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Abstract

A general atmospheric circulation model (ECHAMS) has been applied to investigate the impact of land use changes on the
Tibetan Plateau (TP) on local and global climate. The “control” simulation with current land cover reasonably represents the large-
scale circulation and state of the atmosphere over the Tibetan Plateau and the surrounding region. Modifying the land cover to a
hypothetical non-anthropogenically-influenced vegetation cover shows significant modifications to the local and remote climate.
Compared to this scenario, the TP is warmer and drier under present conditions. The Indian summer monsoon is intensified and the
East China summer monsoon is weakened due to human-induced land cover change on the TP. The mean global temperature has
almost no variation, whereas precipitation slightly increases. Our study indicates that human-induced land use changes on the
Tibetan Plateau have had a significant impact on local to regional, and to a lesser extent global, climate.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Land use changes (LUC) by human activities, such as
deforestation, urbanization, and agriculture practice, have
long been known to influence climate (e.g. Charney,
1975). Land surface conditions affect the dynamics and
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thermodynamics of the atmosphere by influencing the
water cycle and energy budget. LUC may affect local,
regional, and possibly global weather and climate (e.g.
Werth and Avissar, 2002). Previous studies of the impact
of LUC on climate have mostly investigated the effects of
tropical deforestations (e.g. Shukla et al., 1990; Nobre
et al., 1991; Henderson-Sellers et al., 1993) and the
impacts of Saharan desertification (e.g. Xue, 1997; Clark
et al., 2001; Snyder and Foley, 2004). Recently, some
studies have focused on the interaction of LUC and
climate in East Asia (e.g. Yatagai and Yasunari, 1995;
Xue, 1996; Fu, 2003). To our knowledge, no such study
has been performed investigating LUC/climate interac-
tions over the Tibetan Plateau (TP) region so far. A
limitation of most performed studies has been that they
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investigated distinct local and regional responses to LUC.
Regional responses, however, are highly variable from
one location to another (e.g. Govindasamy et al., 2001),
and even within the same region, responses vary depen-
ding on the prevailing climatic conditions (e.g. Pan et al.,
1999). A solution to this high variability is to perform
detailed regional studies to assess specific responses of
LUC in different parts of the world (Xue et al., 2004),
permitting greater insight into the impacts of LUC on
global climate.

Mountainous and high-elevated regions, such as the
TP, are very vulnerable to climate change (e.g. Beniston,
2003). As referred to in this paper, the TP is the geo-
graphic region with elevation higher than 3000 m,
including the Tibet Autonomous Region, Qinghai pro-
vince, parts of Sichuan and Gansu provinces, and part
of the Xinjiang Uygur Autonomous region (shaded re-
gion in Fig. 1). Because of its height (average elevation
of 4200 m) and size (about 1x 10° square kilometers),
the TP plays an important role in forming and inducing
variations of regional weather and climate in east and
south Asia, as well as the Northern Hemisphere atmo-
spheric circulation in general (e.g. Ye and Gao, 1979).
Analyses of temperature series of 97 stations showed
that most of the TP has experienced statistically signi-
ficant warming since the mid-1950s, especially in win-
ter. The linear rates of the temperature increase over the
TP during the period of 1955-1996 was about 0.16 °C/
decade for the annual mean and 0.32 °C/decade for the
winter mean, exceeding those for the Northern Hemi-

60N

sphere and the same latitudinal zone in the same period
(Liu and Chen, 2000). Frauenfeld et al. (2005) con-
firmed such warming trends on the TP during the period
of 1957-2000 based on the analysis of 161 station re-
cords. As a result of the rising air temperature, the lower
altitude limit of permafrost has risen by 40—80 m on the
TP (Li and Cheng, 1999) and the permafrost area on the
TP has decreased by 10,000 km? in the recent years
(Wang et al., 2000). The southeast of the TP was also
growing wetter during the last 40 years shown for the
station records (Niu et al., 2004). Tree ring records show
a positive trend of late summer rainfall in the southeast
TP for the period of 1961-1990 (Bracuning and Mant-
will, 2004) and an increase of spring precipitation since
the 1970s over the western Himalayan region (Singh and
Yadav, 2005). Despite these wetter conditions, the level
of Qinghai lake, the largest lake on the TP, has fallen
dramatically and shrunk in area since the beginning of
20th century, mainly due to the decrease of precipitation
in the catchments area (Qin and Huang, 1998). As the TP
is characterized by very complex terrain and weather
stations are biased to the eastern, lower-elevation, popu-
lated areas, observational data is not ideal for assessing
long-term trends on the TP (Frauenfeld et al., 2005). The
results obtained from the studies described above can
only represent the available data sources they used. They
indicate an obvious warming climate on the TP in recent
decades. Frauenfeld et al. (2005), however, found that
there are no significant trends on the TP in its 2-m
temperature from European Centre for Medium-Range

50N |
aon ]
30N |
20N |

108 47

EQ . . . .
SOE  60E  70E  SOE  90E

110E 130E  140E

Fig. 1. The main topography over the Tibetan Plateau and its vicinity. The Tibetan Plateau is shown as the shaded region where elevation is higher
than 3000 m a.s.l. at T63 resolution. Black contour lines show topography at 0.5° resolution with an interval of 1000 m. Data is obtained from the

