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Abstract

Geologic studies have illustrated that the planetary-wind-dominant climate in the Paleogene is changed into the monsoon-
dominant one near the Oligocene/Miocene boundary in China. The evolution is marked by the changes of regional aridity/humidity
contrasts. The contrasts occur between the south and the north part of China in the Eocene, and then between East China and
Central Asia near the Oligocene/Miocene boundary, indicating the onset of monsoon-dominant climate in China. The impacts of
the Himalaya–Tibetan plateau uplift and/or the Paratethys Sea retreat on the Asian monsoon have been well demonstrated.
However, whether or not other factors have affected the above reorganization of paleoclimatic patterns remains a question to be
addressed. Additional factors that should be addressed at least include the Indian Peninsular drift, the South China Sea expansion
and the East China Sea transgression. Here we use the IAP-AGCM to explore their roles in the above paleoclimatic evolution. Our
experiments demonstrate that the South China Sea expansion is another major forcing, in addition to the important roles of the
Paratethys retreat and the Himalaya–Tibetan plateau uplift. On the contrary the impacts of the Indian Peninsular drift and the East
China Sea transgression are relatively subordinate. The Himalaya–Tibetan plateau uplift plays a crucial role in the magnification of
the aridity/humidity contrasts between the south and the north part of China. The Paratethys retreat, the Himalaya–Tibetan plateau
uplift and the South China Sea expansion coact to cause the formation of the aridity/humidity contrasts between East China and
Central Asia. The retreat and the uplift favor the dynamic condition, and the expansion provides the water vapor condition for the
monsoon-dominant climate in China.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The East Asian monsoon dominates the basic modern
climatic pattern in China [1]. The winter winds bring
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cold and dry air from Central Asia, and the summer
winds bring warm and moister air from the tropical
oceans, while a large extent of desert distributes in
Central Asia.

Such a monsoon-dominant climate is formed near the
Paleogene/Neogene boundary (also the Oligocene/
Miocene boundary) [2–6], whereas the paleoclimate in
the Paleogene is still dominated by the planetary wind
system, with a zonal arid band extending from East
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China to Central Asia (Fig. 1). The above paleoclimatic
evolution is marked by the two-step changes of the
regional aridity/humidity contrasts. The contrasts be-
tween the south part and the north part of China
(hereafter referred as the south–north contrasts) are
firstly magnified in the Eocene. Subsequently, the
contrasts between Central Asia and East China (here-
after referred as the east–west contrasts) are intensified
near the Oligocene/Miocene boundary, indicating the
onset of the monsoon climate in China.

The mechanisms of the monsoon climate have been
subject to scrutiny by scientists. The classical theory that
the land–sea thermal contrast is the key element to the
monsoon phenomena (e.g., [7]) seems too simple to
explain the formation of the East Asian monsoon,
because of the existence of the land–sea thermal contrast
without the East Asian monsoon system in the Paleogene
[2–6]. A later theory invokes the seasonal movement of
planetary wind as the main cause of monsoon (e.g., [8]).
The theory can reasonably explain the essence of the
tropical monsoon, but can not fully account for the East
Asian monsoon, a complex of the tropical and the
subtropical monsoon (e.g., [9]). Subsequently, recent
Fig. 1. Paleoclimatic evolution in China, (a) for the Paleocene, (b) for the Eo
areas are arid/semiarid regions (Modified after Zhang and Guo [6]). In the pres
the monsoon regions (I1 subhumid regions and I2 humid regions), II the a
semiarid regions with annual precipitation less than 400mm/y are shaded. Acc
selected to diagnose the climatic evolution in the text, the Yangtze River vall
Yellow River valley (34°–42° N, 105°–120° E, denoted NC), North Tibet an
South Tibet (26°–30° N, 80°–100° E, denoted SW). SC and NC together are c
and correspondingly NC and NW are named the north part of China.
numerical experiments (e.g., [10–15]) address the
impacts of the Himalaya–Tibetan plateau uplift on the
intensification of Asian monsoon and the Asian inland
aridity. Several other studies [16–19] emphasize the
important role of the Paratethys retreat.

