Review

Geology

Chinese Science Bulletin

December 2013  Vol.58 No.34: 4277—4291

doi: 10.1007/s11434-013-5987-8

Influence of the Tibetan Plateau uplift on the Asian monsoon-arid
environment evolution

LIU XiaoDong'*" & DONG BuWen’

! State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi’an 710075, China;
2School of Human Settlements and Civil Engineering, Xi’an Jiaotong University, Xi’an 710049, China;
3 National Centre for Atmospheric Science, University of Reading, Reading, RG6 6BB, UK

Received November 23, 2012; accepted April 28, 2013; published online July 23, 2013

As one of the most important geological events in Cenozoic era, the uplift of the Tibetan Plateau (TP) has had profound influences
on the Asian and global climate and environment evolution. During the past four decades, many scholars from China and abroad
have studied climatic and environmental effects of the TP uplift by using a variety of geological records and paleoclimate numer-
ical simulations. The existing research results enrich our understanding of the mechanisms of Asian monsoon changes and interior
aridification, but so far there are still a lot of issues that need to be thought deeply and investigated further. This paper attempts to
review the research on the influence of the TP uplift on the Asian monsoon-arid environment, summarize three types of numerical
simulations including bulk-plateau uplift, phased uplift and sub-regional uplift, and especially to analyze regional differences in
responses of climate and environment to different forms of tectonic uplifts. From previous modeling results, the land-sea distribu-
tion and the Himalayan uplift may have a large effect in the establishment and development of the South Asian monsoon. How-
ever, the formation and evolution of the monsoon in northern East Asia, the intensified dryness north of the TP and enhanced
Asian dust cycle may be more closely related to the uplift of the main body, especially the northern part of the TP. In this review,
we also discuss relative roles of the TP uplift and other impact factors, origins of the South Asian monsoon and East Asian mon-
soon, feedback effects and nonlinear responses of climatic and environmental changes to the plateau uplift. Finally, we make
comparisons between numerical simulations and geological records, discuss their uncertainties, and highlight some problems
worthy of further studying.
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The Tibetan Plateau (TP), with an average altitude of over
4000 m and an area of 2500000 kmz, is a product of the
collision of northward-drifting India-Australia plate with the
Eurasian plate [1,2]. The TP uplift was the most dramatic
tectonic event during the recent geological history of the
solid Earth evolution and has been considered as an im-
portant driving force for the Earth’s climate and environ-
mental change. It has not only changed the landscape and
natural environments within the TP region, but also had a
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profound impact on the Asian monsoon, inland aridification
and global climate change during the Cenozoic.

During the past four decades, many scholars in China
and abroad have studied the influence of the TP uplift on
the Asian monsoon-arid environment evolution through
geological records and numerical simulations of paleocli-
mate, and have made considerable progress in understand-
ing the climatic and environmental effects of plateau uplift.
Up to now, plenty of geological evidence has supported that
the TP uplift is closely related to the formation and devel-
opment of the Asian monsoon and inland aridification (e.g.
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[3-5]), but there has been no consensus on the history and
forms of plateau uplift, as well as the origin and regional
differences of the Asian monsoon and inland aridification
(e.g. [6-8]). With respect to modeling study, increasingly-
sophisticated numerical experiments, from the bulk-plateau
uplift experiment in the past to recent phased uplift and
sub-regional uplift experiments (e.g. [9-12]), have greatly
deepened our understanding of the influence of plateau up-
lift forms on the climate change in different Asian regions
and underlying mechanisms. However, due to a number of
uncertainties in recognizing various feedback effects, the
nonlinear response of climatic and environmental changes
to the uplift, and scale superimposition and multi-factor
comprehensive effects and so on during the uplift process,
there are a number of problems worthy of further study and
discussion, and new problems are emerging constantly.

This paper attempts to review the research on relation-
ship between the TP uplift and Asian monsoon-arid envi-
ronment evolution, to analyze and summarize the impact
and its regional differences of different forms of tectonic
uplifts on the evolution of the Asian monsoon, and finally to
put forward some ideas on further study in this field.

1 Outline of research on climatic and environ-
mental effects of the Tibetan Plateau uplift

1.1 Geological records

At present, the geological evidence for the TP uplift comes
from a wide range of sources (see [1,2,13—15] for overview),
including the lithosphere tectonics and magmatism, crustal
thickening and deformation, cooling event of rock, stable
isotope-based paleoaltimetry, environment change records
and so on. Although our understanding has been deepening
with continuous accumulation of evidence, so far no unified
view has been reached about the history of the TP uplift due
to the complexity of the problem itself. In the 1960s and
1970s Chinese scholars suggested that the Pliocene could be
the major period of the TP uplift based on studies of pale-
ontology, paleovegetation, geomorphy and geological tec-
tonics (e.g. [16—18]). Subsequent evidence indicated that the
TP had already uplifted and reached a considerable height
prior to the Pliocene. For instance, the Yangbajing graben
northwest of Lhasa [19], vegetation succession from forest
to grassland in northern Pakistan [20] and enhanced upwelling
current on the Arabian Sea coast [21] were all recognized as
important evidence for the TP uplift during the late Miocene,
and some scholars believed that the TP could have reached
its full height around 8 Ma [19]. Afterwards some research-
ers speculated that the TP had basically reached its maxi-
mum height in the middle Miocene (14-15 Ma), and then
changed little or even declined slightly according to re-
search on the timing of Himalayan normal fault activity [22]
and fossil leaves of paleoplants in southern Tibet [23]. Re-
cently some scholars, based upon magnetic stratigraphy and
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sedimentology studies of basins in the central and northern
TP [24] and the oxygen isotope data of basins in the central
TP [25], recognized that the central TP could have reached
its current height in the middle and late Eocene (40-35 Ma).

In the research of long-term evolution of Asian paleoen-
vironment since the Cenozoic, understanding of causes for
the formation and development of the Asian monsoon envi-
ronment and inland aridification has drawn much attention.
Many scholars in China and abroad have studied changes of
two sub-systems of the Asian monsoon-the East Asian
monsoon and South Asian monsoon (the latter being the
Indian monsoon) in a variety of timescales (see [26-29] for
a comprehensive introduction) by using various geological
records including loess, lakes, deserts, glaciers, organisms
and marine sediments. As one of excellent paleoenviron-
mental archives, Chinese loess fully and accurately recorded
the historical alternation of the predominant periods of the
East Asia winter monsoon and summer monsoon during the
past 2.6 Ma with Quaternary loess-paleosol cycles [27]. The
discovery and research of the Neogene eolian red clay un-
derlying the Quaternary loess further broadened the record
of the East Asian monsoon evolution on a long timescale
[4,27,30,31]. It was generally believed that marine sedi-
ments of the Arabian Sea and Indian Ocean and continental
sediments of the South Asian subcontinent [29] better rec-
orded the evolution of the South Asian monsoon during
geological period, but recently different views and new ex-
planations [32] were proposed for the records of upwelling
in the Arabian Sea [21] and paleovegetation changes in
South Asia [20]. Meanwhile, the eolian deposition also rec-
orded the long-term process of aridification in inland Asia.
The oldest eolian loess found in northern China appeared in
the early Miocene (22-25 Ma) [4,33,34], a critical period
around which the environment transformed from a planetary
circulation system into a monsoon-dominated pattern, as
indicated by integrated studies of Asian paleoenvironmental
records [35-37]. Both continental [38] and marine [39] eo-
lian deposition records showed that aridification of inland
Asia was significantly intensified during recent 3-4 Ma
since the Pliocene.

