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Abstract. The impacts of various scenarios of a gradual1l Introduction

snow and glaciers developing over the Tibetan Plateau on

climate change in Afro-Asian monsoon region and other re-Holocene climate change is one of the focus themes both in
gions during the Holocene (9 kyr BP0 kyr BP) are studied paleoclimate modeling and proxy data reconstruction com-
by using the Earth system model of intermediate complexity,munities. By examining 50 globally distributed paleocli-
CLIMBER-2. The simulations show that the imposed snow mate records, Mayewski et al. (2004) revealed as many as
and glaciers over the Tibetan Plateau in the mid-Holoceneix periods of significant rapid climate change during the
induce global summer temperature decreases over most ¢folocene which were synchronous of the whole Earth. It
Eurasia but in the Southern Asia temperature response i suggested that changes in insolation related both to Earth’s
opposite. With the imposed snow and glaciers, summegorbital variations and to solar variability played a central role
precipitation decreases strongly in North Africa and Southin the global scale changes in climate of the last 11.5 cal kyr
Asia as well as northeastern China, while it increases in(Mayewski et al., 2004). This insolation driving mecha-
Southeast Asia and the Mediterranean. For the whole pehism in the Holocene climate change is supported by cli-
riod of Holocene (9 kyr BP0 kyr BP), the response of veg- mate modeling experiments of African-Asian monsoon cli-
etation cover to the imposed snow and glaciers cover ovemate (e.g. Kutzbach and Otto-Bliesner, 1982; Kutzbach and
the Tibetan Plateau is not synchronous in South Asia and ifSuetter, 1986; COHMAP Members, 1988; Joussaume et
North Africa, showing an earlier and a more rapid decreasedl-, 1999; Otto-Bliesner, 1999; Weber et al., 2004). How-
in vegetation cover in North Africa from 9 kyr BP to 6 kyr BP  €ver, external forcing, e.g. the Earth’s orbital variations and
while it has only minor influence on that in South Asia until the solar variability, can be amplified and modified through
5 kyr BP. The precipitation decreases rapidly in North Africa @ number of feedbacks within the climate system leading
and South Asia while it decreases slowly or unchanged durto marked climate variations in the Holocene (Foley et al.,
ing 6 kyr BP to 0 kyr BP with imposed snow and glacier cover 1994; TEMPO Members, 1996; Claussen and Gayler, 1997,
over the Tibetan Plateau. The different scenarios of snowGanopolski et al., 1998b; Wang, 1999). The atmosphere-
and glacier developing over the Tibetan Plateau would revegetation feedback is an important amplifying factor of the
sult in differences in variation of temperature, precipitation North Africa’s abrupt climate transition from a wet phase
and vegetation cover in North Africa, South Asia and South-t0 a dry phase starting at around 6kyrBP (Texier et al.,
east Asia. The model results suggest that the developmerk997; Claussen et al., 1999). The positive oceanic feed-
of snow and ice cover over Tibetan Plateau represents an adpack is another factor for enhanced African summer mon-
ditional important climate feedback, which amplify orbital soon in early Holocene (Kutzbach and Liu, 1997; Liu et
forcing and produces a significant synergy with the positiveal., 2003). Studies from lake sediment pollen and carbonate
vegetation feedback. records showed the arid phase in South Asia probably started
around 5kyr BP (Maxwell, 2001; Singh, 2002), coinciding
with a stepwise weakening of the southwest monsoon (Gupta
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4.6-4.2 kyr BP (Gupta et al., 2003). In addition, it is indi- ice-sheet mass balance expands from 11 kyr BP to O kyr BP
cated that the so-called “Megathermal” or “Holocene Opti- (Casal et al., 2004, Fig. 11). Oven (2009) reviewed the latest
mum” from 8.5-3.0 kyr BP often mentioned in the Chinese Holocene glacier fluctuations in the Himalaya and Tibet, sug-
Quaternary and paleoclimate community (Huang, 1998; Qingesting that “notable glacier advances occurred during the
2002), as defined by peak precipitation or effective moisture L ate-glacial and the early Holocene, with minor advances in
is asynchronous in eastern Asian monsoon regions, which isome regions during the mid-Holocene” and “there is abun-
related to a general weakening and southward retreat of thdant evidence for multiple glacial advances throughout the
East Asian summer monsoon since about 9 kyr BP (An et al.|atter part of the Holocene”. Both observation and modeling
2000). of glacier development over the Tibetan Plateau suggest that
The Tibetan Plateau, with a mean elevation of 4.5kmthe Tibetan Plateau may have experienced a glacier fluctu-
above sea level and an area of 21%° km?, is one of the  ation during the Holocene. There are different suggestions