Advanced Very High Resolution Radiometer (AVHRR) satellite data.
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Weather Forecasts (ECMWF) Reanalysis (ERA40; Sim-
mons and Gibson, 2000). Kalnay and Cai (2003) sug-
gested a potential explanation for the difference between
reanalysis and station trend is the extensive local and
regional land use changes during recent decades.
Grassland occupies about 50% of the TP and is
mostly used for livestock grazing. Over the last 30 years,
livestock numbers across the TP have increased more
than 200% due to inappropriate land management prac-
tices (Du et al., 2004). Land use represents the most
substantial human alteration of the Earth system for a
long period (Vitousek et al., 1997). Population in the
Autonomous Region has increased rapidly from 1960
(1.2 million) to 1990 (2.2 million) (Chinese national
statistics reports), contributing to both urbanization and
changing landscape. For instance, Lhasa, the capital of
the Tibet Autonomous Region, has grown 2400% in the
last 50 years (Du et al., 2004). Zou et al. (2002) found
from observational data that desertified land is about
17.03% of the Tibet Autonomous Region’s total land,
and has been always mainly found in densely populated
regions. Desertification on the TP most likely resulted
from human-induced LUC (Zou et al., 2002).
Quantitative evaluation of climate changes by LUC is
very difficult because long term meteorological and land
surface observational data are not available. A further

a) Current Land cover

complication is that the land-atmosphere interactions are
highly nonlinear. An approach to overcoming these
difficulties is to utilize regional climate models (RCM)
and global circulation models (GCM) in the study of
LUC/climate change interactions (Suh and Lee, 2004).
GCMs have long been used to study the TP, e.g. the
comparison of climates under conditions with and with-
out topography of the Tibetan Plateau (e.g. Murakami,
1958; Manabe and Terpsta, 1974; Broccoli and Manabe,
1992; Liu and Yin, 2002) although it is known that
climatic modeling of the TP is especially difficult be-
cause of the steep orographic profile and heterogeneous
surface conditions Cole et al., 1994). All GCMs involved
in the AMIP (Gates et al., 1999), AMIP II, and CLIVAR/
Monsoon GCM Intercomparison Project (Kang et al.,
2002) have large systematic errors in simulating the
mean Asian monsoon climate and circulation. With
model development, the performances of GCMs to rea-
sonably reproduce the seasonal mean monsoon pre-
cipitation and circulation in the magnitude and pattern
of flow are improved although biases still exist (e.g.
Rajendran et al., 2004). Evaluation of model perfor-
mance in representing the mean circulation and surface
climate, especially in Asian region are strongly recom-
mended before assessing model results of sensitivity
experiments.
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Fig. 2. Dominant a)current, and b)“natural” non-anthropogenically-influenced land cover on the Tibetan Plateau at 0.5° resolution. Data are obtained
from the International Satellite Land Surface Climatology Project (ISLSCP) initiative I data collection.
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Table 1 examined: 1) how human-induced LUC impact the local
Surface parameters for major land cover types on the Tibetan Plateau. It climate on the TP, 2) if the modeled climate changes
2

includes background surface albedo o, surface roughness length due to .
. & . . b gne correspond to the observed trends in recent decades, 3)
vegetation Z,, veg, fractional vegetation cover VGR, leaf area index

(LAT) for the growing (g) and dormancy season (d) and the volumetric if the local effects are transmitted to further regions, and
wilting point £, (subjected from Hagemann, 2002) 4) how transmitted effects affect the weather and climate
Global Albedo Zo,veg VGRg VGRd LAlg LAId fou, in other regions. The paper is organized as follows: in
ecosystems o Section 2, the model and experimental set-ups are in-
legend troduced. In Section 3, model performance on seasonal
Water 0.07  0.0002 0. 0. 0. 0. 0. mean circulation and surface climate are evaluated with
Shrubland 0.2 0.1 0.44 0. L5 01 050 observations and sensitivity study results are presented
Tundra 017003 051 0. 22 04 034 as well. Finally, a discussion of the results, possible
Crassland 016003 0.9 0.1 45 0. 049 implications as well as conclusions is given in Section 4.
Bare land 0.28 0.005 0. 0. 0. 0. 0.

Ice/permanent 0.7 0.005 0. 0. 0. 0. 0.

snow cover 2. Model and experiments

2.1. Model introduction
In this study, a general atmospheric circulation model

has been applied to investigate the impact of LUC on the The most recent version of the Max Planck Institute
TP on regional and global climate. We have specifically for Meteorology atmospheric general circulation model,
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45N

P.7|0.9(1.01. 1. 11.1)1.2¢1.1 11‘._3 1.3(1.111.1 0.70‘60.30.(’;0'3‘20.1 0.2|0.4{0.5(0.5|0.5(0.5

1
b.81.2|2.2)1.5/1.6(1.3|7-1]0.8l6.7(0.8|0.6/0. 7l0.2[0.1]0.0]0. 30. 1|0. 1|0- 4]0 3l0:4l0. 4l075[5.7

40N .6[2.3]1.7]1. 41 4 8l0.7]0.5/0.3[0.1/0.0[0.0[0.0, O,HEJO.OO.‘\ 0.2/0.2]0.3|0.1]0.4/0.4/0.7(0.8

4[2.0/2. 11 0.4[0:5]s7]0.1/0.0]0. 1]0.0|0.0lp-eremvre-le-a1072[0 51 .0[0.5(0.6[0.9[0.8

A3 1.605@6’.’8’ 0.510.2(0,2[0.3(0.1]0.1|0.2{0.2[0.2/c.2/0.2{0. 3|0.5|1 TR 1fo.ali 219
35N 3 '