In the study of the relationship between the plateau uplift
and environmental change, their possible connections were
often speculated based on the simultaneity of tectonic uplift
and environmental change. For example, the climate changes
in Asia during the late Miocene shown by some marine and
continental records [2,3,7,19,39-42] were usually consid-
ered as the result of strong TP uplift at the same time. The
results of some studies also showed that during the middle
and late Pliocene there were remarkable tectonic uplifts in
the northern TP, which led to the intensification of the
Asian monsoon and significantly increased variability of
monsoon since Quaternary [3]. However, the late Miocene
and middle Pliocene were also critical periods for global
climate change, especially for the cooling of the northern
hemisphere; the cooling had an obvious influence on Asian
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climate as well. Some recent geological and environmental
records showed that large-scale uplifts might have occurred
as early as the Eocene in some areas of the TP [24,25].
Studies on long-term eolian records [4,39] and the transition
of Asian paleoenvironmental patterns [35-37] suggested
that dramatic changes in the Asian monsoon and inland arid
environment could have taken place during the early Mio-
cene or late Oligocene. It can be seen from the above state-
ments that at present it may be too early to systematically
compare the evidence of the TP uplift during the Cenozoic
and the evidence of environmental changes in Asia from a
perspective of time. Thus, it is not enough to infer a cause-
effect relationship between them only from the geological
evidence of tectonic uplift-environmental change, and more
analyses of mechanisms with numerical simulations are
needed. Currently much attention has been paid to the nu-
merical simulations of paleoclimate, which have greatly
promoted the research on influence of the TP uplift upon the
Asian monsoon-arid environment evolution.

1.2 Numerical simulations

In the past four decades, with the continuous development
of the theory of geophysical fluid dynamics, numerical
methods and computer sciences, the use of numerical simu-
lation with three-dimensional global climate models has
become an effective method to analyze, examine and de-
velop paleoclimate dynamics theories. Domestic and foreign
scholars have used state-of-the-art numerical models (in-
cluding general circulation models, coupled ocean-atmos-
phere models, and coupled ocean-land-atmosphere-ice earth
system models) to explore effects of the TP uplift in Asian
and global climate evolution by changing the height of to-
pography. These modeling results have confirmed that the
TP uplift and Asian climate change have a clear cause-effect
relationship although there are some differences in the re-
sults of various studies.

The existing numerical experiments on climate effects of
the TP uplift can be broadly classified into three categories:
(1) bulk plateau uplift experiment, which implements the
simple “full mountain”/“no-mountain” experiments to high-
light the contribution of plateau topography to atmospheric
circulation and climate; (2) plateau phased uplift experiment,
in which the uplift is divided into different stages and effects
of progressive uplift are examined systematically according
to a certain proportion of the modern height; and (3) plateau
regional uplift experiment, in which each sub-regional uplift
is considered separately and its influence on the climatic
subsystems in different regions is investigated. In addition,
in the paleoclimate simulations of specific geological peri-
ods (such as the Eocene, Oligocene, Miocene, and Pliocene),
paleogeographical and paleotopographical boundary condi-
tions reconstructed with geological evidence were pre-
scribed to study the influence of plateau topography on cli-
mate and environment. Following is an overview of repre-
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sentative works in each category.

More than half a century ago meteorologists showed in-
terests in dynamic and thermal effects of the TP on atmos-
pheric circulation [43—45]. In the 1960s and 1970s, early
General Circulation Models (GCMs) were successfully ap-
plied in studies on atmospheric circulation and climate un-
der the conditions with and without topographic features
[46—49]. Manabe et al. [48,49] systematically revealed the
importance of presence of plateau topography in the devel-
opment of the South Asian monsoon. They conducted com-
parative experiments of full-mountain and no-mountain
scenarios by using a GCM and found that the TP topogra-
phy not only decided the location and intensity of the Sibe-
rian High, a core system of the Asian winter monsoon, but
also controlled the establishment and development of the
South Asian summer monsoon. The TP uplift significantly
enhanced the plateau heating source in late spring and early
summer, therefore strengthened the thermal contrast be-
tween the Asian continent and the Indian Ocean, and thus
the Asian summer monsoon circulation. However, resolu-
tions of earlier GCMs were generally low, physical pro-
cesses of the models were comparatively simple, and there-
fore these models did not simulate the present-day climate
well in comparison with the observation. Additionally, the
dynamical and thermal effects were not distinguished in
these earlier modeling studies.

In the following decade or so, GCMs were improved in
both their resolutions and physical parameterizations. It
became necessary to reevaluate the effects of the TP uplift
on atmospheric circulation, monsoonal climate and arid
environment by using these improved numerical models.
Therefore, a number of scholars explored the impacts of the
TP topography on atmospheric circulation and climate
change from different perspectives. In China, Qian et al. [50]
initiated numerical modeling studies of large-scale topo-
graphic effects of the TP on atmospheric circulation and
revealed the importance of the TP’s dynamical and thermal
effects in the formation of Asian regional circulation and
development of the Asian monsoon. Internationally, Kutzbach
et al. [9,51,52] explored the impacts of the TP and Rocky
Mountains in North America on regional and global climate
and environment by conducting sensitivity experiments with
full-mountain, half-mountain and no-mountain as well as
comparing their modeling results with the geological evi-
dence of the tectonic uplift and climate change. They found
that the TP uplift enhanced summer heating and winter
cooling effects over the plateau, amplified the seasonal con-
trast, and intensified the seasonal transition of the prevailing
wind, thus significantly enhanced the Asian winter and
summer monsoons [52]. Meantime, the descending current
caused by the topography-induced stationary wave, dynam-
ic overflow over mountain and split flow around mountain,
the compensatory subsidence of air outside the TP in re-
sponse to the ascent due to the plateau summer heating and
moisture barrier effect of the topography all contributed to
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the aridification of Asian inland [9,53-56]. Therefore, the
TP uplift caused regional differences in climate responses:
the eastern and southern plateau became wetter and the
western and northern part became drier. The most direct
effect of the TP uplift on temperature change at regional
scale was the reduction of surface air temperature in the
uplift region due to the lapse rate effect. In addition, the TP
uplift had remote effects on climatic and environmental
changes. At the hemispheric scale, the effect of the TP uplift
was propagated to remote regions through modulating the
stationary planetary wave of northern hemisphere. At the
global scale, the plateau uplift could also cause global cool-
ing through feedback mechanisms such as reducing the at-
mospheric CO, concentration by weathering and erosion
[57] and other feedback mechanisms. These simulation re-
sults, to a certain extent, were in accordance with the geo-
logical evidence of the tectonic uplift and environmental
change [52], thus deepening the understanding of the rela-
tionship between the plateau uplift, and regional as well as
global climatic and environmental changes.

