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Abstract. Using the general circulation model ECHAMS/ late-Holocene land cover change could strongly have con-
JSBACH, we investigate the biogeophysical effect of large-tributed to the decreasing Asian monsoon precipitation dur-
scale afforestation and deforestation in the Asian monsooling the Holocene known from reconstructions.
domain on present-day and mid-Holocene climate. We
demonstrate that the applied land cover change does not only
modify the local climate but also change the climate in North 1 |xtroduction
Africa and the Middle East via teleconnections. Deforesta-
tion in the Asian monsoon domain enhances the rainfall inThe effects of large scale deforestation and afforestation have
North Africa. In parts of the Sahara summer precipitation often been analysed in climate model studies. In this con-
is more than doubled. In contrast, afforestation strongly detext, the biogeophysical consequences of tropical rainforest
creases summer rainfall in the Middle East and even leadglearance in single regions like Amazonia, tropical Africa
to the cessation of the rainfall-activity in some parts of this or Southeast Asia as well as total tropical deforestation has
region. widely been discussed (e.g. Henderson-Sellers et al., 1993;
Regarding the local climate, deforestation results in a rePolcher and Laval, 1994; Gedney and Valdes, 2000; Werth
duction of precipitation and a cooler climate as grass mostlyand Avissar, 2002, 2005a, b; Findell and Knutson, 2006;
has a higher albedo than forests. However, in the core regiomasler et al., 2009; Snyder, 2010). A few studies also
of the Asian monsoon the decrease in evaporative cooling ileal with the impact of large-scale extratropical forest cover
the monsoon season overcompensates this signal and resulfisange on climate (e.g. Bonan et al., 1992; Chalita and Le
in a net warming. Afforestation has mainly the opposite ef- Treut, 1994; Claussen et al., 2001; Bathiany et al., 2010).
fect, although the pattern of change is less clear. It leads tdost of these studies agree that tropical forest increases
more precipitation in most parts of the Asian monsoon do-precipitation and cools the local climate compared to lower
main and a warmer climate except for the southern regionsiegetation, mainly due to an enhanced evaporative cooling.
where a stronger evaporation decreases near-surface temp@ereal forests have the opposite effect on temperature since
atures in the monsoon season. they have a lower albedo than the often snow-covered ground
When prescribing mid-Holocene insolation, the pattern ofand thus increase the absorption of energy at the surface.
local precipitation change differs. Afforestation particularly — How does climate react to large-scale forest cover changes
increases monsoon rainfall in the region along the Yellowin the Asian monsoon region? The Asian monsoon region
River which was the settlement area of major prehistoriccomprises parts of the tropical as well as the temperate cli-
cultures. In this region, the effect of land cover change onmate zone that can even be covered by snow during winter.
precipitation is half as large as the orbitally-induced precip-Due to the heterogeneous orography, including high moun-
itation change. Thus, our model results reveal that mid- totain ranges and parts of the Tibetan Plateau, potential land
cover is very diverse. Rainforest grows next to temperate

and montane forest; Alpine tundra is located there as well as
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Monsoon circulations are primarily induced by the ther- before present) compared to today, which strongly declined
mal contrast between the continent and the ocean, generatirig the following four millennia. According to Ren (2000),
large scale pressure gradients (Webster et al., 1998). Therg¢he spatial evolution of forest decline in China correlates
fore, monsoon systems have to be seen as coupled interawell with spreading of cultures out of this area. However,
tive atmosphere-ocean-land phenomena (Yasunari, 2007) iRen (2000) also remarks that this relation can only be a pre-
which the land surface plays an equally important part as thdiminary conclusion due to the lack of well-dated and well-
ocean. Since land cover changes affect the energy and wategesolved pollen data.
balance, they may have a direct influence on the monsoon The steppe-forest boundary in East Asia was shifted north-
circulation, moisture convergence and precipitation pattern. westward by up to 500 km at 6 k (Yu et al., 2000). Thus, the

The Asian monsoon system is the strongest monsoon sysarea around the present-day East Asian monsoon margin ex-
tem worldwide. Including large parts of China and India, perienced a substantial decrease of vegetation in the course
nearly two thirds of the global population live in the re- of the Holocene. In eastern Inner Mongolia, pollen assem-
gion influenced by this monsoon (Clift and Plumb, 2008). blages reached the maximum Holocene tree pollen fraction
Changes in the monsoonal climate are therefore a matter q40—60 %) between 8 k and 5k. Tree pollen decreased in this
particular social, economic and environmental interest. In theregion to less than 20 % within 2000 yr. Also for the nowa-
last decades, the Asian monsoon region experienced larggays semi-arid north-western Loess Plateau tree pollen dom-
anthropogenic land cover changes. Huge parts of the natunate the early- to mid-Holocene pollen assemblages, reach-
ral forest in eastern China have been converted into farmlanihg 80% between 8.5k to 6.5k. Afterwards, land cover
(e.g. Pongratz et al., 2008). Steppe areas are severely affectgdadually changed to desert with sparse steppe in this region
by over-grazing and over-farming. Originally vegetated ar- (Zhao et al., 2009).
eas in northern China have been overrun by the rapidly ex- Less information is known about the vegetation change in
panding deserts. The impact of these land cover change hdake Indian monsoon margin (e.g. Pakistan and north-western
been analysed in several climate model studies (e.g. Zhenipndia), but also for this area a vegetation loss during the
et al., 2002; Fu, 2003; Gao et al., 2007; Zhang and GaoHolocene is supposed (Singh et al., 1990; Ansari and Vink,
2008). They all agree that the vast degradation of the land2007; Ivory and Ezine, 2009).
cover has caused a regional climate change. However, am- These examples of vegetation reconstructions point to the
plitude, sign and distribution of precipitation and tempera- fact that the vegetated area in the Asian monsoon domain was
ture change differ and depend on the type of model (regionahot only characterised by more forests during mid-Holocene
or global climate model) and the methods for applying the but also expanded further inland.
land cover change. In a previous study, we analysed the contributions of the