most imposing topographic features in Central Asia and theconcerning the controlling factors on glacier expansion over
greatest glaciated areas outside the Polar Regions. The TiFibetan Plateau during the Holocene. Thompson et al. (2006)
betan Plateau has a profound influence on regional and globauggest that glacier expansion on the southern and central
atmospheric circulation and is therefore important for our un-Tibetan Plateau is driven mainly by variation in monsoonal
derstanding the dynamics of global environmental and cli-precipitation that is modulated by precession-driven insola-
matic change (Ruddiman and Kuzbach, 1989; Molnar andion changes, while Yang et al. (2007) argued that it is the
England, 1990; Prell and Kutzbach, 1992; Yanai et al.,temperature change rather than precipitation change caused
1992). Studies of glacier changes during the late Quaterby variations of the south Asian summer monsoon that is
nary were conducted over the Tibetan Plateau and signifithe controlling factor for glacier fluctuation during the late
cant progress has been made in recent years (Lehmkuhl artdolocene.
Oven, 2005). Earlier study has revealed that there were in- In a previous model study using CLIMBER-2, Jin et
tervals of glacier advances over the Tibetan Plateau duringl. (2005) studied the impacts of ice and snow cover over the
the Holocene at about 8.2—7.2 kyr BP, 5.8—-4.9kyr BP, 3kyTibetan Plateau on Holocene climate change and the simu-
BP and 300-450yr BP, respectively (Lehmkuhl, 1997). Ob-lation results suggest that the snow and glacier environment
servation from the Dasuopu glacier (28 N, 85°43 E) (lo- over the Tibetan Plateau is an important factor for Holocene
cated in the southwestern region of the Tibetan Plateaupfrican-Asian monsoon retreat and an amplifier for monsoon
shows a gradually increase of snow accumulation from ADregional climate variability. In their transient modeling ex-
1600 to 1817, and then a significant increase persisted unperiments (Jin et al., 2005), the changes of snow and glaciers
til AD 1880 (Thompson et al., 2000). At another glacier over the Tibetan Plateau was set to be simply linear increas-
site, the Guliya ice cap (387 N, 81°29 E) which is located  ing from 9 kyr BP to present. However, the assumption that
in northwestern region of the Tibetan Plateau and whosethe snow and glaciers developing on the Tibetan Plateau were
records is believed to cover more than 100 000 years, sparin a linear way may be unrealistic due to the complexity of
ning the whole Holocene to the last interglacial (Christ- snow and glacier development. Because the different scenar-
ner et al., 2003) showed a rapid decrease in temperatur@®s of snow and glaciers developing on the Tibetan Plateau
up to 3~4°C during the period of 7-5kyrBP (Thompson may have different effects on climate change, here, as a
et al., 1997; Yao et al., 2000). Glaciers at Nanga Parbafollow-up research of Jin et al. (2005), we conduct a series
(85°14'15" N, 74°3521" E), north western Himalaya Moun-  of sensitivity experiments by using CLIMBER-2 focusing on
tains, expanded during the early to middle Holocene abouthe impacts of different scenarios of snow and glaciers devel-
9.0-5.5kyr BP (Phillips et al., 2000). Evidence from oxygen oping over the Tibetan Plateau on Holocene climate changes
isotope records in the Bay of Bengal shows that during early-in African-Asian monsoon region and other regions.
middle Holocene, the Himalayas experienced at least two
significant episodes of aridity and intensified glaciation at 5—
4.3kyrBP and about 2kyr BP (Chauhan, 2003). Recently,2 Model and experimental set-up
evidence based on radiocarbon ages of fossil wood buried
in moraines, lichen-dated moraines and tree ring identified2.1 The model
three main periods of glacier advances in the southeastern Ti-
betan Plateau during the late Holocene: around AD 200—-600The Earth system model of intermediate complexity,
AD 800-1150, and AD 1400-1920, respectively (Yang et al.,CLIMBER-2, used in this study was developed in Potsdam
2007). By using a set of data from a fully coupled ocean- Institute for Climate Impact Research (PIK) in Germany to
atmosphere model (FOAM), Casal et al. (2004) calculatedperform the long-term simulations. The model consists of
the ice-sheet mass balance for the Tibetan Plateau for thenodules describing atmosphere, ocean, sea ice, land sur-
present day, and for several different time slices of Holoceneface and terrestrial vegetation. The atmosphere module is
under the insolation forcings at 3kyr BP, 6 kyr BP, 8 kyr BP a statistical-dynamical atmosphere model with a low spa-
and 11 kyr BP. Their result show that the area with positivetial resolution of 10 in latitude and 51 in longitude but
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Table 1. Imposed snow and glacier scenarios in modeling experiments.