In some studies more realistic paleogeographical, pale-
otopographical and other lower boundary conditions were
prescribed in numerical models to simulate paleoclimates
during specific geological periods (such as the Eocene, Ol-
igocene, Miocene or Pliocene), especially on the Asian
monsoon climate change. For example, in the climate simu-
lation of the Eocene (45—-33 Ma) [58], the maximum height
of the TP was set at 2000-4000 m and corresponding aver-
age topographic height was set at about only 750-1500 m.
This simulation revealed remarkable impacts of the TP
topographic change on its neighboring regional climate, but
also demonstrated that the plateau topographic reduction
during the Eocene had limited impacts on the existing glob-
al monsoon and precipitation at that time. Ramstein et al.
[59] simulated the climate in the early Oligocene (~30 Ma)
when the Paratethys Sea occupied many areas of western
Asia to central Asia while limited uplift occurred only in the
southern TP. Their results showed that the expansion of
Eurasian land area with the retreat of the Paratethys Sea
from the early Oligocene to the late Miocene significantly
enhanced the Asian monsoon and precipitation. The recent
study by Zhang et al. [60] further concluded that the change
in land-sea distribution due to the Paratethys Sea retreat had
similar influences on the Asian monsoon and inland aridifi-
cation as the plateau uplift. However, these studies failed to
quantitatively determine relative contributions of the TP uplift
and Paratethys Sea retreat to the enhanced Asian monsoon,
and thus further quantitative studies are needed to highlight
their relative importance. A climate simulation of the mid-
dle Miocene (20-14 Ma) [61,62] showed that the relatively
low topography at that time had certain contribution to the
formation of climatic optimum period, but the effects of
elevated atmospheric CO, concentration and other factors
such as feedbacks of ocean and land were also necessary. In
the simulation of the late Miocene (11-5 Ma) with the TP
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topography being set as a half [63] or 70% [64] of its cur-
rent height, the feature of the overall weak Asia summer
monsoon was observed. In the Pliocene (~3 Ma), a period
closer to modern time, certain degree of changes in the plateau
topography was still considered in the climate simulation
[65]. In general, in paleoclimate simulations regarding the
past specific geological periods, the influence of the overall
change in the TP topography on the Asian monsoon-arid
environment was qualitatively similar to the findings in the
previous idealized sensitivity experiments. It should be
pointed out that a successful paleoclimate modeling for a
specific geological period often depends on the geological
evidence used as the lower boundary conditions at that time.
Considering the fact that at present the geological evidence
from different sources still has much space for improvement
in consistency, we believe that the value of the numerical
simulations on the climate effect of the plateau uplift is bet-
ter reflected in the understanding of mechanisms of climate
change, while accurate reproductions of climatic features
for specific geological periods should not be excessively
expected. Paleoclimate modeling for specific geological
periods needs to be gradually improved through continuous
accumulation and research of the geological records.

The comparison of experiments with and without topog-
raphy or experiments with high and low topography could
directly demonstrate the effects of plateau in the formation
and changes of regional and even global climate. However,
the bulk plateau uplift might differ from geological facts.
Plenty of geological evidence [3,14,19,66-69] was more
likely to suggest that the formation of the TP experienced
multi-stage processes of uplift. In order to explore the con-
dition closer to the geological facts, some scholars specifi-
cally designed numerical experiments with various GCMs
to examine the influence of phased plateau uplift on the
Asian climate. An et al. [3] completed numerical simula-
tions of four idealized stages of the TP uplift and revealed
that the topographic uplift and Asian monsoon climate had a
phase-coupling relationship in the past 8 Ma. The accelerated
uplift of the plateau, especially the northeastward expansion
of the TP could enhance the East Asian winter and summer
monsoons simultaneously, and intensify the aridification of
inland Asia. Liu and Yin [10] conducted a series of numer-
ical experiments with an interval of 10% of the current TP
height to assess roles of the phased plateau uplift in 11
stages of the formation and evolution of the Asian monsoon.
The results indicated that with regarding to the seasonal
change in the direction of winter and summer prevailing
winds, the East Asian monsoon was more sensitive to the
TP uplift than the South Asian monsoon, and the plateau
uplift had much greater impacts on the East Asian winter
monsoon than the East Asian summer monsoon. With the
gradual uplift of the TP, the temperature contrast between
winter and summer increased continuously in the East Asian
monsoon region, and the precipitation became more con-
centrated in summer. From the perspective of temperature
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and humidity conditions, the intensity of northern East
Asian monsoon north of the Yangtze River increased almost
linearly in response to the increase of topographic height,
but the southern East Asian monsoon south of the Yangtze
River and Indian monsoon varied nonlinearly with the plat-
eau uplift. The response of inland aridification to the TP
growth was also nonlinear, the reduction of inland soil
moisture was greater in late stages than that in early stages
of the plateau uplift with the same height increase. After-
wards, Abe et al. [70] conducted phased uplift experiment
with a coupled ocean-atmosphere model at intervals of 20%
of current TP height and their results indicated that the TP
uplift impacted sea surface temperatures, which in turn
modulated the Asian monsoon as a feedback.

Although the numerical experiments of the TP phased
uplift were theoretically closer to geological facts than those
of the bulk uplift, the design of the lower boundary conditions
for experiments with idealized stepwise uplift of the plateau
might still be too simplified in comparison to the real geo-
logical history. New geological evidences [14,67,71,72]
were more likely to support the asynchronous uplift in dif-
ferent regions of the TP. Namely, the rate and amplitude of
the uplift might vary in different sub-regions of the plateau.
The asynchronous uplift or different forms of vertical and
horizontal growth in different sub-regions of the plateau
could cause varied climatic and environmental effects to
different surrounding regions. Therefore it seemed neces-
sary to conduct numerical experiments of the plateau sub-
regional uplifts and to assess their climatic impacts.

2  Forms of tectonic uplift and regional
differences of the Asian climate evolution

An increasing amount of geological evidence showed that
since the collision of Indian subcontinent and the Eurasian
plate [1], the TP might not synchronously uplift as a whole,
but uplifted gradually and separately in different sub-regions.
According to the difference in the eruption time of the high-
K lava in the west and east regions of the Qiangtang Plateau,
Chung et al. [71] suggested that different locations of the
TP had various uplift history. Based on the oblique subduc-
tion of continental lithosphere, Tapponnier et al. [67] pro-
posed a multi-stage uplift model where the TP uplifted sub-
regionally, gradually advancing from south to north. The
southern plateau uplift including the Himalayas commenced
in the Eocene; the central plateau uplift occurred during the
period from the Oligocene to Miocene; and the northern
plateau uplifted relatively late, during the period of the Pli-
ocene to Quaternary. Zhong and Ding [66], based on fission
track dating of Zircon and apatite in the eastern Himalayan
syntax, deduced that the TP uplift was a multi-stage and
asynchronous process. Some studies also suggested that the
central TP had reached its current height as early as the Eo-
cene time [24,25], but since the middle Miocene to the late
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Pliocene the northern, especially northeastern plateau still
uplifted to a certain extent [3,18,73,74]. Thus no consensus
view on the specific process of the TP uplift has been uni-
versally accepted by academics. Differences in the views of
various scholars and inconsistency in the interpretations of
various geological records should not be treated as a contra-
diction, but rather should be considered to be a process of
continuously deepened understanding. It is not difficult to
understand the existence of regional differences in the plat-
eau uplift. Many recent studies with numerical simulations
were exactly aimed at revealing the climatic and environ-
mental effects of different sub-regional uplift of the TP
[11,12,75-77]. With the topography of southern or northern
TP, western or eastern Asia, and even Africa being taken
into consideration, these studies examined the role of
sub-regional uplift in the formation and evolution of the
Asian monsoon climate. Table 1 briefly summarizes the
designs of numerical experiments with topographic varia-
tions and main conclusions reached in these studies.