In the Cenozoic, the large-scale reorganizations of
the Asian land-sea distributions also include the South
China Sea expansion, the Indian Peninsular drift and
the East China Sea transgression. Previous geologic
research (e.g., [20,21]) has pointed out the possible
impacts of the South China Sea expansion on the
monsoon climate over East Asia. Geologists are also
aware of the potential influences of the Indian
Peninsular drift and the East China Sea transgression
on Chinese paleoclimate (e.g., Y.C. Lu, 2005, personal
communication). However, the impacts of these three
factors on the above paleoclimatic evolution have not
yet been addressed from the modeling point of view.
In the present study, we use the IAP-AGCM to
examine the impacts of the above five tectonic factors,
and explore the relationship between the Cenozoic
tectonic movements and the paleoclimatic evolution in
China.
cene to Oligocene and (c) for the Neogene to Quaternary. The shaded
ent day (d) the whole China can be plotted into three basic regions [1], I
rid/semiarid interiors and III the Himalaya–Tibetan plateau. Arid and
ording to the modern Chinese physical geography, four sub-regions are
ey and the area south of it (22°–30° N, 105°–120° E, denoted SC), the
d Central Asia (34°–46° N, 75°–100° E, denoted NW), Himalaya and
alled East China. SC and SW together are titled the south part of China,
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2. Model and experimental design

The IAP-AGCM, designed and developed by the
Institute of Atmospheric Physics, Chinese Academy of
Sciences, is a global grid point model with 5°×4°
(longitude by latitude) horizontal resolution, 9 un-
equally spaced levels in the vertical and the upper
model boundary at 10 hPa. A comparison of the
modern climate among the outputs of the IAP-AGCM,
those of other models (CCC-II, GFHI, UKHI) and
observations has illustrated that the model can
realistically simulate the Asian monsoon (e.g., [23],
Supplementary materials). The annual precipitation
over the East Asian monsoon region, which is the most
difficult to be accurately reproduced by models, is
realistically simulated by the IAP-AGCM. The spatial
correlation coefficient of precipitation is 0.80 between
the simulations and the observations in the domain of
70–140° E and 15–60° N, and the root mean square
error reaches 1.18 mm/day, which is partly due to the
discrepancies (1–2 mm/day) presented over the
Himalaya–Tibetan plateau [23]. The model also
produces slightly more precipitation over the north
part of China [22]. The model has been used in the
simulations of paleoclimate (e.g., [18,19,23–26]).
Detailed descriptions of the model can be found in
Zhang [27], Liang [28] and Bi [22]. The performance
of the model is demonstrated and discussed in Jiang et
al. [23,24], Zhang et al. [18,19] and Ju et al. [25].

We focus on the large-scale reorganization of
climatic patterns reflected by the changes of regional
aridity/humidity contrasts, and only consider the coarse
changes of topography and land–sea distributions,
including 1) the uplift of the Himalaya–Tibetan
plateau, 2) the shrinkage of the Paratethys Sea, 3) the
expansion of the South China Sea, 4) the transgression
of the East China Sea and 5) the north drift of the Indian
Peninsula. Although the detailed changes of these
above five factors are still under debate, such as the
time and the height of the Himalaya–Tibetan plateau
uplift, based on a large collection of geologic studies
[2,20,29–49], a general picture that has emerged
includes the following three assumptive but most
likely scenarios. 1) When the Eurasian continent is
divided by the Paratethys, neither the Himalaya–
Tibetan plateau, nor the Indian peninsula and the
present Chinese marginal sea exist in Asia [2,29]. 2) At
the beginning of Indo-Asian collision, the Indian
Peninsula takes its present location (e.g., [30]),
the Himalaya–Tibetan plateau is low (e.g., [31,32]),
the Chinese marginal sea is small [20,33] and the
Paratethys is separated from the Arctic [34]. 3) The
further Indo-Asian collision in the early Neogene leads
to the larger South China Sea [20,33] and the
accelerated Himalaya–Tibetan Plateau uplift [35].
The mountainous Himalaya–Tibetan plateau is on
average higher than 1500 m (e.g., [36–41]) with the
south part close to present height [42–45]. The
Paratethys [46–48] and the East China Sea [49] are
still minimal.