South and East Asia are the homelands of some of the oldvegetation-atmosphere interaction, the ocean-atmosphere in-
est human civilizations. These cultures evolved rapidly andteraction as well as their synergy to the Holocene climate
often had advanced agricultural technologies and a well orchange in the Asian monsoon region by using a comprehen-
ganised urban infrastructure. Particularly the Indus Valleysive Earth system model with dynamic vegetation included
(today’s western Pakistan and eastern Afghanistan) and théDallmeyer et al., 2010). This study showed a rather small
region around the Yellow River (Fu, 2003; Clift and Plumb, contribution of the simulated vegetation change on Asian
2008) experienced a long continuing settlement history, startmonsoon climate. The mid-Holocene to pre-industrial cli-
ing in the early-Holocene (approx. 7000BC and 6000BC, re-mate change was predominantly caused by the response of
spectively). The linkage between the development or col-the atmospheric circulation to the insolation forcing as well
lapse of theses cultures and the monsoon climate variabilas oceanic feedbacks. The synergy effect was mostly negligi-
ity as well as the role early human societies could haveble. Presumably, the model underestimated the amplitude of
played for the Holocene climate and environmental changeHolocene forest cover changes which could explain the weak
are of special interest in the context of recent global warm-vegetation impact. At least compared to the former pollen-
ing. Some studies relate the decline of diverse major prehisbased vegetation reconstructions (see above) the simulated
toric cultures to intense long-lasting drought spells embed-vegetation change seemed to be too small.
ded in the general decreasing Asian summer monsoon since Since the simulated vegetation change has only revealed a
the early- and mid-Holocene (cf. Clift and Plumb, 2008). weak effect on climate, we decide to confront the model with
On the other hand, human interference via forest clearanca strong forest cover change to assess the maximum effect of
can not be excluded as a contributing factor to mid- to late-large-scale land-cover changes on the climate in the Asian
Holocene land cover and climate change either. monsoon domain.

Pollen-based vegetation reconstructions suggest that large For this purpose, we perform idealised sensitivity experi-
parts of Central and Eastern China were much more coverethents with either a complete forest cover or a complete grass
by forest during the mid-Holocene. For instance, Ren (2007)cover prescribed in the monsoon region. The domain of land
suggested an up to 92 % increased forest cover in the middleover change is aligned to Holocene vegetation and human
and lower reaches of the Yellow River for 6k£ 1000yr  development. The resulting climate change is then presented
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Table 1. Physical properties and phenology type of each plant functional type (PFT), i.e. LAlmax: maximum value of the leaf area index;
ay|s: albedo in the visible solar spectrumyr: albedo in the near infrared solar spectrui; roughness length of vegetation.

PFT phenology LAImax ayis aNIR 20
[m2m=2] [m]
tropical evergreen forest raingreen 7 0.03 0.22 2.0
tropical deciduous forest raingreen 7 0.04 0.23 1.0
extratropical evergreen forest  evergreen 5 0.04 0.22 1.0
extratropical deciduous forest summergreen 5 0.05 0.25 1.0
raingreen shrubs raingreen 3 0.05 0.25 0.5
deciduous shrubs summergreen 2 0.05 0.28 0.5
C3 grass grass 3 0.08 0.34 0.05
C4 grass grass 3 0.08 0.34 0.05

on the basis of precipitation and temperature differences to a For each PFT and also the bare ground, individual phys-
control run with present-day potential vegetation. ical properties such as albedo or roughness length are de-
Secondly, we analyse the remote effect these land covefined (Table 1). JSBACH calculates dynamically the physi-
changes have on precipitation in North Africa and the cal land surface parameters (e.g. albedo or roughness length)
Middle East. Thirdly, we address the question what informa-in each grid-cell as average of the individual properties of the
tion we can deduce from these results regarding the relatio?FTs and the non-vegetated area, weighted with their respec-
of mid-Holocene climate, vegetation and neolithic culturestive cover fraction. In the calculation of the albedo, snow-
in the Asian monsoon region. covered soils and snow-covered forest-canopies as well as
the masking of snow-covered soils by forests are addition-
ally accounted for. The soil albedo is prescribed from satel-
lite data and does not change during the simulations. The

. albedo of leaves depends on the leaf area index that is cal-
To analyse the influence of large-scale land cover change on

the Asian monsoon climate, different sensitivity experimentscma‘[e.d on the dba5|.s of fte?pslr:ﬁureé soil mqsturhe anld the
are performed. In this study, we use the general circulationnet primary pro upt|on ofthe s. Loncerning phenology,
model ECHAMS (Roeckner et al., 2003) coupled to the Iand_.JSBACH differentiates the four types evergreen, raingreen,
surface-scheme JSBACH (Raddatz et al., 2007). Both modSummergreen and grasses. LAl can not exceed a maximum
els have been developed at the Max-Planck-Institute for Me_value specified for each PFT (see Table 1).
teorology. ECHAMS run with 31 vertical levels and a spec-  The fluxes of energy, water and momentum between the
tral resolution of T63, which corresponds to a grid-box width 1and and the atmosphere are calculated as described in
of 1.875 (i.e. ca. 210 km on a great circle). JSBACH differ- Roeckner et al. (2003) with the exception that JSBA_CH uses
entiates eight plant-functional types (PFTs). Forests can conth® aggregated land surface parameter of each grid-cell for
tain tropical and/or extratropical trees, which are either everthe calculation. Surface and atmosphere are coupled im-
green or deciduous. Shrubs are distinguished as raingree‘HiCi“Y- For further details on the coupling of land-surface
shrubs or cold (deciduous) shrubs. Grass is classified as ef¢hemes (e.g. JSBACH) and general circulation models see
ther C3 or C4 grass. The land surface in JSBACH is tiled inPolcher et al. (1998).

mosaics, so that several PFTs can cover one grid cell. Each The models have been tested against observations and re-
grid cell also contains non-vegetated area representing thanalysis data proving that they capture the major structure of

fraction of seasonally bare soil and permanently bare groundjlobal and regional climate (see Appendix A).