2.1 Effects of Himalayan-Tibetan Plateau sub-regional
uplift on South Asian monsoon and East Asian monsoon
evolutions

Recently some new progress has been made on numerical
simulation studies exploring the effects of the TP uplift in
different sub-regions on the Asian monsoon climate. Boos
and Kuang [11], by removing the main body of the TP and
retaining only the narrow terrain of the Himalayas in their
numerical experiments, found that the simulated South
Asian summer monsoon, precipitation and large-scale at-
mospheric circulation structures were similar to the simu-
lated results with all topography retained. Thus they con-
cluded that the dynamic barrier effect caused by the uplift of
the Himalayas was much more important than the thermal
effect of the TP for the formation and development of the
South Asian summer monsoon. The presence of only the
Himalayas was sufficient to block warm-humid air from the
tropical ocean and cold-dry air from the north, so warm-
humid air was accumulated above the Indian subcontinent,
forming strong South Asian monsoon. This study high-
lighted the important effect of the Himalayas as a “thermal
insulator” in the formation of the South Asian monsoon and
thus challenged [69] the widely accepted view that the TP
influenced the Asian summer monsoon through its thermal
effects [83]. This new view, however, could not explain the
formation and evolution of the East Asian monsoon, be-
cause the latter had no mountain barrier. This has led some
scholars to speculate that to what extent the East Asian
Monsoon should be regarded as monsoon [69]. Subse-
quently, the work by Boos and Kuang [11] was challenged.
Wu et al. [77] pointed out that though their numerical ex-
periments removed the main body of the TP and retained
only the Himalayas and adjacent narrow terrain, the surface
sensible heat flux of the Himalayas was retained as well,
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Purpose of experiments

Topographic configurations

Main conclusions

References

To examine the effect of the
uplift of southern TP

The main body of the TP was removed and
only the Himalayas and adjacent narrow ter-
rain were retained.

Only the Himalayas and the westward extend-
ed narrow terrain were retained and surface
sensible heat flux was suppressed.

Only the uplift of central and southern TP (in-
cluding the Himalayas) to south of 35°N was
considered.

Only the topography of southern TP including
the Himalayas was retained.

Only the Himalayas and adjacent narrow ter-
rain were retained, and the surface sensible
heat flux from the Himalayas or from the
plain of south of the plateau was suppressed.

The formation of the South Asian summer monsoon
was controlled by the mechanical effect of the
Himalayas.

The thermal effect of the plateau had an significant
influence on the formation of the South Asian
summer monsoon.

The uplift of central and southern TP remarkably
intensified the South Asian summer monsoon cir-
culation.

South Asian summer monsoon was mainly affected
by mechanical insulation of the Himalayas.

The intensification of the Indian summer monsoon
was more sensitive to the surface heating from the
India plain than that from the Himalayas.

[11]

[77]

[78]

[79]

[80]

To examine the effect of the
uplift of northern TP

Only the topographic height of the northern
region of the TP was reduced by an average
of about 800 m.

Only the topographic height of the northern TP
was reduced by an average of about 600 m.

The topography in central and northern TP was
further considered after keeping the Himala-
yas.

Northern East Asian summer monsoon was intensi-
fied and monsoon precipitation increased with the
uplift of northern TP.

Asian inland arid region expanded and atmospheric
dust concentration increased significantly with the
uplift of northern TP.

The topography in central and northern TP was re-
sponsible for the development of the East Asian
summer monsoon.

[76]

[12]

[79]

To examine the effect of
western Asian topography

The topography within western Asia (60°—
80°E, 25°-60°N) was removed.

The western plateau blocked cold air thus enhanced
the atmospheric instability in the South Asian
monsoon region.

[81]

To examine the effect of
eastern Asian topography

The topography within eastern Asia (80°—
120°E, 0°-60°N) was removed.

The eastern plateau intensified the large-scale up-
ward current in the lower troposphere.

[81]

To examine the effect of the
Iranian Plateau

Under the condition without the TP, only the
mechanical forcing or thermal effect of the
Iranian Plateau was included.

The Iranian Plateau included with the presence
of whole TP.

South Asian monsoon circulation north of 20°N was
mainly controlled by the thermal forcing of the
Iranian Plateau.

The existence of the Iranian Plateau intensified the
South Asian summer monsoon and restrained the
East Asian summer monsoon.

(771

[79]

To examine the effect of the
Mongolian Plateau

The topography of the Mongolian Plateau
(between 42°-55°N) on the Asian continent
was removed.

Central Asian precipitation relatively increased
while the precipitation in the northern East Asian
monsoon region decreased.

[78]

To examine the effect of the
African topography

The topography of the entire African continent
was removed.

The topography of the African continent was
removed or retained as the only topography.

The topographic height of the eastern-southern
African plateau (10°-40°E, 30°S-20°N) was
reduced by an average of about 400 m.

The African continent and topography to south

of the equator was removed and replaced by
ocean.

The presence of the African topography decreased
the Indian Peninsula monsoon precipitation.

The African topography advanced the onset of the
Indian monsoon and intensified the monsoon in
early summer season.

The uplift of the eastern-southern African plateau
led to the intensification of the South Asian sum-
mer monsoon and the increase in the monsoon pre-
cipitation.

The southern African plateau helped to enhance the
Mascarene High and the low-level westerly in the
Indian Peninsula.

[75]

[81]

[76]

[82]

and therefore their experimental results actually included
the thermal impact of the southern TP, not only the dynamic
effect of the Himalayas. The numerical experiments by Wu
et al. [77] further illustrated that monsoons in different re-
gions were controlled respectively by the land-sea distribu-
tion and the thermal forcing of plateaus in different regions,
whereas the East Asian monsoon and the eastern part of the
South Asian monsoon were influenced by the thermal forc-
ing of the TP. More recently, Boos and Kuang published
another paper [80] to further explore the effect of the sur-
face sensible heat flux of the Himalayas. In numerical ex-

periments with the main body of the TP removed and only
the narrow-long Himalayan topography retained, by sup-
pressing the surface sensible heat flux in the topographic
area or the northern Indian plain area south of the Himala-
yas, they found that compared with the high-elevation re-
gion in the Himalayas, the surface sensible heat flux of the
plain area south of the Himalayas was more important to the
intensification of the South Asian summer monsoon, thus
partially amended their previous view [11]. They thought
that surface sensible heat flux exercised the influence upon
the development of the South Asian monsoon to a certain
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extent, but the contribution from the thermal effect of the
plateau was limited. It is thus clear that although Boos and
Kuang [11,80] and Wu et al. [77] came to a common con-
clusion of the decisive effect of the Himalayas and the
neighboring mountains on the establishment of the South
Asian monsoon, the simulation study by Boo and Kuang
[11,80] indicated that the dynamic barrier exerted a domi-
nant effect on the intensification of the South Asian mon-
soon. On the contrary, the results from Wu et al. [77]
showed that the contribution from the topographic thermal
effect of the southern plateau was greater. Therefore, the
relative importance of the dynamic and thermal effects of
the large topography in southern TP on the South Asian
monsoon needs to be further studied.