According to the above picture, two topography
conditions (the middle and the low topography), three
Paratethys Sea conditions (the large, the middle and the
small Paratethys), two South China Sea conditions (the
small and the absent South China Sea), two East China
Sea conditions (the small and the absent East China Sea)
and the absent Indian peninsula condition are designed
(Fig. 2 a to k). Another three composite conditions are
also designed to represent the above three scenarios
(Fig. 2 l to n). In the following sections, the change in
the lower boundary conditions from the Scenario I to the
Scenario II is named the first stage of paleogeographic
evolution, and the change from the Scenario II to the
Scenario III is correspondingly called the second stage.

We do not evaluate the impacts of other potentially
important climatic, tectonic or biotic events, for instance
the development of north hemisphere ice-sheets [50,51],
the Indonesian Seaway closing (e.g., [52]) or the C4
plants expansion (e.g., [53,54]), and also do not consider
the changes of Earth orbital parameters, atmospheric
CO2 concentration. The Earth orbital parameters and
vegetation use conditions of today [21]. The atmospher-
ic CO2 concentration is set to 345 ppmv (1975–1985
range is about 330 to 345 ppmv; [55]) in all
experiments. The above two-step paleoclimatic evolu-
tion mainly involves the geologic course of the Eocene,
the Oligocene and the Miocene [2–6]. These three
periods are much warmer than the present (e.g., [50]).
Unfortunately, no SSTs and ice-sheet reconstructions are
available for these three periods. SSTs and ice-sheets
data of the Middle Pliocene (also a warmer period than
the present) [56] are used in all experiments. The SSTs
are available for February and August only. Sinusoidal
variation with extremes in February and August is used
to get monthly varying SSTs. Additional sea points due
to sea opening are prescribed the same SSTs as the
neighboring sea point(s) at the same latitude. Additional
land points due to sea closing are also prescribed the
same topography and vegetation as the neighboring land
point(s) at the same latitude.

One control run (Fig. 2a), ten sensitivity experi-
ments (Fig. 2b–k) and three scenario experiments
(Fig. 2l–n) are performed based on the above boundary
conditions. All experiments are run for 12 years. The
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Fig. 2. Boundary conditions (a) for the control run, (b–k) for the sensitivity experiments, and (l–n) for the scenario experiments. The names of
sensitivity experiments are the same as those of boundary conditions used. The control run (a) uses the present land–sea distribution and the
topography with the Himalaya–Tibetan plateau having an average height of 3000 m. The Himalaya–Tibetan plateau is changed to averagely
1500 m high with maximum height 2800 m in the middle topography experiment (b), and there is no Himalaya–Tibetan plateau and the East Asia
terrain is smooth without high mountains in the low topography experiment (c). Only topography is changed without altering the land–sea
distributions in the above two topography experiments. The Paratethys Sea connects with the Arctic in the large Paratethys Sea experiment (d),
retreats to the south part of West Siberia in the middle Paratethys Sea experiment (e), and then goes to the Turan Plate and Caspian areas in the small
Paratethys Sea experiment (f). 3/5 of the South China Sea is changed to land in the small South China Sea (SS) experiment (g), and the whole South
China Sea is substituted by land in the absent South China Sea (NS) experiment (h). The Indian peninsula is replaced by sea in the absent Indian
Peninsula (NI) experiment (i). The whole East China Sea is turned to land in the absent East China Sea (NE) xperiment (j), and the half of the East
China Sea is displaced by land in the small East China Sea (SE) experiment (k). Only the land–sea distributions are changed in the experiments from
(d) to (k). The low topography, the large Paratethys, the absent Indian Peninsular, the absent South China Sea and the absent East China Sea
conditions are aggregated in the Scenario I experiment (l). The middle topography, the middle Paratethys Sea, the small South China Sea and the
small East China Sea conditions are assembled in the Scenario II experiment (m). The small Paratethys and the small East China Sea conditions are
combined in the Scenario III experiment (n).
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results reported here are ensemble averages for the last
10 years.

