1995; Wang et al.,
1990; Yao et al., 1994). The palacoclimate at 21ka BP 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 dramatically
decreases in temperature in this area. But the dynamical mechanisms and
atmospheric circulation background of the climate anomalies at 21ka
BP are not very clear. Some experiments to reproduce this condition at
21ka BP have been conducted just for the global climate at 21ka BP (Dong
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et al., 1996; Joussaume and Taylor, 1995; Kutzhach et al., 1998). But so far
no good simulation results of paleoclimate experiments have been reported
about the climate change in China at last glacial maximum, especially the
explanations of mechanism of East Asian monsoon variations.

In this section, based on the analysis of different sources of paleo-
climatological records, by using a general atmospheric circulation model
(AGCM) coupled with a simplified land processes model (SSiB) (e.g.
AGCM+SSiB) and the forcing conditions, climate conditions at 21ka BP in
China are reproduced and the possible dynamical mechanisms are explored.
By comparing reconstructed climate from various proxy indices with at-
mospheric circulation features from the model, the major characteristics
associated with the potential mechanisms of climate change at 21ka BP in
China are addressed preliminarily (Chen et al., 2000, 2001; Yu et al.,
2001).

Forcing conditions

The experiments are designed according to Paleo-climate Modeling In-
ter-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 various prescribed conditions (including or-
bital parameters which determining the insolation pattern, atmospheric
CO,, glacial ice distribution and sea surface temperatures), which are con-
sidered to be external to the components of the climate system for 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 last glacial maximum (LGM), two ex-
periments are designed in PMIP. In one experiment SSTs are prescribed,
while in the other experiment, SSTs are created by ocean model. In this
study, the first method is used and the massive ice sheets covering North
America and Scandanavia have been prescribed according to reconstruc-
tion by Peltier (1994). It is very important that the last glacial maximum
climate is characterized by large changes in the surface boundary condi-
tions (ice sheet extent and elevation, sea surface temperatures (SSTs), and
surface albedo) and atmospheric carbon dioxide concentration, but only
minor changes in the insolation pattern. This period (21ka BP) is very im-
portant for understanding how ice sheets and lowered CO, levels influence
the 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,
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1993; Joussamue, 1993). To our knowledge, there is no numerical simula-
tion study focusing on Asia monsoon climate features in China at 21ka BP.
Therefore, in this study, we design the experiment and attempt to simulate
the climate at 21ka BP in East Asia and China.

Design of simulation

In this experiment 21ka BP simulation is driven by two kinds of forcing
conditions. One is associated with solar radiation, e.g. earth orbital pa-
rameters (perihelion, eccentricity and obliquity). The other is associated
with the earth surface conditions, including sea surface temperatures
(SSTs), snow and ice coverage, atmospheric CO, concentration and vegeta-
tion. In order to identify the climate change at 21ka BP from the present,
we run both Oka and 21ka BP experiments. In the Oka (control) test, SST is
present data with 10-year variation. Snow and sea ice coverage with sea-
sonal variation, vegetation distribution and earth orbital parameters are
same as present. CO, concentration is 280ppm. In the 21ka BP experiment,
SSTs, sea ice, snow cover and ice sheet are determined based on PMIP
document. CO, concentration is 200ppm, and earth orbital parameters are
estimated according to Berger (1978). Some researches indicated that in-
teraction between vegetation and atmosphere is very important in climate
simulation (Foley et al., 1994; Martin et al., 1999; Winkler and Wang,
1993). In this study vegetation distribution at 21ka in Eastern Asia are pre-
scribed according to pollen data (Yu et al., 2000). All forcing conditions
are summarized in Table 2.3. For both 21ka BP and control experiments,
11 modeling years simulation was run, and averages of last 10 years were
treated as mean equilibrium climate conditions. Here, 10-year average is
used as a typical period of climate status at 21ka BP and to be compared
with modern climate.