In the consideration of regional differences in uplift
times of the Himalayan-Tibetan Plateau region, Zhang et al.
[78] recently performed a uplift experiment containing only
the central and southern TP south of about 35°N (with the
Himalayas included), and the results also indicated that the
uplift of central and southern TP mainly enhanced the South
Asian summer monsoon circulation and westerlies over the
northern Arabian Sea significantly, and increased the South
Asian monsoon precipitation remarkably. A further experi-
ment including the uplift of the northern TP mainly in-
creased precipitation in the northern East Asian monsoon
region (34°-42°N, 105°-120°E), and enhanced the East
Asian summer monsoon circulation significantly. Based on
the geological evidence of the tectonic uplift of the northern
TP since the Pliocene, Zhang and Liu [76] designed numer-
ical experiments with topographic height reduced in a lim-
ited range (average topography decreased by about 800 m)
also found that the uplift of northern TP led to intensified
northern East Asian summer monsoon, thus increased pre-
cipitation in the northern East Asian monsoon region north
of the Yangtze River. Most recently, Tang et al. [79] con-
ducted a series of sensitivity experiments on the uplift effect
of different sub-regions of the TP on the South Asian and
East Asian summer monsoons by using a regional climate
model with a higher resolution. Their results also indicated
some differences in responses of the Indian summer mon-
soon and East Asian summer monsoon to the TP uplift: the
former was mainly controlled by the mechanical barrier
effect of the topography in the southern plateau, while the
latter was strengthened due to the thermal forcing in the
central and northern plateau. In particular, the increase of
precipitation in northern China was mainly influenced by
the uplift of central TP. Not only did the uplifts of southern
and northern TP have different climatic and environmental
influences, but the effects of the eastern and western topog-
raphy as well. The numerical experiments of Chakraborty et
al. [81] discovered that the Asian topography to the west of
80°E had a greater impact than that to the east of 80°E on
the onset of the Indian summer monsoon and associated
precipitation. The western plateau had a barrier effect on the
cold air from high latitudes, favored the atmosphere over
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south Asia to reach unstable conditions earlier; while the
eastern plateau played a minor role in promoting the devel-
opment of deep convection over the entire Indian region,
despite enhancing large-scale ascending air flow in the low-
er troposphere. It is thus clear that the different forms of
tectonic uplifts could lead to regional differences in the
evolution of the Asian monsoon. The uplifts in different
sub-regions had different impacts upon the formation and
development of the Asian monsoon subsystems including
the South Asian monsoon and East Asian monsoon.

2.2 Influences of the uplift of northern Tibetan Plateau
upon the aridification of inland Asia and dust cycles

The TP and its subregional uplifts exerted a considerable
influence on not only the evolution of the Asian monsoon
and other subsystems, but also the aridification and dust
cycle in inland Asia. A large amount of geological evidence
indicated that the Asian inland aridity had been in place for
a long time. In the early Tertiary the climate in China was
mainly controlled by the planetary wind system, with a wide
arid zone stretching from west to east across the Chinese
mainland. The northern part of eastern China had not yet
been controlled by the monsoon until the Neogene, and
from then on the arid zone was only limited in northwest
China [35-37]. Studies on the eolian deposition rate and
deposition fluxes in the North Pacific [84], Loess Plateau [4]
and Xinjiang [34] all showed that the aridification of inland
Asia was markedly intensified in the late Oligocene-early
Miocene period, and several strong drought events also oc-
curred during the long-term evolution. With a close connec-
tion to the arid environment, the Asian ancient dust was
considered as an important feedback factor in global climate
change [85], and thus received extensive attention in paleo-
climatic and paleoenvironmental studies. However, detailed
records of arid environment were limited before the Mio-
cene, and its corresponding relationship with the TP uplift
remained unclear. An et al. [42] pointed out that the four
periods during which the Asian dust flux significantly in-
creased (24-22 Ma, 16-14 Ma, 10-7 Ma and 4.5-2.6 Ma)
since the Miocene were generally in accordance with the
occurrence of tectonic uplift of the TP. In particular, the
intensified aridification of inland Asia in the middle Mio-
cene and Pliocene was considered related to the apparent
tectonic activities in the northern and northeastern TP.
Some scholars argued that in some northern regions of the
TP such as northern Tibet, Gansu and Qinghai, marked up-
lifts might still occur since 15 Ma, with continuous growing
outwards on both sides of the northeastern and eastern plat-
eau. The terrain of Tianshan and Mongolia also uplifted
considerably during this period [5,69], and even in the late
Pliocene tectonic uplift still occurred in the northern TP
[6,73]. Some scholars believed that the uplift of northern TP
could produce the denudation at the northern edge of the
plateau, and thus provide dust material for the Asian dust
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source region, contributing to promoting Asian dust cycle
and increasing the downstream dust flux [5,86]. Existing
eolian records from oceans and continents showed that since
the middle Pliocene the aridification of inland Asia was
intensified and the ancient dust flux followed a significantly
increasing trend at the tectonic time scale.

By using a global climate model with a dust module, Shi
et al. [12] recently conducted a series of sensitivity simula-
tions on Asian dust cycles, based on reconstructed dust
source scenarios during the middle Pliocene, last glacial
maximum and present day, to evaluate relative contributions
of northern TP uplift and global climate change to the in-
creased dust sedimentation fluxes. In the experiment of the
mid-Pliocene, the topography of northern TP was reduced
within a limited range, i.e., the height of northern TP in the
Pliocene reduced by about 600 m from its current height,
with a maximum reduction of 1400 m. The simulated results
indicated that the area of the Asian inland arid region or the
dust source region was remarkably enlarged and the atmos-
pheric dust concentration increased significantly (Figure 1)
in response to only the small-scale uplift of northern TP
from the middle Pliocene to present day. Numerical simula-
tions could better reproduce the activities of atmospheric
dust cycle during special geological periods, and the results
from simulations were consistent with the geological evi-
dence that the dust deposition fluxes had significantly in-
creased in the Loess Plateau and the North Pacific region
since the middle Pliocene. This study suggested that since
the middle Pliocene, even the occurrence of a limited uplift
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in northern TP could exert noticeable influences on the arid-
ity and dust cycle in inland Asia. Further analysis also
showed that the significant increase of Asian dust mass
concentration, which was closely connected to arid envi-
ronment, could be attributed to the combined effect of the
tectonic uplift of northern TP and the influence of global
climate cooling on the dust source region and atmospheric
circulation; but in different deposition regions, relative con-
tributions from the two factors differed.