:-”CJ).EO.3O.4O.4O.4O‘5 1.0/1.1[1.2]12}1.21.5 1\51.72.32.5

.2|0.9|1.4[274[2.8

D.8|0.8 1:?.1 1.72.9(3.2 O_-.30.40.50.60.50.70,9 1.31.301.2]1.3[1.4/1.6[118(2.4|2.5(2.5

30N b.6[0.6{0.7|1.82.83.1|3.1 %Q‘;g.? 0.808]1.1[1.2)1.4]1.2]1 21 .4]1.7[2.4fp 2|2 6]z 825

2[0.7]1.1/1.6170]1.7[3.1[2.9/3.2[20 g1 .1]1.2]1.341 _4;.:.4-’:44‘,\,52.5562.33.1 2.6(2.3
2|1.6lo.glo.2]1.1]2.3]3.2]3.2]3.3 3:1‘2'.92,@5“;]”&35:55.6 6.4(7.6[.7|4.5[2.8[2.6(2.9[2.4

15N 'n‘i‘1n1.=§‘1nnr\')7'7 0 '7110::';‘:'772413.4,,.:1{5 Rnﬂl?is] 51z 1172 5l2 &

T0E 80E 90E 100E 110E

b) Natural LAI

45N

70,911,011 11111712 l:‘:3 1.3|1.1|1.1(0.7/0.6[0.3|0.6|3:2|0.1/0.2|0.4{0.5/0.5/0.5/0.5

8/0.7(0.8[0.8]0.710.2[0.1|0.0(0.3[0. 1|0. 7/0. 4]0 3(0-4l0, 4j0:5[0.7

e ki I3
o]

1.22.2|1.5[1.6[1.3|T11

+

d.7|0.5/0.3[0.1[0.0/0.0[0.0 D.db 0.0/0.1(0.2/0.2/0.3|0.1]|0.4/0.4/0.7(0.8

(o83

7
8

40N .6[2.3[1.7/1.4/1,.4
4[2.002.1}1 7|0.1/0.0/0.1[0.0[0.0 -5{0- ~2(1.0[0.5/0.6/0.9[0.8

.11‘317.60.‘ 1.110.91.2/1.9

35N 2&91.«}2}’#2& \ 1.4-1\5132.32‘5

.8(0.8 15"1'1.7 2.9(3.2(™ 1.201.211.3)1.4{1.5 1}82.42.52.5

Aol fll 1.41.41.5&.22.52.82.5

: ;,54&{11.31)52.33.12.625 -
5.6(5.4]7.6[4.7|4.5/2.8(2.6[2.9[2.4

b.6(0.6(0.7]1.8[2.803.1[3.1|2%
30N 4= > -
b.2[0.7[1.1]1.8]170|1.7|3.1|2.9]3.2/|2°

.2|1.6lo.8lo.2]1.1|2.3]3.2]3.2]3.3(3.1]2.

2sN-frab ol gl nlo sl 2l 213 ala o
T0E 80E

-2la 715 7la Als gla sz 5]z 112 lo 4l
100E 110E

Fig. 3. Leaf area index (LAIL;) and vegetation fraction (VGR, unit: %) distribution on the Tibetan Plateau for current and natural scenarios. Grids are
shaded where changes (current-natural) are greater than 0.01 or 1%.
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Fig. 3 (continued ).

ECHAMS (Roeckner et al., 2003) is used in this study.
Duemenil Gates and Liess (2001) used the previous
version ECHAM4 to study the sensitivity of the local
and global climate during a full annual cycle to defor-
estation and afforestation in the Mediterranean region at
T42 horizontal resolution. Their results agreed with other

similar studies, but they also pointed out that the
assumptions of vegetation cover and surface parameter-
ization need to be improved in future studies. Compared
to ECHAM4, ECHAMS includes new surface processes,
land surface data sets derived from satellite observations
(Hagemann, 2002) and a seasonal cycle of vegetation
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Fig. 4. Seasonal variations of the area averaged of Leaf Area Index (LAI left) and vegetation fraction (VGR, right, unit: %) on the Tibetan Plateau

from the current and natural scenarios.
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Table 2
Observation

X. Cui et al. / Global and Planetary Change 54 (2006) 33-56

al (CPC Merged Analysis of Monthly Precipitation (CMAP); Climate Research Unit (CRU); Global Precipitation Climatological Project

(GPCP)) and reanalysis (NCEP-DOE Atmospheric Model Intercomparison Project (AMIP II) Reanalysis (NCEP-R2)) datasets used with monthly
precipitation (P), 2-m temperature (7), zonal wind (U), meridional wind (V), and geopotential height (/)

Dataset Parameters Horizontal References Source
resolution
CMAP P 2.5°%2.5° Xie and Arkin, 1997 http://www.cdc.noaa.gov/cdc/data.cmap.html
CRU P, T 0.5°x0.5° New et al., 2002 http://www.cru.uea.ac.uk
GPCP P 2.5°%2.5° Adler et al., 2003 http://lwf.ncdc.noaa.gov/oa/wmo/wdcamet-ncdc.html
NCEP-R2 T U; V:H 2.5°x2.5° Kanamitsu et al., 2002 http://wesley.ncep.noaa.gov/products/wesley/reanalysis2/kana/rean]2-1.html
ERA40 T, U, V; H TI159 (0.75°) Simmons and Gibson, 2000 http://www.mad.zmaw.de
ratio and leaf area index, which may have detectable Additionally, a sub-grid scale orographic parameteriza-
impact on the simulation of the seasonal cycle of pre- tion developed by Lott and Miller (1997) and Lott (1999)
cipitation and evaporation (van den Hurk et al., 2003). is implemented in ECHAMS aiming to represent the
a) ERA4() 200hpa DJF b) ECHAMS Current 200hpa DJF
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Fig. 5. Wind circulation and geopotential height eddy derived from the zonal mean of the whole region (50°E—140°E) at 200 hpa from ERA40 (up)
and ECHAMS current simulations (below) for JJA (left) and DJF (right). The thick black contour line shows the Tibetan Plateau. Map are shown in
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effects of orographic variations on smaller scales than the
typical horizontal resolution of a climate model (Roeckner
et al., 2003). Lott (1999) concluded that such parameter-
ization schemes are beneficial to GCMs by decelerating
significantly the low level flow, which is expected to im-
prove the performance on mountainous region, like the TP.