Scenarios  Variations of fractiofi of ice cover over the Tibetan Plateau

ICEO f is fixed at zero for all simulations AO, AV, AQV (Grey line in Fig. 3a)

ICE1 linearly increasing for the 9 kyr-transient simulation, starting with 0 at 9 kyr BP and ending with 0.2 at 0 kyr BP
(Green line in Fig. 3a)

ICE2 linearly increasing by 0.05 (1/4 of the maximum of fractional ice cover at 0 kyr BP as in ICE1) during four

periods including 7.2—8.2 kyr BP, 4.9-5.8 kyr BP, 2.4-3.32kyr BP and 3.0-4.5kyr BP, and fixed with the val-
ues the previous period reached maximum during other periods, which are mainly based on result in work of
Lehmkuhl (1997) (Purple line in Fig. 3a)

ICE3 linearly and slightly increasing in the early Holocene (9-7 kyr BP), starting with 0 at 9 kyr BP and reaching to
0.017 at 7 kyr BP, then prescribed linearly and rapidly increasing in the mid-Holocene (7-5 kyr BP), reaching to
0.117 at 5kyr BP, finally prescribed linearly and slightly increasing between 5 and 0 kyr BP, ending with 0.2 at
0 kyr BP, which mimic the Nigardsbreen Glacier {82, 7° E) expansion during the Holocene (reference results
from a process-based glacier model coupled to the intermediate-complexity climate model (ECBIlt), Weber et
al., 2003) (Red line in Fig. 3a)

ICE4 linearly increasing between 9kyr BP and 6 kyr BP, starting with 0 at 9 kyr BP and reaching to the maximum
0.2 at 6 kyr BP, then fixed at 0.2 between 6 kyr BP and 0 kyr BP, which mimic Abramov glackeN(4®° E)
variation during the Holocene resulted from ECBIlt (Weber et al., 2003) (Blue line in Fig. 3a)

explicitly resolves the large-scale circulation patterns such asn vegetation zones smaller than the spatial resolution of the
subtropical jet streams, Hadley, Ferrel and polar cells, monmodel. Atmosphere and ocean interact through the surface
soon and centers of action of the Siberian high-pressure areffuxes of heat, fresh water and momentum. The model does
and the Aleutian low-pressure area. It does not resolve innot employ flux adjustments. The CLIMBER-2 model has
dividual synoptic weather systems but rather predicts theibeen validated against present-day climate (Petoukhov et al.,
statistical characteristics, including the fluxes of heat, mois-2000; Ganopolski et al., 2001) and has been used success-
ture, and momentum associated with ensembles of synoptitully for a variety of paleoclimate studies (Ganopolski et al.,
systems. The vertical structure includes a planetary bound1998a; Claussen et al., 1999; Jin et al., 2005, 2007).