2.3 Contributions of other tectonic movements to the
establishment and development of the Asian monsoon

In addition to the effect of the TP, some numerical experi-
ment studies indicated that topography in other regions also
contributed to the formation of the Asian monsoon to some
extent. For example, based on an experiment with the TP
uplift (Mongolian Plateau excluded) and a further experi-
ment by including the uplift of Mongolian Plateau, Zhang et
al. [78] showed increased precipitation in the Central Asian
inland (42°-50°N, 80°-110°E) and reduced precipitation in
northern East Asian, which was different from the effects of
the TP uplift. Therefore, if the uplift of Mongolian Plateau
[87] occurred later than the uplift of the TP, it could be
speculated that the several tectonic uplifts in Asia might not
always lead to intensified arid in Central Asia. Wu et al.
[77], through numerical experiments by only considering
the dynamic and thermal effects of the Iranian Plateau (the
TP excluded), found that the monsoon circulation in the
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Figure 1 Simulated distributions of the Asian dust source areas north of 25°N and atmospheric column dust loading. (a) dust source areas at present-day, (b)
same as (a) but for the Pliocene with lower topography in northern TP, (c) dust loading at present-day (kg/m?), and (d) same as (c) but for the Pliocene with
lower topography in northern TP. The shadow areas of dark yellow and light yellow indicate arid and semi-arid areas, respectively, in (a) and (b). Redrawn

on the basis of the modeling data from [12].
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South Asian region south of 20°N was mainly regulated by
the land-sea thermal contrast, while to the north it was con-
trolled by the thermal forcing of the Iranian Plateau, show-
ing considerable effects of the Iranian Plateau in maintain-
ing the South Asian monsoon. The sub-regional climatic
simulation by Tang et al. [79] also indicated that the Iranian
Plateau would promote the development of the South Asian
summer monsoon and constrain the East Asian summer
monsoon.

In fact, effects of tectonic movements that caused the
change in the Asia monsoon were not limited to Asian re-
gion itself. Some studies pointed out that the presence of the
African plateau was relevant to the Asian monsoon. In nu-
merical experiments by Chakraborty et al. [81] the removal
of the African topography could delay the onset of the
South Asian summer monsoon and weaken its intensity,
while once the South Asian summer monsoon was estab-
lished, the influence of topography on the precipitation in-
tensity was limited. Earlier experiments by Chakraborty et
al. [75] demonstrated the importance of the African topog-
raphy in the formation of the Indian monsoon, but the result
was that the removal of the African topography led to in-
creased precipitation in the Indian Subcontinent. Based on
the geological evidence of significant tectonic uplifts in
eastern and southern regions of Africa since the Pliocene,
the simulation research by Zhang and Liu [76] showed that
the uplift in east-south Africa could cause enhanced South
Asian summer monsoon and corresponding increase in pre-
cipitation, while it had limited impacts on the East Asian
summer monsoon, which was in contrast to the effect of the
uplift of northern TP. By removing the African continent as
well as plateaus south of the equator, Jin et al. [82] found
that the removal of southern African continent resulted in
weakened Mascarene anticyclone and southerly winds north
of the anticyclone. Meanwhile, the low-level westerly winds
in the Arabian Sea and Indian Subcontinent were reduced
significantly. This indicated that the presence of the south-
ern African plateau and land contributed to the intensifica-
tion of the South Asian summer monsoon.

3 Discussions about a number of scientific issues
in the plateau uplift-climate change research

3.1 Comparison of the influence of the Tibetan Plateau
uplift with other factors on the formation and change of
the Asian monsoon-arid environment

The TP uplift, as a major geological event during the Ce-
nozoic era, has exerted a profound impact upon the Asian
and global climate and environment despite the fact that the
history and model of its uplift have yet been entirely clear.
From various numerical experiments with changed topog-
raphy, the TP uplift has caused the formation and develop-
ment of the Asian monsoon as well as intensified inland
aridification by the dynamic and thermal effects of the TP.
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A growing number of studies have also revealed that re-
gional differences in the Asian monsoon evolution may be
caused by different forms of tectonic uplift of the TP. Be-
sides the effect of tectonic uplift, the evolution of the Asian
monsoon may also be subject to the influence of other forc-
ing factors. For example, Prell and Kutzbach [88] per-
formed a series of sensitivity experiments, comparatively
analyzed contributions of different factors such as the plat-
eau uplift, glacial-interglacial ice volume, Earth’s orbital
parameters and change in the concentrations of atmospheric
greenhouse gases to the South Asian monsoon, and their
results showed that the TP uplift had the greatest impact and
it was the most important external forcing factor in the evo-
lution of South Asian monsoon.

The monsoon was generally considered as the response
of the atmosphere to seasonal changes in the land-sea ther-
mal contrast due to the annual cycle of solar radiation.
Some numerical experiments indicated that changes in the
distribution of land and sea had strong influence on the
Asian monsoon. For example, the expansion of the Eurasian
continent due to the retreat of the Paratethys Sea could also
lead to an increase in the Asian monsoon precipitation and
intensified inland aridification [59,60]. The experiment
without the Australian continent showed that the Australian
anticyclone and the southeast monsoon in its northern side
was weakened significantly, and the Mascarene anticyclone
and the southeast monsoon to its north was affected and
weakened as well [82]. The experiment and analysis by Qi-
an and Qian [89] showed that the land-sea distribution was a
fundamental factor compared with the TP uplift in the for-
mation of the present day atmospheric circulation and
monsoon although the heating of the TP, especially latent
heating was strengthened as the plateau topography was
elevated. Some numerical experiments showed the exist-
ence of a weak monsoon even under the condition of an
idealized land-sea distribution without any topography
[90,91]. However, the latitude of the land location was a
key factor in the formation of monsoon, and the tropical
land was more important in maintaining the South Asian
monsoon and associated precipitation, given the fact that the
TP uplift would significantly enhance the Asian monsoon.
Without the TP, the Asian monsoon only appeared at low
latitudes, which was in accordance with the results of geo-
logical reconstruction of the Paleogene environment pattern
[37]. In the experiment of phased uplift, the rain belt of the
East Asian summer monsoon did not reach the north to the
Yangtze River until the TP height exceeded half of its cur-
rent value, and then the northerly winter monsoon began to
prevail in winter in the northern region of East Asia [10].
Wu et al. [92] performed a set of interesting numerical ex-
periments. They showed that the East Asian summer mon-
soon was significantly weakened when the plateau center
was moved from 87.5°E, 32.5°N westward to 60.0°E, 32.5°N.
They argued that the forced circulations at the plateau scale
and continental scale mutually reinforced and finally allowed
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the East Asian monsoon to expand northward to North Chi-
na when the center of the plateau located exactly at the
Asian low latitudes near 87.5°E. Although it was claimed
that the global monsoon was not maintained by the land-sea
thermal contrast but driven by the east-west thermal differ-
ence at the planetary scale [93], or monsoon was the result
of the seasonal displacement of the Intertropical Conver-
gence Zone (ITCZ), thus monsoon would appear even
without land [94], this kind of “monsoon” should be a phe-
nomenon within a limited tropical region. Therefore, alt-
hough the establishment of the South Asian monsoon was
mainly related to the Himalayas, we believe that the uplift
of the main body of the TP, especially the northern plateau
[10,76] played an important role in the formation of the East
Asian monsoon, particularly its northward development.