A hybrid 19 level coordinate system is used in the
vertical direction: the sigma system at the lowest model
levels gradually transforms into a pressure system in the
lower stratosphere. Roeckner et al. (2004) concluded that
some individual processes, like the Indian and East Asian
monsoon evolution, are better captured by ECHAMS at
higher horizontal resolution, although there is little evi-
dence for convergence to a more realistic climate state at

a) ERA40 500hpa DJF

#
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ER N
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40N 7

20N+
1>

N
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30N 1
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1N =

39

higher resolution. Given the restriction of computa-
tional resource, the simulations in this study are per-
formed at T63 resolution, corresponding to a grid size
of about 1.875° in longitude and latitude. In the Tibetan
Plateau region, this is equal to about 150 km in the
longitudinal and 200 km in the latitudinal directions.
While some of the realism of summer precipitation in
terms of intensity of single events is missing in such a
coarse resolution GCM, the use of the global model
enables us to see global climate sensitivity of the model
simulation to the land use/land cover change, to observe
the propagation of atmospheric effects from the area
where the local changes were applied and may reveal
global teleconnections.

b) ECHAMS Current 500hpa DJF
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Fig. 6. Same as Fig. 5, but for 500 hpa.
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2.2. Experiment design

Assessment of land use changes on the TP is ex-
tremely difficult due to the scarcity of observational data
at both spatial and temporal scales. Remote sensing data
sets are very powerful tools to evaluate the LUC for this
region (Suh and Lee, 2004). Fig. 2a shows the current
land cover type also obtained from the International
Satellite Land Surface Climatology Project (ISLSCP)
initiative II data collection (Loveland et al., 1999). Cur-
rently, the TP has a western shrubland and an eastern
grassland part, with bare land appearing at the northern
boundary. This vegetation distribution responds to the
dry west and wet east distribution of moisture (Ye and
Gao, 1979).
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The “natural” distribution of vegetation types in a
region should be in equilibrium with climate, water and
nutrient availability, but, in reality, the distribution of
vegetation is always modified by anthropogenic influ-
ences. Reconstruction of the non-anthropogenically in-
fluenced vegetation other than by modeling is rather
difficult. However, it is feasible to specify the equi-
librium climate vegetation, called Potential Natural Veg-
etation (PNV), which represents the vegetation cover that
would most likely exist now in equilibrium with present-
day climate and natural disturbance, in the absence of
human activities (Ojima et al., 2000). The PNV data used
in this paper is based on the ISLSCP initiative II data
collection and it is not necessarily representative of pre-
human settlement vegetation in non-human dominated
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Fig. 7. Same as Fig. 5, but for 850 hpa. The black shaded region shows the TP.
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regions, such as the TP (Ramankutty and Foley, 1999).
Without human influences and with present-day climate,
almost the whole TP would be covered by tundra (Fig. 2b).
Compared with the current land cover (Fig. 2a), a much
smaller region (Fig. 2b) is covered with grassland on the
cast part and less bare land on the northern boundary.
Ice and permanent snow would be located in the north-
west part of the TP. More accurate estimates of the land
cover changes on the TP should be developed. How-
ever, the current estimates enable us to begin exploring
the issues addressed in the modelling experiments con-
ducted in this study.

The control experiment run called “current scenario”
used a standard ECHAMS simulation to represent the
“real” climate system with the modern day land cover.
The sensitivity experiment, called “natural scenario”,
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c) NCEP-R2
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replaced the current land cover on the TP (Fig. 2a) with
the natural land cover without anthropogenic influences
(Fig. 2b). In ECHAMS, vegetation is characterized by
the ratio of the leaf area to the projection area and the
fractional area covered by plants (Leaf Area Index (LAI)
and Vegetation Fraction (VGR), respectively; see Hage-
mann (2002) for more details). The land surface pa-
rameters are allocated to each ecosystem type based on the
1-km resolution global land cover characteristics database
derived from 1-km Advanced Very High Resolution
Radiometer (AVHRR) data (available from U.S. Geolog-
ical Survey, 2001). Table 1 lists the main surface para-
meters applied in ECHAMS for major land cover types on
the TP. For snow-free land surfaces, the annual mean
background albedo derived from satellite data only de-
pends on the ecosystem type. Fig. 3 shows the yearly
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Fig. 8. Intercomparison of summer (JJA) 2-m air temperature from a) CRU, b) ERA40, c) NCEP-R2, and d) ECHAMS current simulation. Data

information listed in Table 1.
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means of LAI and VGR used in the current and natural
experiment, respectively. In the central and western part of
the TP, current LAI and VGR are lower than the natural
case, and they are higher mainly in the southeastern part.
High LAI values correspond to high canopy conductance
values, resulting in a relatively large portion of available
energy being used for evapotranspiration (van den Hurk
et al., 2003). The annual cycle of LAI and VGR (Fig. 4)
shows that the main differences occur in the boreal
summer. In the winter, current VGR is larger than the
natural one, while current LAI is always smaller than
natural LAIL