(desert). S o With regard to the results of our previous study
The global distribution of vegetation in the standard ver- (cf. Dallmeyer et al., 2010), we assume a weak synergy
sion of JSBACH is based on the potential vegetation map oOfyf the vegetation-atmosphere and ocean-atmosphere interac-

Ramankutty and Foley (1999) that had been translated intgions. To exclude a contribution of changes in ocean pa-
the eight different PFTs of JSBACH. The global distribution ygmeters to the climate signal, we prescribe pre-industrial

Land Cover Characteristics data base of the US Geologicafions, Both have been extracted from a coarse resolution ex-

Survey (Loveland et al., 2000). periment, performed with the comprehensive Earth System
Model ECHAM5/JSBACH-MPIOM. This model included
the dynamic ocean model MPIOM (Marsland et al., 2003;

2 Model and experiments
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60N dard map are covered by 20 % C3 and 80 % C4 grass south
55N i of 30° N and 80 % C3 and 20 % C4 grass north of 8D
50N R— The difference between the land cover in the afforestation
45N 3/\5 % 0 o or deforestation experiment and the control run can be seen
40N Ry T in Fig. 2 for the vegetation types forest, shrubs and grass.
35N > ——le R y o The total change of vegetated area as well as the change in
30N 1 R : L : fraction covered by shrubs is identical for both experiments.
2584 O e EEEEEEEE raec=esg ," Each experiment spans 102 yr to get significant results de-
20N % N S spite of the high natural climate variability in the Asian mon-
15N 1 - 4 " soon system. Since carbon cycle dynamics are not included
10N 1 o 0 and the vegetation distribution is prescribed, only the first
5N 1 o& //? two years of the simulations are considered as spin-up time
EQ and excluded from the analysis. The presented plots show

40E 60E 80E 100E 1208 140E results exceeding the 95 %-significance level of a standard

Fig. 1. Extended Asian monsoon region (shaded). In this region,StUdents ttest.

land cover is changed either to forest or to grass in the afforestation
and deforestation experiment, respectively. 3 Results

The period of a reversed upper-tropospheric temperature gra-
Jungclaus et al., 2006). Atmospheric composition is keptdient between 5N and 30 N is often taken as a definition
constant at pre-industrial values; g@oncentration is setto for the Asian monsoon season (Li and Yanai, 1996; Webster
280 ppm. et al., 1998; Ye and Wu, 1998). According to this definition,

Under these boundary conditions, three experiments wittthe length of the monsoon season in our experiments remains
differently prescribed land cover in an extended Asian mon-unaffected regardless of which land cover is prescribed (not
soon region (See F|g 1) are conducted: these are a Contr(ﬂhown). Based on the month of earliest simulated onset and
run with standard, potential land cover (CTRL), an experi- latest simulated withdrawal in the Asian monsoon domain
ment with forest in the entire region (FOR) and an experi-We therefore divide our analyses period into two different
ment with grass cover in the entire region (GRA). Thereby,seasons. These are the monsoon season (lasting from May
the region was selected combining the following criteria: we to October) and the dry/cold season (lasting from November
extend the Asian monsoon domain by including areas wherdo April). Furthermore, we concentrate on precipitation and
previous model results have suggested a strong increase #far-surface air temperature as the main parameters describ-
Vegetation for mid-Holocene orbital conditions to geta rep-ing monsoonal influenced climates. The results presented in
resentative monsoon domain for the Holocene (cf. Dallmeyetthis study are based on 100 yr-means, averaged over the re-
et al., 2010). Vegetation is not changed in high-elevated arSpective season.
eas where the mean orography in the model exceeds 4500 m. o
Furthermore, the region incorporates areas where humans'l Effect of land cover change on precipitation
settled in early- and/or mid-Holocene, i.e. the region includes

the Indus Valley, Northeast China and the Chinese provinceg"l'1 Afforestation experiment

Shandong, Hebei, Shanxi, Shaanxi and parts of Gansu anghe significant effect of a prescribed forest cover on sea-

Qinghai. sonal mean precipitation is illustrated in Fig. 3. The
In the afforestation experiment (FOR), land cover is pre-land cover change predominantly has a local and only

scribed as forest in the entire region. In those grid—boxes thaﬁveak effect on precipitation_ Monsoon precipitation is in-

have already been forested in the standard land surface mapreased particularly on the south-central Tibetan Plateau

the ratio between the different tree types is kept constant angup to 0.77 mm day?). In north-eastern China (ap-

the forest sum is scaled to 100 % fraction per grid-box. Inprox. 0.35 mmday?) as well as at the monsoon margin zone

grid-boxes without forest vegetation in the standard map, fOf-in Inner Mongo”a (approx_ 0.17mm da%, precipita’[ion is

estis prescribed to 50 % evergreen and 50 % deciduous treegiso enhanced. In contrast, the western Tibetan Plateau re-

Trees are prescribed as extratropical or tropical to the nortfeives less precipitation (up to 0.26 mmday in the af-

or south of 30N, respectively. forestation experiment. At the Yangtze delta and parts of
The same method is applied in the deforestation experithe Great Plain of China as well as in South India rain-

ment (GRA). For grid-boxes already containing grass PFTdall is reduced by up to 0.35 mm day and 0.43 mm day?,

in the standard map, the ratio between C3 and C4 grass igespectively.

fixed and total grass sum per grid-box is scaled to 100 %

coverage. Regions not containing grass PFTs in the stan-

Biogeosciences, 8, 1499519 2011 www.biogeosciences.net/8/1499/2011/
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Fig. 2. Differences in forest, shrubs, grass and total vegetation distribution between the land cover map prescribed in the afforestation
experiment (for) or the deforestation experiment (gra) and the control run (ctrl). Values are given in fraction per gridbox.