3. Analysis method

Two ratios are defined to describe the large-scale
changes of the climatic patterns. M/I is the ratio of the
regionally averaged precipitation over East China to that
over North Tibet and Central Asia, and is hence
indicative of the east–west aridity/humidity contrasts.
For example, more precipitation over East China and
less over North Tibet and Central Asia will lead to an
increased M/I value, which indicates the intensification
of the east–west contrasts and the East Asian monsoon
climate. On the contrary, a decreased M/I ratio indicates
a weakened monsoon climate. S/N is the ratio of the
regionally averaged precipitation over the south part to
that over the north part of China, and is indicative of
south–north aridity/humidity contrasts.

The Static Normalized Seasonality (SNS, [57,58])
index describes the main characteristic of monsoon
that the seasonal prevailing wind direction has a
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significant seasonal change. It is used to measure the
intensity of the monsoon and delimit the geographic
distributions of the global monsoon systems.

SNS ¼ jjF1−F7jj
jj F̄jj −2;

in which F1 and F7 are respectively the January and
the July climatological wind vectors, and F̄ is the
annual average climatological wind vector. The norm
||A|| is defined as jjAjj ¼ ðR R jAj2dSÞ0:5 where S
denotes the domain of integration. Li and Zeng [58]
have presented a detailed introduction for the
calculations at a point. The SNS index based on the
850 hPa winds is calculated to explore the spatial
development of monsoon areas over East China.

Sea level pressure, 850 hPa winds and other variables
are also used in the analyses. Statistical significance is
assessed by the student t-test (95% level) applied to
differences between every two experiments. The
standard deviation and degrees of freedom are based
on the averages of the 10 individual years.
4. Results of sensitivity experiments

4.1. Topography and Paratethys Sea

Previous studies [10–14] have demonstrated that the
Himalaya–Tibetan plateau uplift intensifies the mon-
soon circulations, increases precipitation over East
China and decreases precipitation over Central Asia.
Our earlier studies [18,19] have also illustrated that the
Paratethys retreat from the south part of West Siberia to
the Turan plate is the most important period for the
intensification of the East Asian monsoon. The retreat
in this period also induces the remarkable shifts to more
precipitation over East China and less over Central
Asia.

Our sensitivity experiments support the earlier
studies [10–19]. Lowering topography results in the
reduced S/N and M/I ratios and SNS values (Table 1),
indicating that the strong impacts of the Himalaya–
Tibetan plateau uplift on the intensification of the East
Asian monsoon and the magnification of the regional
aridity/humidity contrasts (south–north and east–
west contrasts). The Paratethys retreat also enhan-
ces the east–west aridity/humidity contrasts. The
most prominent changes of the M/I ratio (Table 1) occur
when the Paratethys retreats from the south part of
West Siberia (the middle condition) to the Turan
plate and Caspian areas (the small condition).
4.2. South China Sea

The closing of the South China Sea markedly reduces
precipitation over East China (Fig. 3a and b). The sea
closing to a small size causes 24.52%, 7.43% and
12.07% decreased precipitation respectively over the
Yangtze River valley and the area south of it, the Yellow
River valley, and Himalaya and South Tibet, as well as
8.03% increased precipitation over North Tibet and
Central Asia. These precipitation changes produce a
0.68 reduction in M/I and a 0.56 decrease in S/N. The
replacement of the whole South China Sea by land
causes a decrease of 42.11%, 8.24% and 16.32% in
precipitation respectively over the Yangtze River valley
and the area south of it, the Yellow River valley and
Himalaya and South Tibet, and a 7.17% increase in
precipitation over North Tibet and Central Asia. These
precipitation changes result in the reductions ΔM/I of
0.96 and ΔS/N of 0.86 relative to the control run.

The closing of the sea also changes the land–sea
thermal contrasts and leads to the reorganizations of
pressure structure, which cause the wind anomalies
(Fig. 3c to f). However, the anomalies in 850 hPa winds
and the variations of SNS values appear to be less
obvious than the changes in the regional aridity/
humidity contrasts. This reflects the less important
impacts of the South China Sea forcing on the monsoon
circulation and wind seasonality.