Both experiments are integrated for 22 years, driven
with climatological global sea surface temperature (SST)
and sea ice averaged over the period 1979-1988 to eli-
minate additional inter-annual variability. The atmospheric
variability represented in such integrations is generally less
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than that in simulations with inter-annually varying bound-
ary conditions of SST and sea ice (Bengtsson et al., 1996).
The results presented in this paper are the mean values over
the last 10 years of the model simulations, discarding the
first 12 years to eliminate the effects of model spin-up. In
this paper, we restricted ourselves on the seasonal mean
characteristics. The calendar monthly mean is calculated
by a normal mean of the corresponding months of the
10 years. To evaluate the model performances, especially
for the TP and its vicinity, results from the control run are
compared with several observational datasets, listed in
Table 2. Kistler et al. (2001) named the period from 1979
to present as “modern satellite” era, and also pointed out
that the reanalysis data are most reliable in this period.
Thus in this study, the present climate to evaluate the
ECHAMS simulation is calculated from all the datasets as
the 20 years mean from 1980 to 2000. The calendar

b) ERA40
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Fig. 9. Same as Fig. 8, but for DJF.
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monthly mean is calculated with the normal mean of the
corresponding months of the 20 years.

The natural vegetation cover simulation is compared
with the current vegetation cover simulation to show the
effects of land use change on the regional and global
climate. In this paper, we restricted ourselves to showing
the comparisons of means. Since both experiments start
from the same initial condition except the land cover on
TP and the integrations are short, the results from the
two experiments are not independent from each other.
Therefore the ¢ test, also known as Student’s ¢ test, is
not appropriate for testing the null hypothesis that the
change of land cover on the TP has no effect on the state
of the modeled atmosphere (von Storch and Zwiers,
1999). von Storch and Zwiers (1999) proposed a so-
called ‘Paired Difference Test’ to test the null hypothesis
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that the mean difference is zero using a one-sample ¢
test. The distributional assumptions are that the dif-
ferences have a normal distribution and that all the dif-
ferences come from the same distribution. This method is
applied to each grid point to assess statistical signifi-
cance. At the 5% (10%) significance level, one would
expect 5% (10%) of the grid points to show statistically
significant differences merely by chance. However, phy-
sical insight is required to ascertain the statistical sig-
nificance is physical significance (von Storch and
Zwiers, 1999). Statistical significance is determined
using seasonal (December, January, February; March,
April, May; June, July, August; September, October,
November) or annual rather than monthly averages to
include less of the year-to-year variability (Bonan, 1997).
Each year of model output represents one seasonal or
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Fig. 10. Intercomparison of summer (JJA) monthly precipitation from a) CRU, b) ERA40, ¢c) NCEP-R2, and d) ECHAMS current simulation. Data
information listed in Table 1.
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annual ‘sample’. The analyzed duration of both experi-
ments (10 years) means that there are only 9 degrees of
freedom when testing for the difference between two
means with the method applied here.

3. Results
3.1. ECHAMSYS current scenario

Evaluation in the Asian region is discussed in detail
focusing on the summer (June July August (JJA)) rainy
season and the winter (December January February
(DJF)) season. Wind and geopotential height are “type
A” variables in reanalysis data, which are generally
strongly influenced by the available observations and

are therefore the most reliable products of the reanalysis
(Kistler et al., 2001). Fig. 5 shows a comparison of wind
and geopotential height eddy at 200 hpa between
ERA40 and the ECHAMS current scenario we con-
ducted. The NCEP R2 data is very similar to the ERA40,
so we have only shown the ERA40 dataset. ECHAMS
reproduces the major meteorological features: the
dominant westerlies move northward from winter to
summer and an anticyclone centered on the TP appears
in summer. There are also discrepancies between the
model simulation and the observations. The simulation
shows stronger wind speed in both seasons and un-
realistic pressure systems in summer: too high over
India and northeast China while too low over the Indian
Ocean and the northwest side of the TP. Differences may
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Fig. 11. Same as Fig. 10, but for DJF.
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be decreased if more realistic SSTs are applied, like in
AMIP experiments, rather than the climatological mean
values that are used in current simulation. Figs. 6 and 7
are the same as Fig. 5 but for the 500 hpa and 850 hpa
levels, respectively. The model reasonably simulates the
large-scale features. The westerly jet still dominates the
circulation at 500 hpa in winter similar to the 200 hpa
level and it also shifts from the south of the TP to the
north in summer. A Low is located over the TP and its
vicinity at 500 hpa and 850 hpa level, while it is a High
at 200 hpa. This is a very special pressure system on the
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TP in summer. At 850 hpa, the wind follows the land-
mass distribution more closely. In summer it blows from
the Indian Ocean to India and from the Pacific Ocean to
the East Asian continent, laden with warm and moist air
mass, thus producing summer monsoon rainfall in these
regions. In the winter, the wind blows from the central
Eurasian continent to East Asia, transporting cold and
dry air. Such circulations produce the winter monsoon
for these regions. The model simulates well the deep
trough centered at 140°E, 50°N existing from 850 hpa
to 200 hpa in winter, that disappears in summer and
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Fig. 12. The difference (current minus natural) of a) albedo, b) net surface solar radiation, c) 2-m temperature, d) soil moisture, e) evaporation, f) precipitation.
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Fig. 12 (continued).

becomes a high. There is always a small trough in the
lower mid-troposphere that moves from the east of India
in winter to the west of India in summer and gets
stronger. In general, ECHAMS realistically reproduces
the major features of the circulation system in this region
with somewhat higher wind speed and least realistic
geopotential heights in summer. The model performs
better at lower troposphere and in winter.