In the dry/cold season, the land cover change causeBr monsoon precipitation in a broad band in South and
a significant increase of precipitation on the Tibetan East Asia, including the Yangtze-Huanghe-plain, Indochina,
Plateau (ca. 0.39mmda}) and in north-eastern China Bay of Bengal, parts of the Tibetan Plateau and East In-
(ca. 0.09 mmday?). Less precipitation occurs in the region dia (Fig. 3). The maximum reduction in monsoon rainfall

west and north of the Tian Shan (up to 0.23 mmday (2.3mmday?) occurs on the south-eastern edge of the Ti-
betan Plateau. In contrast, monsoonal precipitation increases
3.1.2 Deforestation experiment slightly, but significantly on the western Tibetan Plateau,

reaching 0.26 mm day at most.
Complete grass cover in the Asian monsoon region in-

stead of present-day potential vegetation leads to a decrease

www.biogeosciences.net/8/1499/2011/ Biogeosciences, 8, 18392011
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monsoon season (MJJASO)
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Fig. 3. Simulated precipitation change between the afforestation (for) or deforestation (gra) experiment and the control run (ctrl), averaged
over the monsoon season (left panel) and the dry/cold season (right panel). The monsoon season lasts from May to October, the dry/colc
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season contains the month from November to April. Values are given in mmtda@nly values exceeding the 95 %-significance level

(t-test) are shown.

In the dry/cold season, the strong precipitation reductiondecrease. The land cover change leads to significant cooling

is confined to Eastern China (up to 0.56 mmdHyand the
Indochinese Peninsula (up to 0.35mmday The central

in some parts of the Indian West coast and southeast of the
Tibetan Plateau (up te 0.3 K).

and western Tibetan Plateau receives more precipitation, in In the dry/cold season, 2 m-temperature is particularly in-
particular the western Himalaya with up to 0.3 mmday

3.2 Effect of land cover change on near-surface air

temperature

3.2.1 Afforestation experiment

creased in Northeast China (up to 2.2K) and on the south-
ern flank of the Tibetan Plateau (up to 2.1 K). Eastern China,
including the eastern Tibetan Plateau, North India, and the
region north of the Arabian Sea experience a warmer cli-
mate (up to 0.4K). Only at a few grid-boxes southeast of
the Tibetan Plateau temperatures slightly decrease by up to
—0.25K.

Figure 4 shows the significant effect of afforestation on near-
surface air temperature. In the monsoon season, the regiorg2.2 Deforestation experiment

north of 30 N that experience a strong afforestation reveal a

warmer climate. Temperature increases up to 0.58 K in Innein the deforestation experiment, monsoon season temper-
Mongolia and north-eastern China, up to 0.4 K on the eastermtures are lower in Northeast China (up to 0.35K), Inner
Tibetan Plateau and up to 0.65K southwest of and on théMlongolia (ca. 0.2K) and on the Tibetan Plateau (up to
western Tibetan Plateau. South of 30temperatures tendto 0.55K) compared to the control run (Fig. 4). In contrast,

Biogeosciences, 8, 1499519 2011
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monsoon season (MJJASO) cold season (NDJFMA)
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Fig. 4. Simulated near-surface air temperature (in 2m height) change between the afforestation (for) or deforestation (gra) experiment
and the control run (ctrl), averaged over the monsoon season (left panel) and the dry/cold season (right panel). The monsoon season las
from May to October, the dry/cold season contains the month from November to April. Values are given in K. Only values exceeding the
95 %-significance (t-test) are shown.

the deforested regions south oP2% experience a warming. 4 Discussion
Temperatures increase by up to 0.9K in northern Thailand.
Higher temperatures are also found in eastern China, particThe land surface can force the atmosphere via the physi-
ularly at and around the Great Plain (up to 0.6 K). cal quantities snow cover, soil moisture and vegetation (Ya-
With prescribed grass cover, dry/cold season temperaturegunari, 2007). In the context of this study, the effect of veg-
are lower in whole eastern China. The cooling is particu-€étation change on climate is most important, though vegeta-
larly pronounced in regions, which experience a strong delion Change also indirectly can influence the other param-
forestation, e.g. the Great Plain (ca. 0.7 K). Nevertheless, théters. The land cover controls the energy balance at the
strongest temperature decline occurs in Northeast China (upurface via albedo and roughness length and influences the
to —2.2 K). Climate becomes slightly warmer in the north of evapotranspiration. Modifications of the energy fluxes can
India by up to 0.25K. At the deforested southern flank of lead to changes in temperature, pressure field and circulation

the Tibetan Plateau, near-surface air-temperature decreasé3ielke et al., 1998). Modifications of the evaporation due to
(ca.—0.8K). land cover changes together with circulation changes affect

the precipitation distribution. Therefore, we start this chap-
ter with a discussion of the energy and water balance change
related to the applied afforestation and deforestation.

www.biogeosciences.net/8/1499/2011/ Biogeosciences, 8, 18392011
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Fig. 5. Simulated change of different parameters influencing the precipitation change between the afforestation experiment (for) and the
control run (ctrl), averaged over the monsoon seagatotal cloud cover in %(b) evaporation in mm day!; (c) mean sea level pressure

in Pa, shaded, combined with 850 hPa wind inmh,svector;(d) precipitation-evaporation in mm day as approximation of the moisture
convergence. Except for the wind-field, only values exceeding the 95 %-significance level in a standard student’s t-test are shown. Instead,
wind-vectors are masked out when their magnitude is smaller than one-tenth of the maximum vector length (herer¥).15m's