ary layer, a free troposphere (including cumulus and strati-

form clouds) and a stratosphere. Radiative fluxes are com2.2 The experimental set-up

puted on 16 vertical levels. In short, the model works like

most coupled general circulation models (GCMs) except thatTo mimic various scenarios of snow and glaciers developing
synoptic-scale activity is parametrized. The ocean moduleover the Tibetan Plateau, five scenarios of snow and glacier
is a zonally averaged model with three separate basins (Atarea growth over the Tibetan Plateau were set up for the 9 kyr
lantic, Indian and Pacific oceans) similar to the one used byransient simulation, namely ICEO, ICE1, ICE2, ICE3 and
Stocker et al. (1992), including a model of sea-ice thickness|CE4 respectively (see Table 1 for detail).

Concentration, and adVeCtion, which OperateS with latitudinal In all experiments except |CE07 the fraction of snow and
resolution of 2.5. Vertically the ocean is subdivided into 20 glaciers in the grid cell which contain the Tibetan Plateau
uneven layers. Parameterizations for its vorticity balance an¢3o°—40° N, 40°-90° E) in the model is prescribed starting
Ekman transport are employed. The model of terrestrial vegyith 0 at 9 kyr BP and ending with 0.2 at 0 kyr BP, with dif-
etation (Brovkin et al., 2002) describe the dynamics of veg-ferent scenarios of variations of fraction of snow and glaciers
etation cover, i.e. fractional coverage of a grid cell by trees,gyer the Tibetan Plateau through 9kyr BP to 0 kyr BP (see
grass, and desert (bare soil), as well as net primary producgig. 3a and Table 1 for a detail).

tivity, leaf area index (LAI),_biomass, a_md soil car_bon pool.  Three simulations using CLIMBER-2 were conducted

In CLIMBER-2, the vegetation model interacts with the at- o, aach scenario for snow and glacier area over the Ti-
mosphere model in the way that at the end of the simulayetan plateau for the Holocene. Firstly, the fully coupled
tion year, output of the atmospheric model (temperature andyyyosphere-ocean-terrestrial vegetation model (AOV) was
precipitation fields) is used to simulate temporal dynamicsgpnioyed for the transient simulation for the past 9000 years.
of vegetation cover and in turn, the vegetation cover and thESecondIy, the coupled atmosphere-ocean model (AO) with
maximum of LAl are accounted for in calculating the surface vegetation cover fixed with 9kyr BP vegetation as in the
albedo, roughness, and evapotranspiration during the fo”OW'equiIibrium run at 9 kyrBP was performed. Finally, the

ing simulation year. Hence, CLIMBER-2 is able to describe gimyjation AV was run with interactive vegetation (coupled
changes in vegetation cover that can be interpreted as shiftgyyosphere-vegetation model), while ocean characteristics
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fects of ocean and terrestrial vegetation cover respectively. Longitude

In all transient simulations (AOV, AO, AV), CLIMBER-2
was started from an equilibrium state with orbital forcing Fig. 2. Vegetation cover in CLIMBER-2.(a) Tree fraction. (b)
at 9kyr BP and it was run for 9000 years until present dayGrass fraction(c) Desert fraction.
driven by changes in orbital parameters and by different
scenarios of imposed ice forcing. The global and seasonal
change of the orbital insolation is computed with the algo-scale patterns of SLP for both (June-July-August, JJA and
rithm after Berger (1978). No flux corrections between the December-January-February, DJF) seasons, including posi-
atmospheric and oceanic modules are applied in the modelons and absolute values of the stationary high and low-
in any simulation. The atmospheric @@oncentration is  pressure systems in the subtropics and mid-latitudes. The
kept constant at 280 ppmv, and the solar constant is fixed aummer Asian low pressure system is accompanied by sub-
1365WnT2, stantial monsoon winds and heavy precipitation, especially
CLIMBER-2 captures most major features of the observedin Southern and Eastern Asia (left panel in Fig. 1). The
climatology, as can be seen in detail in work of Petoukhov etintensive winter Siberian high drives a strong southward
al. (2000), in which modeled and observed climatology for Asian winter monsoon wind, which veers southeastward af-
present day are carefully compared. Figure 1 presents the clter crossing the equator (right panel in Fig. 1). CLIMBER-2
matological surface air temperature, precipitation, sea levels able to simulate the basic global patterns of the present-
pressure and 850 hPa winds for boreal summer (left paneljlay potential vegetation cover: A boreal forest belt, tropical
and winter (right panel) in the model control run (0 kyr BP). forests (see Fig. 2a), subtropical deserts in Africa and Eurasia
The model simulates maxima of precipitation over Western(Fig. 2c¢). Grasses occupy a significant part of high latitude
Pacific, South and Central America, following seasonal shiftsregions as well as subtropical areas (Fig 2b). In midlatitudes
of the intertropical convergence zone. Boreal summer monin northern America, the model overestimates the tree frac-
soon precipitation belt is over Southern and Eastern Asiation due to the coarse model resolution: the strong W-E gra-
The spatial distribution of sea level pressure (SLP) in thedient in precipitation is not represented by the mean values
model by and large agrees with data in respect of the largeacross the continent.
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Fig. 3. Transient simulation using CLIMBER-2 for the last 9 kyr.
(a) Prescribed different scenarios of snow and glaciers develop-