Table 2.3 Earth orbital parameters and boundary conditions for simulation
experiments
Parameters The earth orbital parameters Boundary conditions
Eccentricity Perihelion Obliquity

Present (Oka) 0.0167 282.04 23.446 280ppm CO2 concentration,
10-year SST, present snow
and sea ice cover, present
vegetation distribution

21ka BP 0.0187 294.42 22.949 200ppm CO2 concentration,
SST from CLIMAP, snow and
ice sheet from PMIP, vegeta-
tion distribution changed over
Eurasia from geological data
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Simulation Results

(1) Modeled climate features at 21ka BP in China

The simulated surface temperature, precipitation and effective precipita-
tion P-E at 21ka in the area of China are shown in Fig.2.11 (a), (b) and (¢).
The annual mean surface temperatures (shown in Fig.2.11(a)) are from
20°C to —20°C with the region from Hainan Island, southern China, to
northeastern China. Annual mean surface temperature in Tibetan Plateau is
about —5°C to —10°C, the one of the coldest regions by the model simula-
tion, and the another one is northeastern China. It can be seen from
Fig.2.11 (b) that there is high annual precipitation in the Tibetan Plateau
region. The maximum of that is more than 2.5mm/d, and the most of the
Plateau is covered by area of 1.5mm/d. There is the region covered by
2.5mm/d in the north of China. On the contrary, precipitation in eastern
and southeastern China is less than 2.5mm/d. Index representing dry and
wet conditions (annual effective precipitation P-E), is mapped in Fig.2.11
(c). The pattern of P-E distribution is very similar to that of precipitation.
The maximum of that is in Tibetan Plateau. In the middle and south of the
Plateau, P-E is greater than 1.5mm/d, and maximum is about 2mm/d. As a
contrast, P-E is less than 1mm/d in the eastern China, which is much less
than that in the Plateau. This distribution shows that there was humid cli-
mate in Tibetan Plateau and dryer climate in the east of China at 21ka BP.
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Fig. 2.11. Simulated surface temperature, precipitation and effective precipitation
P-E at 21 ka BP (a) Annual surface temperature(°C), (b) Annual precipitation(mm
d™"); (¢) Annual effective precipitation P-E (mm d™")

From above results we can find the main climate features at 21ka BP in
China are that it was colder and wetter in the Tibetan Plateau and warmer
and drier in eastern China compared with the Plateau. The differences of
the climate between 21ka BP and present are shown in Fig.2.12 (a), (b) and
(c). From the differences of annual mean temperature (Fig.2.12 (a)), it can
be seen that decreases in temperature ranged between 1°C to 10°C at 21ka
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BP. In the Plateau, temperature decreasing in summer is less than that in
winter. This indicates that climate was warm in summer half year in Ti-
betan Plateau. The anomalies of annual precipitation at 21ka BP (Fig.2.12
(b)) shows that the positives located at Tibetan Plateau, northwest of Xin-
jiang, 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 up and middle ba-
sins of Yangtze River, the decrease in precipitation is more than 1mm/day.
It means that these areas are short of precipitation at 21ka BP. The distribu-
tions of difference of annual effective precipitation (P-E) are almost the
same as that of annual precipitation (Fig. 2.12 (¢)).
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Fig. 2.12. Differences of simulated temperature at 21 ka BP and present (a) Dif-
ference of annual temperature (in °C); (b) Difference of Annual precipitation (in
mm d™); (c) Difference of Annual effective precipitation P-E (in mm d)

From the simulation of 21ka BP conditions, we can find that it is colder
in China at 21ka BP than present, and the humidity spatial patterns are al-
most inverse between 21ka BP and present, e.g., it is wetter in the west and
drier in the east of China at 21ka BP.

(2) Comparison between the simulation and paleoclimate evidence of
21ka BP

The simulation of climate at 21ka BP is validated by palacoclimatical
evidence. Reconstructed lake status and vegetation pattern at 21ka BP in
China from paleo-lake -status database and pollen database can be used as
indices of the climate conditions, are compared with the model simulation
results.

The lake records show that lake-water levels are low at present in the
northwest, north and northeast of China, and they are high in southern and
southeastern China today. The conditions registered by lake-status match
the precipitation distribution in the present China. The data of 21ka BP
show high lake water levels in Tibetan Plateau and northwestern China and
the low levels in the eastern China. These reconstructed climate features at
21ka BP were wet in the west and dry in the east of China. The distribution
of vegetation patterns shows that the cold and humid conditions are in the
northeast of China. As a comparison, modern vegetation patterns in the
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southeast of China is indicating warm and wet condition, the steppe and
desert vegetation responding to dry condition in the northeast and north-
west of China, while the tundra in eastern Tibetan Plateau controlled by al-
pine cold and wet conditions. In these regions climate is colder and drier.
While at 21 ka BP in China, the vegetation in the most eastern China, ex-
cept for the coastal zone of southeast, was characterized by the steppe and
deserts. There were some vegetation adjusting to humid climate in Tibetan
Plateau and the northeast of China. Therefore the climate in these regions
was cold and humid, and consistent with the distributions of modeled pre-
cipitation and effective precipitation shown in Fig.2.12.