4.1 Change of circulation and water balance — Japan region to North/Northeast China suggests a shift
of the East Asian summer monsoon rain band, i.e. a north-
westward extension or shift of the region influenced by the
The Asian monsoon circulation is primarily driven by the Monsoon. This would also explain the reduction of precipita-
seasonal differential heating between the Asian continent an§iOn at the Great Plain and surroundings. The approximation
the Indian and Pacific Ocean. During the summer monsoor{©" the moisture convergence (precipitation-evaporation (pe),
season, a deep surface heat low covers the region betwedfid: 5d) reveals a negative anomaly (i.e., a moisture source)
the Arabian peninsula and the Chinese East coast with lowedf that region. The extension of the monsoon is consistent
pressure in North India and Pakistan. In consequence of th#ith the wind field showing a slight enhancement of the East
afforestation, the monsoon trough deepens by upt@0Pa  Asian summer monsoon flow.
in North India (Fig. 5c). Therefore, the Indian monsoon is  During the dry/cold season, the high pressure system in
slightly strengthened, which at least contributes to the enNorth China is weakened by up t0100 Pa (Fig. 6¢). There-
hanced precipitation over southern Himalaya. fore, the strong southward flow in eastern China charac-
In North and Northeast China, the precipitation increaseterising the East Asian winter monsoon is also weakened.
coincides with an enhanced cloudiness (up to 3%, Fig. 5a)The pressure anomaly induces an anticyclonic wind anomaly
and an increased evaporation (up to 0.56 mntdaysee  with a core in the Yellow Sea which brings warm and wet
Fig. 5b), probably indicating an enhanced water recycling inair-masses to Northeast China. This seems to lead to more
that region. The shift in cloud cover from the Great Plain clouds and more precipitation in that region.

4.1.1 Afforestation experiment

Biogeosciences, 8, 1499519 2011 www.biogeosciences.net/8/1499/2011/
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Fig. 6. Same as Fig. 5, but for the dry/cold season.

The increase of precipitation on the Eastern Tibetan During the dry/cold season the moisture flux is more diver-
Plateau coincides with an enhanced cloudiness (up to 4 %{ent in eastern China than in the control experiment (Fig. 8).
and an increased evaporation (up to 0.38 mntdpgs well In addition, evaporation rate and cloud cover are reduced by
as a mean sea level low pressure anomaly (up280Pa).  up to 0.52 mm day® and up to 4 %, respectively. Both indi-
The latter leads to a wind anomaly from the Bay of Bengal cate a weaker local moisture recycling and weaker moisture
to the continent, probably contributing to the precipitation convergence being responsible for the precipitation decline

change. in that area. The precipitation increase on the western Ti-
betan Plateau is associated with more clouds (2 %) and mois-
4.1.2 Deforestation experiment ture convergence.

Deforestation leads to an attenuation of the Indian and Easj - Change of albedo and turbulent heat fluxes

Asian summer monsoon flows (Fig. 7c). This circulation

change is associated with a high pressure anomaly formingiad.2.1  Afforestation experiment

South and Central Asia, in particular on the Tibetan Plateau

(up to 110 Pa). High pressure anomalies are often related ttn the monsoon season, afforestation leads to a decrease of
descending motion and thus indicate less favourable condialbedo by up to 9.5% (Fig. 9a). This results in an increase
tions for the formation of precipitation. As a result, mon- of the absorbed incoming shortwave radiation, which ex-
soon related convection, precipitation and also evaporatiomplains the increase of near-surface air temperature in North-
in south/south-eastern Asia is reduced (Fig. 7). Total cloudeast China, Inner Mongolia as well as in the region south-
cover decreases by up to 5%, evaporation decreases by up teest of the Tibetan Plateau. The additional shortwave radia-
0.78mmday?. In contrast, the increase of precipitation on tion at the surface is mainly transported to the atmosphere by
the western Tibetan Plateau is accompanied by more evapdhe sensible heat flux. The region of decreased near-surface
ration (up to 0.3 mm day!) and more clouds (up to 4.5%). temperature southeast of the Tibetan Plateau is associated

www.biogeosciences.net/8/1499/2011/ Biogeosciences, 8, 18392011
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Fig. 7. Simulated change of different parameters influencing the precipitation change between the deforestation experiment (gra) and the
control run (ctrl), averaged over the monsoon season. For further details see Fig. 5. Limit for wind-magnitude to be showrt.0.2ms

with a region of less net shortwave radiation at the surface4.2.2 Deforestation experiment
(ca. 6.5W n12), which is probably induced by more clouds
(not significant) and a slight albedo increase in that region.The replacement of forest with grass cover in the Asian
At least partly, the increased evaporation/latent-heat flux (ugnonsoon domain increases the albedo by up to 8% during
to 5Wm2) and the decrease of sensible heat flux (up tothe monsoon season (Fig. 11a). Nevertheless, near-surface
8.5W 1 2) contribute to lower temperatures in this region air temperatures in Southeast China and the regions south
due to an increase in e\/aporative Coo|ing (F|g 9) of 25° N are higher in the deforestation than in the con-
The strong warming in Northeast China and on the Tibetarfrol experiment. This is mainly a consequence of less pre-
Plateau in the dry/cold season is induced by a strong albedeéipitation/evaporation and less cloud cover in that region
decrease (up to 20 % and 35 %, respective]y, F|g ]_Oa) WhICKCf Flg 7a, b) which overcompensate the effect of increased
leads to a strong increase of net shortwave radiation at th@lbedo on the near-surface temperature.
surface (up to 18 W 2 and 55 W TTTZ). These regions are The lower temperatures on the Tibetan Plateau are induced
covered by snow in winter, so that the snow-masking effectoy less net solar energy at the surface (up-tdl W ni-2),
of the additional forests might contribute to the strong albedomainly due to more clouds (up to 4.5%). Stronger evapo-
decrease. rative cooling contributes to the lower temperatures on the
In the region southeast of the Tibetan Plateau, the tempefvestern Himalaya. In Northeast China, the temperature de-
ature decrease coincides with less net shortwave radiation &ease results from both, less net shortwave radiation at the
the surface (up te-6 Wm—2), which probably results from ~ surface £6 Wm~?) due to an albedo increase of up to 5%
an enhanced cloud cover (up to 3 %). as well as a higher evaporative cooling.
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Fig. 8. Same as Fig. 7, but for the dry/cold season. Limit for wind-magnitude to be shown: 015m's