4.3. Indian Peninsular

The removal of the Indian Peninsular leads to an
increase of 12.37%, 2.45% and 25.16% in precipitation
respectively over the Yangtze River valley and the area
south of it, the Yellow River valley and North Tibet and
Central Asia, plus a 3.65% decrease in precipitation over
Himalaya and South Tibet. These changes in precipita-
tion produce a ΔM/I of 0.36 and a ΔS/N of 0.25 less
than the control (Table 1). The removal also causes a
reduction in SNS of 62.33% over East China. The
change in SNS values is much larger than the variations
of the M/I and S/N ratios, indicating the major impact of
the Indian Peninsular drift on the atmospheric circula-
tions and the wind seasonality over East Asia.

4.4. East China Sea

The closing East China Sea to the small size only
produces a 0.10 reduction inM/I and a 0.20 increase in S/N
compared to the control run. The replacement of the whole
sea by land causes a precipitation decrease of 9.33%,
32.80% and 0.24% respectively over the Yangtze River



Table 1
Chinese climate responses to different boundary conditions

ΔP a

(%)
ΔM/I f ΔS/N g ΔSNSh

(%)

SC b NC c SWd NWe

Control 42.23 mm d−1 22.40 mm d−1 40.71 mm d−1 23.57 mm d−1 2.74(100%) 2.95(100%) 1.73(100%)
Middle Topography −15.92 −9.64 −11.59 6.60 −0.52(−18.98) −0.37(−12.54) −23.56
Low Topography −26.42 −10.35 −91.54 9.03 −0.75(−27.37) −1.72(−58.31) −35.12
Large Paratethys −6.05 −5.69 −15.52 27.16 −0.71(−25.91) −0.58(−19.66) 6.71
Middle Paratethys −6.40 −20.04 −15.85 36.07 −0.95(−34.67) −0.54(−18.31) −2.61
Small Paratethys −4.14 1.24 0 5.50 −0.20(−7.30) −0.16(−5.42) 2.94
Absent Indian Peninsular 12.37 2.45 −3.65 25.16 −0.36(−13.14) −0.25(−8.47) −62.33
Small South China Sea −24.52 −7.43 −12.07 8.03 −0.68(−24.82) −0.56(−18.98) 12.37
Absent South China Sea −42.11 −8.24 −16.32 7.17 −0.96(−35.04) −0.86(−29.15) −13.14
Small East China Sea −0.87 −12.72 −0.58 −1.50 −0.10(−3.65) 0.20(6.78) −2.21
Absent East China Sea −9.33 −32.80 0 −0.24 −0.47(−17.15) 0.40(13.56) 1.76
Scenario I −54.64 −30.59 −77.55 79.27 −1.92(−70.07) −2.15(−72.88) −31.06
Scenario II −58.11 −35.51 −25.84 19.87 −1.60(−58.39) −1.12(−37.96) −37.11
Scenario III −9.52 −1.56 −12.11 5.15 −0.31(−11.31) −0.37(−12.54) −2.21
a ΔP: the regional precipitation changes in percentages compared with the control run. All ΔPs reported here are calculated from the points in

which the changes of precipitation compared to the control run passes 95% confidence level.
b SC: the Yangtze River valley and the area south of it (22°–30°N, 105°–120°E) comprise 12 points in the IAP-AGCM model.
c NC: the Yellow River valley (34°–42°N, 105°–120°E) comprises 12 points in the model.
d SW: Himalaya and South Tibet (26°–30°N, 80°–100°E) comprises 10 points in the model.
e NW: North Tibet and Central Asia (34°–46°N, 75°–100°E) comprises 24 points in the model.
f M/I: ((precipitation in SC+precipitation in NC)/24)/(precipitation in NW/24). ΔM/I: the changes of the rations, with percentages in brackets.
g S/N: ((precipitation in SC+precipitation in SW)/22)/((precipitation in NC+precipitation in NW)/36). ΔS/N: the changes of the rations, with

percentages in brackets.
h SNS: wind seasonality in East China (including SC and NC together). ΔSNS: the changes of SNS value in percentages.