Figs. 8 and 9 present the 2-m air temperature in
summer (JJA) and in winter (DJF) from observations

(CRU), reanalysis data (ERA40 and NCEP-R2), and
from our ECHAMS current simulation, respectively. For
the ERA40 and NCEP-R2 reanalysis data, 2-m tem-
perature is a “type B” variable, partly influenced by the
model parameterization, and is therefore less reliable
(Kistler et al., 2001). Compared with station measure-
ments where grid cells contain at least four stations, the
reanalysis temperatures from ERA40 are consistently
lower, by as much as 7 °C (Frauenfeld et al., 2005). On
the TP, such a topographically complex, data-sparse
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Table 3

Summary of annual mean difference between current and natural scenarios for the area averaged parameters over the TP including the leaf area index
(LAI), fraction of vegetation (VGR), surface albedo, geopotential height (/, unit: m) and atmospheric temperature (7, unit: K) at 200 mb and 500 mb,
daily precipitation (P, unit: mm), evaporation (£, unit: mm), and atmospheric temperature at 2 m (75, unit: K)

LAI VGR Albedo H200 H5()0 Tz()() T5()() P E T2m
Current scenario 0.95 0.262 0.2798 12,247 5776.1 219.984 263.692 3.05 —1.24 271.70
Natural scenario 1.32 0.273 0.2830 12,241 5774.1 219.734 263.571 3.08 —1.26 271.53
Difterence -0.37 —0.011 —0.0002 6 2.0 0.25 0.12 —0.03 0.02 0.17

area, it is not surprising to see the spatial difference
among ERA40, NCEP R2 and CRU data, further exag-
gerated by the different horizontal resolutions among
them. To better represent the real surface parameters on
the TP, we suggest that higher horizontal resolution data
sets that resolve the steep topographic variations should
be developed in the future. In general, ECHAMS sim-
ulates well the major patterns and temperatures year
round. During winter, 2-m temperatures on the TP are
below 0 °C on the entire plateau, with summer values of
only 0 °C in the west and about 10 °C in the east. ECHAMS
also reproduces well the heating contrast between landmass
and ocean, which is generally considered to be the most
important driving mechanism for the monsoon system (e.g.
Webster et al., 1998).

ECHAMS also reproduces well the summer mon-
soon rainfall belt from the Indian continent to southern
China (Fig. 10), except too great (more than 20 mm/day)
a rainfall at the south of the Himalayas in summer. This
effect may be caused by too much convective rainfall
parameterized by the model at that steep topographic
barrier. ECHAMS simulates very realistically the rain
belt moving back to the Tropics in winter (Fig. 11). As
mentioned in Section 1, almost all current GCMs have
very large systematic errors in simulating the mean
monsoon climate and circulation (Kang et al., 2002).
Due to the uncertainties of the model related to the
simulation of the Asian monsoon, the values of the
monsoon rainfall produced by the model should be cited
with high caution. This does not, however, obstruct this
study, because our main aim is to qualitatively, not quan-
titatively, investigate the climatic response to the land use
changes on the TP.

3.2. ECHAMS natural scenario

One of the direct effects of LUC is the modification
of surface albedo, and thus an influence on the surface
absorbed solar radiation. In ECHAMS, for snow-free
land surfaces, an annual mean background albedo de-
rived from satellite data is allocated to the major eco-
systems shown in Table 1 for the TP. For land surface,
the grid-mean albedo depends on a number of parame-

ters including fractional forest area, leaf area index,
bare-soil land, snow albedo calculated as a linear func-
tion of surface temperature, and the fractional snow
cover (Hagemann, 2002). Over water surfaces the al-
bedo is set to a constant value of 0.07. Fig. 12 shows the
difference between the current and natural scenarios of a)
albedo, b) net surface solar radiation, ¢) 2-m air temp-
erature, d) soil moisture, e) evaporation, and f) preci-
pitation. The current albedo is greater (less) in the north
(south) of the TP compared to the natural one, and thus
decreases (increases) the solar radiation absorbed by the
surface. The modification of the radiation budget will
change the surface fluxes and thus the local climate.
Temperature is higher almost for the whole TP with its
largest values in the west, mainly because there is more
ice/snow covering these surfaces when assuming natural
land cover. On average, the area averaged temperature of
the TP increased by 0.17 °C due to human induced land
use change (Table 3).

Another direct effect of LUC on local climate is the
modification of the local water cycle. The parameteri-
zation of soil hydrology in ECHAMS comprises budget
equations for the amount of snow on the surface, the
amount of water intercepted by the vegetation, and the
soil water storage. Only a maximum value of 10 cm is
accessible for evaporation in the non-vegetated part of a
grid point (bare soil). In the vegetated part the difference
between actual soil moisture and the wilting point,
assigned differently according to the type of vegetation
(listed in Table 1; Hagemann, 2002), is accessible for
evaporation. Fig. 12d—f shows more active water ex-
change in the west of the TP, with higher precipitation,
soil moisture, and thus higher evaporation in the current
scenario than in the natural one. In the east of the TP, the
climate is modified in the opposite direction, with an-
nual mean soil moisture content, evaporation and pre-
cipitation all decreased to different extents. The area
average change of yearly mean precipitation on the TP is
decreased by 9 mm (Table 3). It is interesting to see that
precipitation is decreased dramatically to the south of
the Himalayas. We do not yet know what mechanisms
are contributing to the observed changes. The observed
changes are not limited locally to the TP. To study the
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Fig. 13. The difference (current minus natural) of geopotential heights at 200, 500, and 850 hpa (from top to bottom) in DJF (left) and JJA (right),
respectively. The thick black contour line shows the Tibetan Plateau. The values of geopotential height at 850 hpa on the Tibetan Plateau are only for
reference, since the mean pressure on it is higher than 600 hpa.
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remote impact of LUC on the TP, the analysis in the
following section focuses on the Asian monsoon
region.