In the dry/cold season, deforestation leads to an up to 25 %n the Asian monsoon region on climate. Furthermore, in
increase of albedo in the eastern part of Northeast Chinanost of the previous studies, regional climate models were
(Fig. 12), which results in less net shortwave radiation atused. The Asian monsoon system is very complex and in-
the surface (up to-20Wn?). This part of China is usu- volves large-scale circulation systems which strongly deter-
ally covered by more snow than the other parts of the Asianmine the precipitation distribution. Regional climate models
monsoon domain. Therefore, the lack of snow-masking bycan not capture the impact of vegetation changes on the large-
trees as well as a possibly enhanced snow-albedo feedbadcale circulation and, thus, may not capture the entire effect
in the deforestation experiment may play an important roleof vegetation on the regional climate change.
in decreasing the near-surface-temperature in this region. So far, no other publications exist prescribing complete
forest or grass cover in the Asian monsoon domain, but
our results show similar climate signals received in previous
studies performing land cover change experiments. Like in
The experimental design and research questions of our studstudies with tropical deforestation, precipitation in our sim-
and previous studies that analyse land cover changes in thelation decreases when grass cover is prescribed instead of
Asian monsoon region (and parts of it) strongly differ. While potential present-day vegetation (cf. e.g. Werth and Avissar,
previous studies mainly focus on the impact of recent anthro2005a). These studies also report that less forest cover in
pogenic land use change on the regional climate in China outropical regions leads to a warmer local climate (cf. e.g.
study assesses the maximum effect of large-scale forest covétolcher and Laval, 1994). Increased near-surface air tem-
change on the climate in the entire Asian monsoon domainperatures are also simulated in our deforestation experiment
Our study does not aim to represent the actual land covein the regions with a rather tropical climate, i.e. the region
change of the past decades. It is a sensitivity study on thea. south of approx. 26N and Southeast China, in the mon-
general effect of large-scale deforestation and afforestatiorsoon season. Outside of this area, temperature decreases as a

4.3 Comparison to other model studies

www.biogeosciences.net/8/1499/2011/ Biogeosciences, 8, 18392011
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Fig. 9. Simulated change of different parameters influencing the temperature change between the afforestation experiment (for) and the
control run (ctrl), averaged over the monsoon sea&mysurface albedo in %{p) net surface shortwave radiation in W (c) latent heat
flux in Wm™2; (d) sensible heat flux in W ré.

consequence of forest loss. This response is in line with pre4.4 Remote effect on precipitation in North Africa
vious studies of extratropical deforestation (Bonan, 2008). and the Middle East

The results from our afforestation experiment reveal a similar
pattern of precipitation change as model studies which anal'RodweII and Hoskins (1996) showed in an idealised model

yse the effect of present-day land use change in China, I.:Oétudy that Asian monsoon related diabatic heating can induce

instances, Gao et al. (2007) have compared results from sim- : . . )
) . : . escent in south-western Asia, the Arabian Peninsula and
ulations with potential vegetation cover and observed lan . . S
northern Africa via the initiation of Rossby-waves. Other

cover in China by using a regional climate model. Their re- : . . . . :
. . studies emphasise the important role of diabatic heating
sults show that the vegetation conversion from forest to farm- . . . .
L on the Tibetan Plateau by forming desert climate in North
land reduces summer precipitation in northern and wester

China and enhance precipitation in Southeast China. Simila%;g%a_"D?g:g'q(’?magg(;g)e X'Sdglioiasthgee'g;:;(eofatr;ﬁsvl\il:l’(

results were deduced by Zheng et al. (2002) by prescribinqand cover change in the Asian monsoon domain may affect
simultaneous vegetation degradation in the northern Chinespne climate in these regions as it has a strong influence on

prairies and the southern evergreen forests. Furthermor he energy balance. We address the possible remote effect of

precipitation increases at the Indian East coast. The fore ; T .
. . and cover change by analysing precipitation change in the
loss between our afforestation experiment and the contro

monsoon season.

run leads to a similar precipitation change in the monsoon

season. Figure 3 already reveals that the land cover change pre-

scribed in this model study has predominantly a local and
only weak influence on precipitation regarding the change
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Fig. 10. Same as Fig. 9, but for the dry/cold season.

of absolute precipitation amount. But, when looking at Mediterranean by 20%-30%. Figure 7 shows that the de-
the relative precipitation change the anomaly can be veryforestation leads to a low-pressure anomaly of up to 33 Pain
large. Figure 13 illustrates the change in monsoon seasoNorthern Africa. Therefore, the heat low in the Sahara is ex-
precipitation rate weighted by the current (ctrl) precipitation panded and deepened. This induces an enhanced low-level
rate. Afforestation has a strong influence on precipitation inflow from the ocean to the continent, bringing more moisture
North Arabia, East Egypt and the region around the South+to the Sahara and Sahel. Furthermore, a reduced convergence
ern Caspian Sea. Precipitation is more than halved in a large the upper troposphere above Africa and the Mediterranean
area. In many places, precipitation even decreases by 80¢-ig. 13) facilitate the formation of deep convection and pre-
100%. The upper-tropospheric velocity-potential anomalycipitation.

suggests that this change results from an increase in upper-

level wind convergence, enhancing the descending motion, 5 Effect of idealised forest-cover change on

and suppressing convective precipitation. In contrast, N0 sig-  qid-Holocene climate

nificant large-area precipitation change occurs in the North

African monsoon region and the Sahara. During mid-Holocene, large parts of the Asian monsoon

Deforestation in the Asian monsoon region leads to adomain were covered by more forest and the forested
significant increase of precipitation in large parts of North and vegetated region expanded further inland compared to
Africa. In the Sahel zone precipitation amount rises by morepresent-day (e.g. Yu et al., 2000; Ren and Beug, 2002; Ren,
than 10 %, in the eastern Sahel even by more than 50 %. Th2007; Herzschuh et al., 2010). Pollen-based vegetation re-
west coastal regions receive more than 25 % more precipitaconstructions reveal broad land-cover degradation since that
tion. In the central Sahara precipitation is more than doubledperiod (e.g. Zhao et al., 2009). These changes are of-
Besides, precipitation rate is increased in the north-easterten related to the decrease in Asian monsoon strength (e.g.

www.biogeosciences.net/8/1499/2011/ Biogeosciences, 8, 18392011
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Fig. 11. Simulated change of different parameters influencing the temperature change between the deforestation experiment (gra) and the
control run (ctrl), averaged over the monsoon season. For further details see Fig. 9.