627Z. Zhongshi et al. / Earth and Planetary Science Letters 257 (2007) 622–634
valley and the area south of it, the Yellow River valley and
North Tibet and Central Asia. No significant variations are
observed for Himalaya and South Tibet. These precipita-
tion anomalies lead to a 0.47 decrease in M/I and a 0.40
increase in S/N (Table 1), indicating that the East China
Sea transgression mainly intensifies the east–west aridity/
humidity contrasts and has a negligible role in the
magnification of the south–north contrasts.

5. Evolution of climate pattern in scenario experiments

5.1. Evolution of precipitation

Great changes of precipitation fields are observed in
the three scenario experiments (Fig. 4a to c). The zonal
deficient rain bandwith precipitation less than 1.5mm/d is
wide, and latitudinally controls almost whole China in the
Scenario I. The first stage of paleogeographic evolution
considerably increases precipitation over Himalaya and
South Tibet. The deficient rain band becomes narrower
and inclined from the southeast to the northwest, and the
south–north aridity/humidity contrasts are magnified in
the Scenario II. The second stage of paleogeographic
evolution markedly increases the precipitation over East
China. The deficient rain band is located over North Tibet
and Central Asia. The east–west aridity/humidity con-
trasts are intensified in the Scenario III.

5.2. Evolution of wind seasonality

Corresponding to the above changes in precipitation
fields, the areas with SNS values greater than 2
gradually extend northward over East China (Fig. 4e
to f), indicating the spatial development of monsoon
regions. The SNS structures similar to the control run
form later over East China than over South Asia. The
large-SNS cell moves to the Indian Peninsular earlier in
the first stage of paleogeographic reconstruction, while
the SNS pattern in China similar to the control run
occurs in the second stage. This sequence suggests that
the intensification of monsoon over South Asia should
be earlier than that over East China.

5.3. Evolution of atmospheric dynamics

The paleogeographic evolution also leads to the large-
scale reorganizations of pressure structure (Fig. 5). In
summer, the low-pressure cell, originally located over
China in the Scenario I, moves to the Indian peninsular in
the Scenario II and then is deepened in the Scenario III.



Fig. 3. The impacts of the South China Sea forcing on the precipitation (mm/d), sea level pressure (hPa) and the 850 hPa winds, (a) for the
precipitation fields simulated in the absent South China Sea experiment, (b) for the precipitation fields in the small South China Sea experiment, (c)
and (d) for the pressure structure and the wind anomalies between the absent South China Sea experiment and the control respectively in summer
(JJA) and winter (DJF), (e) and (f) for the pressure structure and the wind anomalies between the small South China Sea experiment and the control
respectively in summer and winter. The areas with precipitation less than 1.5 mm/d are shaded in the (a) and (b), and the areas within the 95%
confidence level of the 850 hPa wind anomalies are shaded in the (c) to (f ).

628 Z. Zhongshi et al. / Earth and Planetary Science Letters 257 (2007) 622–634
The changes of the low-pressure cell strengthen the
westerlies/southwesterlies over Asia. The high-pressure
cell, which is originally located over the Paratethys,
gradually diminishes during the shrinkage of the sea. As a
result, the anomalous cyclonic circulations considerably
strengthen the southwesterlies over East Asia (e.g., [19]).

In the first stage of paleogeographic evolution, the
reorganizations of pressure structure in summer cause
the strong anomalies in the westerlies over the Arabian
Sea and South Asia, but only lead to minor winds
anomalies over East China (Fig. 5e). Significant
anomalies in the southwesterlies over East China emerge
later (Fig. 5f) in the second stage. These changes in 850
hPa winds are consistent well with the SNS results.
6. Functional comparison of forcing factors