Some numerical experiments [9,54-56] stated that the TP
uplift contributed significantly to the formation of arid cli-
mate in the mid-latitudes, but the TP uplift was not the only
factor for the inland aridification in Asia. Aridification
could also be affected by the land-sea distribution (e.g. [59]),
global climate change (e.g. [95]), etc. Though the TP uplift
caused the aridification in the Central Asia, China inland
and North Africa, it might not be the fundamental reasons
for the formation of these arid regions [96]. The distribution
of the annual average precipitation in response to the phased
uplift of the TP showed that North Africa and Eurasian in-
land at about 25-45°N were still arid regions even in the
absence of the TP, but the plateau uplift undoubtedly further
enhanced aridification in the inland arid regions. Without
topography, rainy areas located to the south of about 22°N
from India to East Asia, thus this tropical monsoon precipi-
tation was essentially determined by the land-sea distribu-
tion rather than the presence of the TP. This understanding
was consistent with the fact of the paleo-environmental
evolution in Asia revealed by a large number of geological
records since the Cenozoic. Integrated analysis of Chinese
paleoplant and deposition data [8] indicated that the arid
climate in Northwest China had been in place since early
Tertiary. The aridification in Central Asian inland was fur-
ther exacerbated [97] since the late Cenozoic, which might
be the result of the TP uplift.

3.2 Origin of the South Asian and East Asian
monsoons

The aforementioned results from numerical simulations
showed that the maintenance of different subsystems of the
Asian monsoon was influenced by the uplifts in different
regions of the TP. If different topographic units did form in
different eras, then in theory the South Asian and East
Asian monsoons as well as the monsoon phenomena in dif-
ferent regions of southern and northern East Asia may de-
velop asynchronously. The existence of the Himalayas
[11,77] or the distribution of land and sea alone [90,91] was
sufficient to stimulate the South Asian monsoon with a
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tropical nature, and the land-sea distribution determined the
formation of the monsoon in the low-latitude regions of
East Asia [10]. However, the formation of the monsoon in
northern East Asia could not be separated from the uplift of
the main body of the TP, especially the effect of the uplift
of northern plateau. Experiments on phased uplift of the TP
[10] indicated that both the summer southerly wind and rain
belt in eastern China gradually expanded northward with the
TP uplift, while the winter meridional wind in the lower
troposphere in the northern region of East Asia gradually
transferred from southerly wind into northerly wind with the
plateau uplift. When the TP topography uplifted to half of
its present-day height, the surface southerly wind could ex-
tend northward to near 30°N in summer, and the northerly
wind started to prevail in North China in winter. Only when
the TP reached its present height the southerly wind to the
east of the plateau in summer advanced northward to the
north of 40°N.

Chinese scholars started to use geological records to ex-
plore formation times of the Asian monsoon climate in the
1980s [98]. However, at present there are a number of dif-
ficulties to conduct an overall comparison between the re-
sults of numerical simulations on the climatic effects of the
regional uplift and geological records to explore the origin
of the Asian monsoon climate. With regard to the regional
uplift, the exact period, magnitude and scale of the uplift at
different regions of the TP from geological evidence remain
to be unified although the results from numerical simula-
tions have provided the possible climatic and environmental
effects of the uplifts in different regions of the plateau. The
reliability of the simulated response to the regional uplift
also needs to be further improved, especially to consider
how to reduce the dependence of the simulated results on
the model and to lower the uncertainty on subcontinent scales.
With regard to environmental change, eolian sediments in
northern China [4,33,37], river and lake sediments [99], and
reconstructions of environmental patterns from the geologi-
cal-biological evidence [8,36,37] suggested that the for-
mation of the East Asian monsoon was around 22-25 Ma.
However, most of geological evidences about the South
Asian monsoon were too short and the longest record was
only about 12 Ma [29]. Results of above-mentioned recon-
structions of environmental patterns [36] showed that
southwestern China had already transformed from an arid
climate into a humid climate in the early Miocene, indicat-
ing the important influence of the South Asian monsoon on
southwestern China at that time.

A lot of noteworthy scientific questions can be proposed
through comparison between modeling results and geologi-
cal evidence relevant to the TP uplift, monsoon and aridity.
On the one hand, if the uplift of the Himalayas was earlier
than that of northern TP, then the formation of the South
Asian monsoon should be earlier. So it is reasonable to
doubt whether records on early South Asian monsoon were
somehow missing. On the other hand, since numerical sim-
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ulations supported the important effect of the uplift of
northern TP on the East Asian monsoon, could the signifi-
cant intensification of the East Asian monsoon around 22—
25 Ma be attributed to the early uplift of northern TP? We
believe that it is still too early to give exact answers to these
questions, but the existence of these problems also triggers
further research in this field.

3.3 Feedback effects and the nonlinear response of
climatic and environmental changes in the process of
plateau uplift

In the past the research on climatic and environmental ef-
fects of the TP uplift was more focused on the dynamic and
thermal impacts. In fact, a series of climatic feedback
mechanisms existed in the process of the TP uplift, which
could further enhance the direct effect of the uplift. These
feedback mechanisms at least included: (1) changes in veg-
etation: Regional vegetation was very sensitive to the cli-
mate response to the plateau uplift [100], and the change in
vegetation would usually further enlarge the climate change
caused by the plateau uplift and other factors [61]; (2) ac-
cumulation of ice and snow: Ice and snow on the TP would
increase with the uplift of the plateau. The increase in sur-
face albedo due to the increased ice and snow would weak-
en the surface heating effect during the process of the plat-
eau uplift [101], thus leading to intensified winter monsoon
and weakened summer monsoon, which was opposite to the
direct thermal effect on summer monsoon due to the TP
uplift; (3) inland aridification and intensified Asian dust
cycle: The TP uplift exacerbated the aridification in western
and northern sides of the plateau, thereby increasing emis-
sions of Asian dust [12]. Atmospheric dust cycle further
influenced the climate by changing the atmospheric radia-
tion balance, microphysical properties of clouds, atmos-
pheric chemical process and bio-geochemical cycles [85],
and the increase in atmospheric dust may suppress precipi-
tation, further intensifying aridification [102]; and (4), at-
mospheric CO, concentration decreased: The TP uplift
could exacerbate weathering and erosion [57], and increase
the rate of production of plankton by transporting Asian
dust with iron into ocean through atmospheric circulation
[103], resulting in lower CO, concentration in the atmos-
phere, eventually leading to global temperature change. It is
because of the existence of a large number of positive and
negative feedback processes that the relationship between the
plateau uplift and climate change becomes more complex.
The complexity of the environmental effects of the TP
uplift is also reflected in the fact that climatic and environ-
mental changes in response to the plateau uplift are not a
simple linear process. In the case of a linear response to
forcing, when the plateau uplifted slowly and gradually it
would lead to gradual and slow climatic changes; when the
plateau uplifted in a phased or jumping pace, it would cause
an abrupt climate change. However, the actual situation is
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not so simple. Due to the non-linear characteristics of the
climatic system and various feedback mechanisms, the line-
ar uplift of topography may cause a nonlinear climatic re-
sponse. For example, in the series of experiments where
topographic height increased linearly [10], the soil moisture
and monsoon indices over different regions showed signifi-
cant nonlinear changes. With the TP uplift, the surface
heating source was usually enhanced and this enhanced
heating source promoted the development of the East Asian
summer monsoon. However, when the plateau uplift entered
into the cryosphere, the accumulated ice and snow, damping
the surface heating, may lead to asynchronously responses
of the Asian summer monsoon with the plateau uplift. More
importantly, in the climatic system with nonlinear charac-
teristics, there may be one (or several) critical height during
the course of the uplift [104]. When the plateau uplifted to a
point near the critical height, even a slight change in the
height could cause substantial climatic responses, and in
this case the abrupt climatic change was independent of the
speed of uplift. When the plateau uplifted through the criti-
cal height, the gradual uplift may even lead to an abrupt
climate change, probably causing a series of enormous
changes in the atmospheric circulation, atmospheric thermal
structure, Asian monsoon and global climate. For example,
before the TP uplift reached half of its modern height, the
monsoon phenomena characterized by the reversal of near-
surface winds between winter and summer in the areas
north of 30°N in East Asia did not exist [10]. Therefore
when the TP height exceeded half of its modern value, the
northern East Asian monsoon may experience a transition
from quantitative change to qualitative change. The impact
of the plateau uplift was not limited to the period of uplift.
Once the uplift of the plateau exceeded a certain stage, its
impact would be irreversible. A typical example is that the
TP uplift on the tectonic scale not only affected climatic
evolution on the tectonic scale, but also amplified the varia-
bility of the Asian monsoon on the orbital scale after the TP
uplift [105,106].