ing over the Tibetan Plateau in transient simulatign fraction of
snow and glaciers)p) Simulated changes of fractigf of vegeta-
tion cover in South Asia (40E-95 E, 20° N-3(° N) in simulation
AOV with different imposed ice scenarios in (&) Same as (b) but
for North Africa (15 W—4C° E, 20° N-3C° N); (d) Same as (b) but

461

but after 5 kyr BP, even though the snow and glaciers are still
growing in all ice scenarios, the summer temperature have a
small change (Fig. 3d, f). The summer precipitation in South-
east Asia (Fig. 3g) increases rapidly during the early to mid-
Holocene (9 kyr BP to 6 kyr BP) with the gradually increased
snow and glacier cover over the Tibetan Plateau, in which
the faster the snow and glacier grows (scenario ICE4, blue
line in Fig. 3a), the more summer precipitation increases.
Since 6 kyr BP, even though the snow and glacier are still
growing (scenarios ICE1, ICE2, and ICE3), the summer pre-
cipitation in Southeast Asia no more increases or even be-
gan to decrease with the fraction of snow and glacier cover
over the Tibetan Plateau was kept constant (corresponding to
scenario ICE4). In North Africa, the strongest decrease in
summer precipitation appears around 5.5-6.5 kyr BP in sce-
nario ICEOQ (no-ice) simulation (grey line in Fig. 3i), while

in scenarios ICE1 (green), ICE2 (purple), ICE3 (red), and
ICE4 (blue), it occurs around 6.5-7.5 kyr BP, 6.5—7.5 kyr BP,
6—7 kyr BP, and 7-8 kyr BP, respectively. In South Asia, in-
cluding the southern part of the Tibetan Plateau, the rapid
and strong reduction in summer precipitation during early to
mid-Holocene is similar to that in North Africa. Compared to
scenario ICEO (no-ice), the ice scenarios (ICE1, ICE2, ICE3,
and ICE4) show a pronounced increase in summer precipita-
tion in Southeast Asia (Fig. 3g), and a decrease in South Asia

for summer (June, July, August, JJA) near-surface air temperatur¢Fig. 3h) and Africa (Fig. 3i).
in Southeast Asia (FE-145 E, 20° N-30° N); (¢) Same as (d) but Figure 4 shows the global distribution of boreal summer
‘;il" ?ﬁf?_As'a( (?G’SE_QSD E, (zf)(PbNt_‘;’O) T}A(f) Sa_m_cte ";‘_5 ) b;t fotL surface air temperature and precipitation anomalies from
or rica; (g) Same as ut for precipitation in South- ; ; L
- - present day (0 kyr BP) at 6 kyr BP simulated in AOV with im-
east Asiai(h) Same as (g) but for South Asi) Same as (h) but posed ice scenarios ICEO and ICE4, which is corresponded to

for North Africa. Colors indicate different imposed ice scenarios he diff b AOV . imulati ith
ICEO (no ice) (grey), ICEL (green), ICE2 (purple), ICE3 (red), and the difference between two transient simulations (wit