Fig. 13 shows the changes (current minus natural
scenario) of geopotential height in winter (DJF) and
summer (JJA) at 200 hpa, 500 hpa and 850 hpa, re-
spectively. Significant levels at 90% and 95% are
shaded. In winter, the geopotential heights are increased
on the north of the TP at all levels, which will weaken
the westerlies in this region, while the geopotential heights
decrease to the east of the TP. The trough centered at
140°E, 50°N is strengthened and deeper, intensifying the
winter monsoon in East Asia. In summer, the anticyclone
over the TP at 200 hpa gets stronger, however it does not
pass the 90% significance level. The geopotential height
gets lower in lower troposphere, which will intensify the

6ONT—%
SON T
40N'MI:(
30N,
20N,

JON{iz

special pressure system over the TP and thus strengthen
summer monsoon on the TP. There is a weakening center
of pressure to the northeast of Asia at all levels in summer,
strengthening the Northwest Pacific anticyclone. Howev-
er, this decreasing center also prevents the wind blowing
further from the Pacific to north China, suggesting that the
East Asia summer monsoon in North China is weakened.
The circulation changes provide the dynamical basis for
the impact of LUC transmitting to remote regions.

Fig. 14 presents the temperature changes (current
minus natural scenario) for the Asian region. In spring
temperature increases in North China and Mongolia and
also in the south of the Himalayas and India. Temper-
ature also increases at the western TP, however, it does
not pass the 90% significance level. In southern China,
the temperature decreases along the costal regions.
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Fig. 14. The difference (current minus natural) of daily 2-m temperature in four seasons. The thick black contour line shows the Tibetan

Plateau.
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The warming trends at northern China, India, and western
TP last till summer and autumn. In winter, the temperature
decreases in entire East Asia, centered at south-central
China.

In tropical deforestation studies, it was found that the
conversion of tropical forests into croplands significant-
ly affected mean precipitation and evaporation due to
local changes in tropical convection (e.g. Shukla et al.,
1990). In mid-latitude deforestation studies, little change
in the global scale hydrological cycle is found due to
land use change (e.g. Govindasamy et al., 2001), sug-
gesting that the precipitation dynamics in the mid-
latitudes are less affected by local convection but do-
minated by large-scale condensation associated with
baroclinically driven storm tracks. The effect of LUC
on the TP on rainfall over the Asian region is shown in

60N

Fig. 15. In spring, rainfall in the western Himalayas is
intensified, which agrees well with the measurements
from tree ring discussed in Section 1. The rainfall is
intensified in the South China Sea region and lasts
almost all year round, although it is not always statis-
tically significant. In central China, north of the Yang-
tze River valley, rainfall is weakened dramatically and
this decrease lasts until summer with the center shifted
southerly. In summer, the rainfall in India is intensified,
but it is not statistically significant and it changes its
sign in autumn. Considering the TP is the source for
several major rivers in Asia, including Huanghe River,
Yangtze River, Mekong River, and Salween River, the
remote effects found in this study suggest that the land use
changes on the TP should be considered when assessing
flood/drought studies in India and China. Discussions in
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Fig. 15. Same as Fig. 14, but for monthly mean precipitation.
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Section 3.1 show that there are high uncertainties in the
evaluation of the mean precipitation on the TP not only in
the global observation datasets or in our model simulation.
More accurate simulation of the regional climate, espe-
cially the precipitation, on the Tibetan Plateau should be
addressed in the future.

A summary of the annual mean difference between
natural and current scenarios for the area averaged
values over the TP region is given in Table 3. The
current area average LAI and fractional vegetation are
lower than is the potential vegetation cover, leading to
a decreasing surface albedo. The land surface changes
lead to higher pressure and temperature at 200 hpa and
500 hpa levels. The large-scale circulation changes will

result in surface temperature and surface evaporation
increasing and rainfall decreasing. It can be concluded
that the TP is warmer (0.17°) and drier (—0.03 mm/day)
under current than non-anthropogenically influenced
land cover.

Fig. 16 shows the global response of geopotential
heights at 200 hpa and 500 hpa to the land cover change
on TP, respectively. The circulation changes mainly in the
middle and high latitude regions. There are several
enhanced centers, e.g. Siberia, southwest America, south
Indian Ocean, and southeast Australia, and south Brazil
mainly at 200 hpa level and several weakening centers as
well, e.g. Canada, Drake Passage between South Ame-
rica and Antarctica, and a small region located in the
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Fig. 16. Globally difference (current minus natural, contour line) of annual mean geopotential heights at a) 200 hpa and b) 500 hpa, respectively.

Significant levels are shaded at 90% and 95% levels, respectively.
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North Pacific Ocean centered at 35°N, 160°W area. All
these changes of circulation will reflect the changing
patterns of temperature, as seen later. The mechanisms of
such changes of circulation are complicated and cannot
be well explained by only one scenario run in the present
paper. More studies concerning this point should be per-
formed in future.