In summary, to further strengthen the research on various
feedback mechanisms and nonlinear responses of climatic
and environmental changes is a key for the in-depth under-
standing of the influence of the TP uplift upon the Asian
monsoon-arid environment. Not only do we need to identify
the spatial and temporal scales, and additive effects of each
feedback during the process of the uplift, but also need to
clarify the relationships among tectonic uplift events, major
environmental changes and critical heights in the plateau
uplift. This requires further research to be done.

3.4 Uncertainty of geological records and numerical
simulations in the study of climatic and environmental
effects of the plateau uplift

Both geological records and numerical simulations are im-
portant for the study on the impact of the TP uplift on the



4288 LiuXD,etal. Chin Sci Bull

Asian monsoon-arid environment. However, at present both
have their shortcomings. In addition to the non-uniform
spatial distribution and the limitation in time span, deficien-
cies of geological records are mainly reflected in the fact
that various evidences of uplifts and dating from different
sources have yet to be unified, with different views on the
interpretation for some environmental records. For example,
the significant increased sedimentation rate at about 3.6 Ma
could be related to the uplift of northern TP and global cli-
mate change [107]. Since paleoenvironmental records may
contain the information of responses to both regional tec-
tonic events and global change, it is difficult to exactly
identify the cause-effect relationship between the plateau
uplift and climate change. Furthermore, the feedback effects
and non-linear responses of the earth system to the plateau
uplift make the relationship between the tectonic events and
climate changes reflected by geological records even more
complicated.

Although the simulated climatic effects of the plateau
uplift in various climatic models are consistent to a certain
extent among them, obvious differences still exist in some
aspects. For example, there are different views on the rela-
tive importance of the dynamic and thermal effects of
southern TP on the South Asian monsoon, and further re-
search is needed to assess their relative roles quantitatively.
Currently the resolution of numerical models used to study
the effect of the plateau uplift is to be further improved.
Compared with the global GCMs, regional climate models
have higher spatial resolution and better descriptions of the
dynamical and physical processes on small and medium
scales, thus are able to simulate the effects of regional and
local topography on the monsoon and arid climates more
accurately. However, the regional model also has its own
limitations. It does not allow the feedback of atmospheric
circulation within the model domain onto the global circula-
tion outside. Current climate models are not perfect in de-
scribing various feedback mechanisms in the climate system
and parameterizations of the processes of physical-chemical-
geobiological cycles, and in handling of the atmosphere-
ocean-land-ice coupling, so the results of simulation may
show a certain climate drift and model-dependence. These
deficiencies in turn influence the sensitivity of model cli-
mate response to topographic changes. These issues need to
be concerned in future researches in order to further reduce
the uncertainty in the study on the climatic and environ-
mental effects of the TP uplift.

4 Concluding remarks

This paper reviews the research on the influence of the TP
uplift upon the Asian monsoon-arid environmental evolu-
tion from a perspective of climatic numerical simulations
combined with key geological records. It systematically
summarizes the results of three types of numerical simula-
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tion experiments, including the uplift of the plateau as a
whole, phased uplift and sub-regional uplift. With the de-
velopment of climate models, from relatively simple at-
mospheric general circulation models, to coupled ocean-
atmosphere models, and then the complex climate system
models, there is a clear need to use these more advanced
climate models for in-depth understanding of the environ-
mental effects of the plateau uplift. One important conclu-
sion demonstrated in this paper is that tectonic uplifts in
different forms have significant differences in their climatic
and environmental effects. In other words, the influences of
the topographic uplifts in different regions of the TP upon
sub-systems of the Asian monsoon are different. Results
from a large number of numerical simulations have indicat-
ed that the land-sea distribution and the uplift of the Hima-
layas play a decisive role in the establishment and devel-
opment of the South Asian monsoon. In contrast, the for-
mation and evolution of the East Asian monsoon, the en-
hancement of inland aridification north of the TP and the
intensification of the Asian dust cycle are mainly attributed
to the uplift of the main body of the TP, especially the
northern plateau.

Breakthroughs in further research on the influence of the
TP uplift upon the Asian monsoon-arid environmental evo-
lution will largely depend on a good integration between
geological records and numerical simulation studies. In re-
cent years, some scholars began to quantitatively recon-
struct regional paleo-elevation using geological records (e.g.
[108]). With the continuous accumulation of data, direct
comparison between geological evidences with more accu-
rate dating and numerical simulations may become possible.
To achieve this, the work on reconstruction of the three-
dimensional paleo-elevation during geological periods and
its changes over time needs to be further strengthened. The
climatic and environmental records during geological peri-
ods are actually the comprehensive results under influences
of various impact factors, which also raise new require-
ments for climate numerical simulations. It is necessary to
differentiate the relative contributions of sub-regional tec-
tonic uplifts during different periods from those of global
climate change to the Asian monsoon-arid environment by
using numerical models with higher resolution and with
more detailed description of physical processes. Another
important issue is to assess the impacts of regional tectonic
uplifts during different periods on the seasonal march of the
atmospheric circulation [14,109]. In conclusion, in order to
correctly assess the climatic and environmental effects of
the TP uplift, geological records and numerical simulation
studies must be integrated more closely. Through the analy-
sis of geological records, further research questions can be
proposed for paleoclimate modeling and the model results
can be validated by comparison with geological records. In
this way numerical simulations and geological evidences
can help to understand the phenomena observed in geologi-
cal records as well as their mechanisms.
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