ICE4 (blue) respectively in transient simulation AOV. The vertical ICEO and ICE4) at 6kyrBP and Okyr BP (see Fig. 3a, the
red dash line in Fig. 3a indicates mid-Holocene (6 kyr BP) in Fig. 4. vertical red dash line). In ICEO (no-ice) scenarios, simu-
lated boreal summer air temperature is up%G higher than

at present in the northern parts of Europe, Asia and North
America, and summer precipitation is greater than today’s
in North Africa and South Asia, with maximum exceeding
1.6 mm/day at the center (Fig. 4, upper panel). When snow
The transient simulation in AOV revealed pronounced re-and glaciers are imposed over the Tibetan Plateau (scenario
sponses of CLIMBER-2 to changes in orbital parameters adCE4), a cooling of exceeding®Z in summer surface air
well as the impacts of snow and glacier cover over the Ti-temperature appears over the High Asia (Fig. 4, left mid-
betan Plateau (different imposed ice scenarios) on climatedle panel), and accordingly the boreal summer precipitation
Figure 3e illustrates that changes in boreal summer temperadecreases greatly in North Africa and South Asia (Fig. 4,
ture in South Asia are quite different from that in Southeastright middle panel) compared to scenario ICEO (no-ice). The
Asia (Fig. 3d) and North Africa (Fig. 3f). Since 6 kyr BP, the prominent changes of boreal summer precipitation between
summer temperature in South Asia began to increase with thiCE4 and ICEO at 6 kyr BP are in North Africa and South
fraction of snow and glacier cover increased over the TibetarAsia with a decrease at maximum by 1 mm/day, and an in-
Plateau in all imposed ice scenarios (except for ICEQ). Thecrease at maximum by 0.4 mm/day in Southeast Asia (Fig. 4,
quicker increase of snow and glacier cover over the Tibetarright low panel). The tendency for the pattern of rapidly in-
Plateau would cause a faster increase in summer temperareased precipitation in Southeast Asia (Fig. 3g, and Fig. 4,
ture in South Asia, as can be seen when compared scenaritght low panel) and decreased in South Asia and North
ICE4 with ICE1, ICE2, and ICE3 in Fig. 3e. In Southeast Africa (Fig. 4, right low panel) during the early to mid-
Asia and North Africa, the faster increased snow and glacieiHolocene reflects the tendency for the large-scale weakening
cover over the Tibetan Plateau leads to an earlier decrease ifrican-Asian summer monsoon circulation to and a south-
summer surface air temperature during 8 kyr BP to 5 kyr BP,eastward shift of the locus of monsoon rains (Fig. 4). The

2.3 Temperature, precipitation and vegetation changes
in the last 9 kyr
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Precipitation (mm/day) ICEL, ICE2, ICE3), and 6 kyrBP (scenario ICE4) respec-
R ES TRt TR RETHE tively (Fig. 3c), showing a strong effect of snow and glacier
cover over the Tibetan Plateau on North African vegetation
development. In South Asia, the response of the changes
in vegetation cover to the gradually increased snow and
glaciers over the Tibetan Plateau lags behind North Africa
a few thousand years (the fraction of vegetation cover in
South Asia reduces only 1094 ¢ ~—0.1) for the first 5 kyr
for scenarios of ICE1, ICE2, and ICE3) (Fig. 3b), while
the fraction of vegetation cover in North Africa reached al-
most zero at 5kyrBP (Fig. 3c). The snow and glacier in-
fluence on changes of vegetation cover in South Asia be-
gan after 5kyr BP, with a rather rapidly decrease in vegeta-
tion cover from 3.5 to 2 kyr BPA f ~—0.35) in scenarios of
ICE1, ICE2, and ICE3. In scenario ICE4, even though the
snow and glacier cover would not increase any more after
6 kyr BP (Fig. 3a, blue line), its influence last for the rest of
the Holocene vegetation evolution compared with scenario
ICEO (Fig. 3b). The simulated fraction of vegetation cover in
North Africa are generally in agreement with proxy records
of changes in vegetation cover evidenced from ocean tem-
B S perature and terrigenous dust in marine sediment records off
western Africa (deMenocal et al., 2000). The percentage of