Fleitmann et al., 2003; Wang et al., 2005; Maher, 2008) en-be underestimated. A complete picture of the mid-Holocene
tailing shifts in precipitation pattern. land cover in the Asian monsoon region and its change dur-

However, early human forest clearance might also havéng the following millennia thus cannot be derived yet, nei-

impacted the mid- to late-Holocene climate and land coverther from reconstructions nor from previous model-results.

change. Conversely, climate and land cover change could To assess the blﬁgezp_hyswal Impact (I)'f Holocenehland
strongly have influenced the development and decline ofOVGFhC ange .gn : ed stan mohr?:soon climate r\:ve .t ergd—
different prehistoric cultures in the Asian monsoon domain ore chose an idealised approach: we assume that in mid-

(cf. Fu, 2003; Clift and Plumb, 2008). The linkage between IJoIfocene, tr;e rt]ent|rgdAS|a? tmo|_r|15|oon dorrll'am Wai covered
mid-Holocene climate, vegetation and human dynamics in yllorest aT rt] at m|f- to la Ie- 0 ocenhe ¢ |m?te Cd arr:ge as
the Asian monsoon region is therefore a scientific questionWe as early human orest ¢ cearance have at_ere the veg-
: : etation up to its present-day potential distribution. In other
worth to investigate. ) ;
_ _ . words, we repeat the afforestation and control experiment
As the Asian topography is very complex, the relatively with the same boundary conditions with the exception that
sparse-distributed reconstructions can not necessarily reprgye prescribed mid-Holocene (6 k=6000yr before present)
sent the land cover in the entire_ region. Numericall experi-insolation (FOR6k and CTRL6k). The biogeophysical ef-
ments, for example conducted with the comprehensive Eartiect of the idealised Holocene land cover change is then de-

system model ECHAM5/JSBACH-MPIOM support the in- fined as the difference between the experiments “FOR6K”
crease of vegetation and forest in the Asian monsoon domaignd “CTRL6GK".

under 6k climate conditions (Dallmeyer et al., 2010). But,
compared to the available pollen records, the magnitude of
Holocene vegetation change in these simulations seems to

Biogeosciences, 8, 1499519 2011 www.biogeosciences.net/8/1499/2011/
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Fig. 12. Same as Fig. 11, but for the dry/cold season.
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Fig. 13. Simulated change in monsoon season precipitation weighted by the precipitation of the control run in % (shaded) and simulated

change in upper-tropospheric velocity potential indsn® (contour). Left panel: afforestation experiment (for) — control run (ctrl); right

panel: deforestation experiment (gra) — control run (ctrl). Values are averaged over the monsoon season. Precipitation differences are only

shown if they exceed the 95 %-significance level in a standard student’s t-test.
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Fig. 14. Simulated precipitation change [mm d@y} between different experiments, averaged over the monsoon se@gosignificant

(95 %, t-test) difference between the afforestation experiment (for) and the control run (ctrl) under mid-Holocene orbital coffojitidns.
ference of the afforestation-induced climate signal (forctrl) between the simulations with mid-Holocene (6 k) and present-day (0 k) orbital
condition.(c) significant (95 %, t-test) difference between the control run with mid-Holocene orbit and the control run with present-day orbit
prescribed(d) moisture convergence [mm dé}/] between for-ctrl under 6 k-orbit and for-ctrl under 0 k-orbit combined with the difference

in 850hPa-wind [m3s1]. Wind vectors with a magnitude of less than 0.15m sre not shown. Please note that the figures on the right
panel do not only show significant values.

Figure 14a depicts the summer monsoon related precipita- To better visualise the different effect of afforestation un-
tion difference between the afforestation and control experder 6 k- and 0 k-orbital conditions, Fig. 14b illustrates the
iment under 6 k-orbital conditions. Overall, the amplitude difference of the afforestation-induced precipitation anoma-
of monsoon precipitation change is similar as for 0k-orbit lies (6 k—0Kk). It emphasises that afforestation leads to more
(cf. Fig. 3, upper left panel), but the pattern of change is dif- precipitation in south- and central-eastern China as well as
ferent. Afforestation has the same effect on precipitation atin India when mid-Holocene instead of present-day orbit is
the south-central Tibetan Plateau (increase), the western Tprescribed. These differences in precipitation signal can be
betan Plateau (decrease) and in Northeast China (increaseglated to a change in circulation and moisture convergence
regardless which orbit is prescribed. However, under 6 k-(Fig. 14d). With prescribed 6k-orbit, afforestation leads to a
orbital conditions, afforestation leads to more instead of lessstronger monsoon flow anomaly onto the continent than un-
precipitation in south-eastern China (up to 0.2mmdady der Ok-orbital conditions. Therefore, more moisture is trans-
and significantly more precipitation in north-western India ported from the Pacific Ocean and Bay of Bengal to East
(up to 0.25mmday?). Most striking is that precipitation China and India.
is significantly increased by up to 0.45mmdayin the
Shaanxi — Shandong region, where the prehistoric cultures
settled.
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Figure 14c shows the monsoon precipitation difference as-
sociated with the pure orbital forcing. Compared to this
signal, the effect of afforestation on monsoon precipitation
is weak. However, in the region with prehistoric settle-
ment in eastern China, the precipitation change due to af-
forestation (6 k) is approx. half as large as the change in-
duced by the orbital forcing. Averaged over the region of
ca. 99 E-120 E and 28 N-42 N, afforestation leads to a
precipitation increase of 0.14 mm day The orbital forcing
results in 0.25 mm day* additional precipitation.