The magnification of the south–north aridity/humidity
contrasts in the first stage of paleogeographic evolution
relates to the following five changes of lower boundary
conditions: 1) the topography uplift from the low range to
themiddle one, 2) the Paratethys retreat from the large size
to themiddle extension, 3) the SouthChina Sea expansion
from the land to the small sea, 4) the East China Sea
transgression to the small state and 5) the Indian
peninsular drift to the present situation. Among these
five factors, greatest impacts on the S/N are observed for
the topography uplift (Fig. 6a). Furthermore, the first
stage of paleogeographic evolution causes the markedly



Fig. 4. The precipitation fields (left column CI, mm/d) and SNS fields (right column CII) in the scenario experiments and the control run. In the left
column, the black lines are precipitation isohyets (mm/d) and the color blocks represent the topography and land–sea distribution. In the right column,
the SNS values are shown in color scales.
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increased precipitation over Himalaya and South Tibet,
where the impact of topographic changes is the most
important (Fig. 6b). Our results therefore indicate that the
topography rising (mainly uplift of the Himalaya–Tibetan
plateau) plays the primary role in the magnification of the
south–north aridity/humidity contrasts.

The formation of the east–west aridity/humidity
contrasts in the second stage appears to be linked with



Fig. 5. Sea level pressure (hPa) and wind fields at 850 hPa (m/s), (a) for the Scenario I, (b) for the Scenario II, (c) for the Scenario III, (d) for the
control run, (e) for the wind anomalies between the Scenario II and the Scenario I and (f) for the wind anomalies between the Scenario III and the
Scenario II. The land areas are shaded in the (a) to (d). The areas within the 95% confidence level are shaded in the (e) and (f).
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the following four changes of lower boundary condi-
tions: 1) the increased topography from the middle
elevation to the present height, 2) the shrinkage of the
Paratethys from the middle extension to the small one,
3) the further expansion of the South China Sea to the
current size and 4) the transgression of the East China
Sea to the present state. Our simulations suggest the
negligible impacts of East China Sea transgression
(Fig. 6c). Moreover, no large-scale East China Sea
transgression occurs near the Oligocene/Miocene
boundary [49]. The Paratethys retreat, the South China
Sea expansion and the Himalaya–Tibetan plateau uplift
play important roles in the formation of the east–west
aridity/humidity contrasts. The changes in M/I ratios
reveal that the Paratethys retreat is the most important
forcing, then the South China Sea expansion and last the
Himalaya–Tibetan plateau uplift.

The above ranking of importance is also supported by
the comparison among the Scenario II, the Scenario III,
the middle Paratethys, the small Paratethys and the six
supplementary experiments (Supplementary materials).
The experiments with the middle Paratethys condition
produce much lower M/I ratios than the control run,
regardless the changes of the other three factors (South
China Sea, topography and East China Sea). In the
experiments, where the Paratethys and the South China
Sea are both kept at small sizes, the planetary-wave-
dominant patterns with the lowM/I ratios are maintained,
despite the changes of the latter two factors (topography
and East China Sea). However, the experiments show the



Fig. 6. Functional comparison of the forcing factors, (a) the changes in
S/N ratios induced by the forcing factors in the first stage of
paleogeographic evolution, (b) the precipitation changes (%) in
Himalaya and South Tibet made by the forcing factors in the first
stage, (c) the variations of M/I ratios led by the forcing factors in the
second stage. In the horizontal scale, 1 represents the Himalaya–
Tibetan plateau uplift, 2 the Paratethys retreat, 3 the South China Sea
expansion, 4 the East China Sea transgression and 5 the Indian
peninsular drift. For example, the first bar from the left in (a) shows
that the Himalaya–Tibetan plateau uplift from the low condition to the
middle range causes an increased S/N of 1.35.
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monsoon climate with the higher M/I ratios close to the
control run, when the Paratethys is kept at the small size,
the South China Sea is expanded to the present size and
the topography is risen to the current height.

7. Discussions

Our earlier studies [18,19] have revealed that the
deficient rain bands with precipitation less than 1.5 mm/
d in the simulations by the IAP-AGCM can be regarded
as arid/semiarid regions. Thus, the above changes of
precipitation patterns in the three scenario experiments
quantitatively reconstruct the Cenozoic paleoclimatic
evolution in China.