Discussion

The preliminary simulation results of climate at 21ka BP in China dis-
cussed above give the typical climate conditions that have been addressed
by a lot of geological data. The simulation of AGCM+SSiB model to cli-
mate at 21ka BP in China is fare consistent with reconstructed paleocli-
mate. Before then there were some simulation experiments by using CCMs
and UGAMP, but these experiments could not give realistic Eastern Asia
monsoon system signal and precipitation field. In our study, modeled East-
ern Asia monsoon system is better and 21ka BP simulation is agreed with
geological evidences.

Based on the comparison between model output and data analysis, we
can obtain preliminary conclusions as follows:

(1) The modeled results of AGCM+SSiB with 21ka BP boundary condi-
tions and changed vegetation distribution experiment simulated complete
different conditions at 21ka BP from the present in China, as dry condi-
tions in the eastern China and humid conditions in Tibetan Plateau. This
result is consistent with paleoclimate evidences and it shows different cli-
mate at 21ka BP comparing with present. This is the first successful simu-
lation that captured the climate features in China at 21ka.

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

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

2.6 Summary

In this chapter, the studies on regional paleoclimate of China by proxy



88 CHEN Xing

data and climate models are presented. The research results of that give a
brief picture of paleoclimate in the past. The most reliable and high resolu-
tion proxy data can be used to reconstruct climate time series up to more
than ten thousands years. Therefore, in the last 20ka, especially in the
Holocene, the climate of China is studied more sufficient both in the proxy
data analysis and in the modeling. From these results we can know and
understand some features of climate change since the LGM in China.
Paleaoclimate records can provide a reconstructed climate in the mid-
Holocene in China, on basis of studies in Quaternary sciences, paleoclima-
tology and paleoenvironmeatal sciences. Records from pollen, fossil plants
and animals, paleosoils, lakes, ice cores, and the Neolithic archaeological
evidences have reconstructed that annual mean temperature was higher
than the present in China in the mid-Holocene.

The temperature over the last millennium simulated by the global cli-
mate model ECHO-G is used to compare with the reconstructed tempera-
ture anomalies in the eastern China. By this simulated regional climate of
China, we examined the possible causes and mechanisms of the past cli-
mate changes in China. A global atmospheric circulation model (AGCM +
SSiB) is also used to make sensitive simulation of LIA climate, and found
that the volcanic eruption, solar constant, and vegetation changes are the
key factors for the climate change in LIA. Both the reduction of solar ra-
diation and the increase of the optic depth of stratospheric volcanic dust
can result in the temperature decrease over the land surface. Two types of
vegetation, modern vegetation and vegetation before the Industrialization,
were used to test the sensitivity in LIA climate change. As a whole, the lat-
ter has a larger rate of natural vegetation coverage than that of the former.
The result indicates that the change of vegetation field engenders different
tendency in temperature change, i.e. the annual mean temperature in-
creased in East Asia, while that decreased in North Africa. Thus the pro-
motion of the vegetation rate profits the increase of temperature, and the
decrease of vegetation rate contributes to the decrease of land temperature.

Simulations suggested that increased solar radiation in the mid-
Holocene played a major role in global warming, and increases of regional
precipitation were mainly controlled by feedback of vegetation forcing.
The comparison of simulation experiments shows that variation of the sur-
face albedo due to vegetation change can produce the seasonal change in
the thermal differences between land surface in the Eastern Asia and sea
surface over western Pacific Ocean in the mid-Holocene. The forest ex-
tending in high latitude regions increased the thermal capacity of the land
surface and reduced the cooling effects. As a result, the winter monsoon
circulation was weakened and cold air activities were reduced, and leading
to an increased winter temperature.
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The model simulation shows that the main climate features at 21ka BP
in China was colder and wetter in the Tibetan Plateau and warmer and
drier in eastern China compared with the Plateau. The differences of an-
nual precipitation are negative in the regions where precipitation is plenti-
ful at present, such as the east and the southeast of China. It means that
these areas are short of precipitation at 21ka BP, especially in the upper
and middle reaches of Yangtze River. The simulation results are validated
by lake-status of 21ka BP that shows high lake water levels in Tibetan Pla-
teau and northwestern China and the low levels in the eastern China. That
means wet climate in the west and dry in the east of China at 21ka BP.

Proxy data studies and climate modeling studies can help us understand
the mechanisms of paleoclimate changes in China in great details. Also,
these studies provide us an opportunity to link the climate changes in
China to those in the rest of the world.
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