According to our model results, large-scale Holocene
forest decline, regardless, whether it has been climate- or
human-induced, could thus strongly have contributed to the
decrease in summer monsoon precipitation reconstructed for
the East Asian monsoon region (e.g. Wang et al., 2005).
However, the magnitude of the assumed forest loss in our
study is intentionally exaggerated. The resulting climate
signal can only be interpreted as a maximum effect. In
comparison with the strong orbitally-induced climate signal,
prehistoric deforestation might have been of no consequence.
Nevertheless, according to our model results, one can not ex-
clude that decreasing forest cover in the Asian monsoon re;
gion during the Holocene could have generated an additiona
environmental pressure on the Asian human civilisations by
further reducing water availability.

5 Summary and conclusion

This study highlights the effect large-scale land cover change
in the Asian monsoon domain could have on the regional and
remote climate. By applying the general circulation model
ECHAM5/JSBACH a set of numerical experiments has been
performed with either complete forest cover or complete
grass cover or potential present-day vegetation prescribed.
Our analyses address the following questions: how do
afforestation and deforestation influence the local climate?
How large is the remote effect on precipitation in North
Africa and the Middle East? Could early- and mid-Holocene
land cover changes have contributed to the decreasing Asian
monsoon precipitation known from reconstructions?

a. Local effect:

— The impact of land cover change on local precipitation
is most pronounced in the monsoon season. During this
time, deforestation leads to a broad reduction of precip-
itation in the Asian monsoon domain. In contrast, the
change of precipitation resulting from afforestation is
arranged in an alternating pattern: rainfall is decreased
in South India and the Great Plain of China, while it is
increased in south-eastern China, the southern part of
the Tibetan Plateau and Northeast China.

www.biogeosciences.net/8/1499/2011/
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— The precipitation signal can partly be related to changes
in humidity and moisture convergence and are partly in-
duced by a modification of the low level circulation and
vertical motion.

The impact of land cover change on local near-surface
air temperatures is most pronounced in the dry/cold sea-
son. During this time, deforestation leads to a cool-
ing and afforestation to a warming of the climate in
most parts of the Asian monsoon domain. In the mon-
soon season, the signal is of similar shape in the regions
with a rather temperate or cool climate, i.e. the northern
parts. In the southern parts where climate is tropical,
afforestation (deforestation) leads to a temperature de-
crease (increase) resulting from an enhanced (reduced)
evaporative cooling.

— Most of the temperature signal can be explained directly
by the change in surface albedo due to the land cover
change and the accompanied alteration of the surface
energy balance.

Remote effect:

— Changes in the Asian monsoon system can affect the
climate in North Africa and the Middle East via the
modification of the large-scale circulation. In our ex-
periments, the remote effect of land cover change in the
Asian monsoon domain on the precipitation pattern in
these regions is strong with respect to the relative pre-
cipitation amount.

According to our simulations, deforestation in the Asian
monsoon domain significantly increases precipitation in
most parts of North Africa. In some parts of the Sahara,
rainfall is even doubled.

Afforestation has no significant influence on African
climate, but reduces precipitation in northern Arabia by
up to 100%. That means, large-scale afforestation in
monsoonal Asia could lead to a complete cessation of
summer rainfall in northern Arabia.

Role of Holocene land-cover change:

— The amplitude of the climate signal induced by af-
forestation does not change when prescribing mid-
Holocene instead of present-day orbital conditions, but
the pattern shifts, showing more precipitation in the re-
gion along the Yellow River.

— Compared to the climate change related to the orbital
forcing, the overall climate signal induced by the land
cover change is small in our model experiments. How-
ever, in the settlement area of East Asian prehistoric so-
cieties (mainly along the Yellow River) the precipitation
change associated with the afforestation is half as large

Biogeosciences, 8, 18392011
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monsoon season (MJJASO)
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Fig. Al. Simulated near-surface air temperatu?€][ compared to the observational dataset CRU TS 2.1 (Mitchell and Jones, 2005)
and ERA40 reanalysis data (Simmons and Gibson, 2000), averaged over the monsoon season (May—October) and the dry/cold seaso
(November—April). Values are taken from the CTRL simulation. CRU TS 2.1 does not include oceanic regions.

as the orbitally-induced precipitation change. In other Appendix A

words: under the assumption that the entire Asian mon-

soon region was covered by forest in early- and mid- Simulated present-day Asian monsoon climate

Holocene, the loss of forest to the present-day potential

land cover is responsible for more than one-third of theIn this study, JSBACH functions as land-surface scheme of

total mid- to late Holocene precipitation change in the ECHAMS. In order to provide an overview on the represen-

settlement area of the major East Asian neolithic civili- tation of the present-day climate in ECHAM5/JSBACH, we

sations. compare key variables of the Asian monsoon climate sys-

tem with observations and reanalysis data. Here, we show

— The here prescribed complete forest cover is definitelynear-surface air temperature in two meters height (Fig. A1),

an exaggerated representation of the mid-Holocene lan@nnual mean precipitation (Fig. A2), mean sea level pressure

cover in the Asian monsoon region. Therefore, the am-and the wind circulation in 850hPa (Fig. A3).

plitude of the climate signal is probably too high. Overall, the model is able to capture the observed tem-
eperature distribution and the monsoon circulation is well

— Our model resuilts show that large-scale forest declin represented. Regarding precipitation, the model calculates
in East and South Asia leads to heavy losses in re-a Fs)imilar réci itgtion ga?tern pas obs,erved but underesti-
gional precipitation. One can not exclude that climate- precip P '

; ' mates the annual mean precipitation in the Indian monsoon
or human-induced land cover changes have contributed ™. .

. . L region. Furthermore, ECHAM5/JSBACH overestimates an-
to the decline of major prehistoric civilisations by am-

plifying the general orbital-induced attenuating Asian nual mean precipitation at the steep slopes of the Himalaya

mountain range.
summer monsoon. ountain range
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annual precipitation
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Fig. A2. Simulated annual precipitation [nmy¥] compared to the observational datasets of GPCP (Adler et al., 2003) and CMAP (Xie and
Arkin, 1997). Values are taken from the CTRL simulation.
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