Our simulations illustrate that the intensified mon-
soon circulations and the abundant presence of water
vapor are the two necessary conditions for the monsoon-
dominant climate in China. Earlier studies [11–19] and
the analyses here reveal that the Paratethys retreat and
the Himalaya–Tibetan plateau uplift strengthen the
monsoon circulations to provide the dynamic condition
for the paleoclimatic evolution in China. Furthermore,
our study clearly demonstrates that the South China Sea
expansion is also an indispensable forcing for the
monsoon-dominant climate in China. The later factor
provides sufficient water vapor for the summer
precipitation over East China. Otherwise, East China
would be arid, even the Paratethys and the Himalaya–
Tibetan plateau reach the present status and cause the
strong summer winds that are comparable to the present
state (Fig. 4). The modern observations [9] also
demonstrate that the South China Sea, with the area
about 3,500,000 km2, is the most important water vapor
source for monsoon precipitation in China. The ratio of
water vapor fluxes from the South China Sea, the Bay of
Bengal and the ocean located on the southeast of China
is estimated to be 691:1:0.34 [9].

Geologic reconstructions [4–6] have brought forth
the hypothesis that East Asian monsoon climate may
have formed in the Late Oligocene. The hypothesis is
also attested by the Qin An loess–paleosol sequences
[59], the fine grained sediments [60,61] contributed by
loess [62] in Lin Xia Basin and the evidence from the
South China Sea [20]. Our simulations offer a new clue
to examine the hypothesis. The Paratethys retreat to the
Turan plate, the South China Sea larger than 2/5 of
present state and the Himalaya–Tibetan plateau aver-
agely higher than 1500 m are suggested to be the
sufficient condition for the onset of the monsoon climate
in China. The sufficient condition will be helpful to
judge whether the monsoon climate has been formed in
the Late Oligocene, provided that geologic research
gives the state of the Paratethys, the size of the South
China Sea and the height of the Himalaya–Tibetan
plateau at that time.

With the three scenario experiments, our simulations
highlight the general picture of Asian monsoon
evolution during the Cenozoic. Tropical monsoon
dominates the Indochina Peninsular in the Paleocene.
The basic structure of the Asian monsoon system is
established in the Eocene/Oligocene, but the monsoon at
that time is still too weak to change the basic climatic
pattern in China. In the Neogene, the markedly
intensified monsoon circulations, which are strong
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enough to extend to Yellow River valley, and the
sufficient water vapor, cause the onset of monsoon
climate in China. The above picture suggests an earlier
initial form of the monsoon over South Asia, but needs
to be tested by geologic records.

The other two factors newly addressed in our study,
the Indian Peninsular drift and the East China Sea
transgression, have weak impacts on Chinese paleocli-
matic evolution. But the Indian Peninsular drift is able to
change the land–sea thermal contrasts and deepen the
monsoon low pressure to strengthen the westerlies over
South Asia in summer. The impacts of the East China
Sea transgression potentially may be magnified or
dampened by the ocean feedback processes that are
not addressed here.

Our study is still limited by the coarse resolution of
the IAP-AGCM, though we think that the coarse
resolution will not affect the here presented reconstruc-
tions of the basic climatic patterns in China. The new
factors (the Indian Peninsular and the South China Sea)
that include 25 and 16 grid points can substantially
impact the climate in the model. The fixed SSTs also
limit us to consider feedbacks involving changes in the
ocean. It still remains a task to compare our study with
the future experiments that are based on the similar
scenarios and carried by models with high-resolution or
coupled models.

In summary, our simulations demonstrate again that
the Cenozoic paleogeographic evolution drives the
reorganization of the paleoclimatic patterns in China.
Our results suggest that the South China Sea expansion is
another indispensable forcing that provides water vapor
condition for the monsoon-dominant climate in China, in
addition to the Himalaya–Tibetan plateau uplift and the
Paratethys retreat that strengthen the atmospheric
dynamic condition. The coaction of these three factors
causes the monsoon-dominant climate with the remark-
able east–west aridity/humidity contrasts in China. Our
simulations also suggest a possible earlier inception of
monsoon over South Asia than over East Asia.
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