Fig. 17 shows the global change of the 10-year mean
daily temperature and yearly precipitation due to LUC
on the TP. Statistical significances are also provided
at 90% and 95%. The distributions of temperature
changes are highly related to the changes of circulation
shown in Fig. 16. Several regions including Siberia,
USA, and South America are warmer, while Europe,
Canada and Africa are colder as a result of human-
induced LUC on the TP. Asia, northwest China, Mon-
golia and India are getting warmer while northeast
China, Southeast Asia are getting colder with current

a) Annual mean 2m Temperature

land cover on TP. However, not all changing centers
pass the significant levels. Siberia, North America,
Brazil, Southeast Asia are statistically significant. It is
interesting to find the changes at the Polar Regions are
also statistically significant. As discussed in Section
2.2, the statistical significance still needs to be as-
certained by further physical insight. Fig. 17c shows
that rainfall is intensified over Southeast Asia, Sea of
Japan, west Pacific centered at 20°N, 180° area, the
Gulf of Mexico, and southwest of the Indian Ocean.
Decreases of rainfall can also be found in several re-
gions including central China, northeast of the Indian
Ocean, the western Pacific along the Equator and Bra-
zil. As shown in Fig. 17d, only small proportions of these
changes are statistically significant. Since precipitation is
highly related to the local or regional processes, remote
impacts should be treated cautiously. We suggest more
scenario experiments including land surface boundary
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changes to be performed for the TP in future. There is
strong warming, but only relatively small changes of
precipitation in the Polar Regions. This response of the
polar climate to LUC on the TP may shed some light on
the poor ability of most GCMs to accurately represent
Arctic Climate due to parameterization and numerical
methods (Randall et al., 1998). The area averages for the

Table 4

Comparison of 10 years daily mean temperature and yearly mean
precipitation from current and natural simulation for Northern
Hemisphere (NH; Equator—70°N), Southern Hemisphere (SH; 70°S—
Equator), and the whole globe (70°S—70°N)

Regions Temperature Precipitation
(K] [mm/year]
Current Natural Current Current Natural —Current
minus minus
Natural Natural
NH 290.113 290.104 0.009 113570 1128.12  7.58

SH 289.587 289.585 0.002
Globe  289.850 289.845 0.005

1089.27 1094.72 —5.45
1112.49 111142  1.07

North Hemisphere (0°-70°N), South Hemisphere (0°—
70°S) and the globe (70°S—70°N) are listed in Table 4.

4. Conclusion and discussions

We have performed “equilibrium” climate simula-
tions using the most recent version of the Max Planck
Institute for Meteorology atmospheric general circula-
tion model, ECHAMS. Our analysis shows that anthro-
pogenic land use changes (LUC) on the Tibetan Plateau
(TP) influence the local and remote climate. Specifical-
ly, the TP is warmer (0.17 °C) and drier (—9 mm/year)
than it would be without anthropogenic LUC. The TP
has been observed to warm over recent decades, cor-
responding with a concurrent human-induced LUC to-
wards urban and desertified areas. This trend towards
warming is shown in our model experiments. We hypo-
thesize that at least some of the observed TP temperature
increase is due to the human-induced LUC. More ob-
servational studies of the characteristics of precipitation
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changes on the TP will help to validate or refute this
hypothesis. Human-induced LUC on the TP results in an
intensification of the Indian summer monsoon and a
weakening of the East Asia monsoon in China. The
latter helps to explain the weakening of the East Asia
monsoon in last 120 years (Fu, 2003). The global cli-
mate due to LUC on the TP is slightly wetter (+1 mm
per year), but no distinct temperature changes in the
model simulations are observed.

It should be kept in mind that the results mentioned
above are obtained from the response of only one sim-
ulation to local LUC on the TP and, therefore, should be
treated qualitatively but not quantitatively. One potential
source of uncertainty that we have not completely ac-
counted for is our ability to simulate the local climate
system on the TP. The detailed local response is un-
certain because we have not precisely resolved either the
terrain or individual storms. However, the large-scale
patterns match well with observations. It is possible that
other GCMs would yield quantitatively different results,
because the results may be highly sensitive to the for-
mulation of the model and the parameterization of var-
ious physical processes. As an example, the evaluation
of impacts of deforestation in the Amazonian River basin
from different studies diverges considerably in magni-
tude and even sign of the impacts (Lean and Rowntree,
1997). Experience with global (AMIP; Gates et al., 1999)
and regional (Project to Intercompare Regional Climate
Simulations (PIRCS); Gutowski et al., 1998) climate mo-
deling has demonstrated the usefulness of intercomparing
model results. It is suggested therefore that more studies
evaluating impacts of land use changes on the Tibetan
Plateau would supplement the results reported here.

The goal of this study was to highlight the response of
the climate system to changes in land cover. SST and sea
ice are prescribed to isolate the influence of the land use
change. In the future, it will be valuable to perform sim-
ulations with an interacting ocean, allowing for the effects
of El Nifio-Southern Oscillation. Grassland currently oc-
cupies about 50% of the TP and may act as a carbon sink
nowadays (Du et al., 2004). It will be interesting to
perform future scenario experiments that include effects
of greenhouse gas, like CO,, when assessing the impact of
the future land cover change on the TP.

Additionally, an improved parameterization of con-
vection suitable for steep landscape heterogeneity and a
higher resolution could increase the reliability of the
model simulations. Regional or meso-scale models em-
bedded within GCMs may be able to assess more realis-
tically the consequences of LUC on local scales, especially
when those occur with high spatial heterogeneity. Cui
et al. (2004) concluded that a regional model might

improve the local climate simulation on the TP than
GCMs. Such nested model system may help not only to
specify the local response to LUC but also transfer or
downscale the information from global models. Generally
very high resolution or locally adjusted grids will be
necessary to fully account for the effects of TP ecological
modifications on large scale and global climate.
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