Fig. 4. Simulated global patterns of differences between mid-t . dust tents indicat d fic in th
Holocene (6 kyr BP) and O kyr BP for boreal summer near-surface erngenous dust contents indicates a dramatic Increase in the

air temperature°C) (left panel) and precipitation (mm/day) (right amount of dust that relates directly to the changes in veg-
panel) with different imposed ice scenarios. (60 Kyliceo) etation as the Sahara expanded across North Africa during
indicates mid-Holocene (6 kyr BP) minus present day (0kyr BP) 5.7 kyr BP to 5.0 kyr BP (deMenocal et al., 2000).
simulations for scenario ICEO (no-ice), (6 kygs—0Kyricgo) in-
dicates 6kyrBP simulation for scenarios ICE4 minus OkyrBP 2.4 Effects of imposed ice-albedo change on North
simulation for scenario ICEO and (6 kye4—6 kyriceo) indicates African and South Asian climate
6 kyr BP simulation for scenarios ICE4 minus 6 kyr BP simulation
fo'r scgnarios ICEO. Vector arrows indicate simulations of 850 hPaj, grder to investigate the synergy between imposed ice-
wind field (m/s) differences between 6 kyr BP and O kyr BP for cor- 5164 change over Tibetan Plateau and the vegetation feed-
responding imposed ice scenarios. backs, in addition to the fully coupled experiments (AQV)
discussed above, we performed two sets of transient simula-
tions with fixed vegetation cover (AO) and fixed ocean char-
weakening and shift of the monsoon is a result of the adjustzcteristics (AV). Figure 5 shows simulated results in North
ment of the atmospheric circulation to the changes in thermalfrica for the last 9000 years from simulations AO, AV, AOV
contrast between the African and Eurasian continent and th@yith no-ice scenario ICEO, and with ice scenarios ICE1 and
Pacific and Indian Oceans during the boreal summer due tgcE4. A rapid decrease in the near-surface air temperature
the gradually weakened seasonal cycle of solar insolation "Huring the mid-Holocene in ICE4 scenario occurs about 1
the northern hemisphere. The weakening of the Asian sumgyr earlier than in scenario ICE1, and 2 kyr earlier than in
mer monsoon circulation is supported by the paleoclimatescenario ICEO both in simulations AV and AOV (Fig. 5a, b,
records (Morrill et al., 2003; Tang et al., 2000). c). Similar behavior is seen in changes in summer precip-
Compared to the changes in near-surface air temperatungation (Fig. 5d, e, f) and vegetation cover in North Africa
and precipitation, the fractiorf of vegetation cover (trees (Fig. 5g, h, i). Results of experiments AV and AQV for North
plus grasses) changed differently. Fig. 3b, ¢ shows response&frica show a similar response of CLIMBER-2 to changes
of the changes in the fractiofi of vegetation cover to the in orbital parameters and ice-imposed forcing over the Ti-
different scenarios of gradually increased snow and glacieretan Plateau while results of experiment AO show a less
over the Tibetan Plateau in South Asia and North Africa. Inclimate variations in all ice-imposed scenarios. In simula-
North Africa (Fig. 3c), the vegetation cover decreases earlietion AO (without vegetation interaction and no ice imposed)
and more rapidly than that in South Asia (Fig. 3b) in all im- (Fig. 5a, long dash line), the summer near-surface air tem-
posed ice scenarios. Complete desertification in North Africaperature decreases slowly and smoothly during the early to
appears around 3.5 kyr BP with no-ice imposed over the Ti-middle Holocene due to the slow decrease of surface ab-
betan Plateau (scenario ICEOQ), and by 5.0 kyr BP (scenariosorbed solar radiation (Fig. 6a, long dash line) and of the
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Fig. 5. Changes in summer (June, July, August, JJA) near-surfac%OO N—30° N)

air temperature®C) (a, b, c), precipitation (mm/day{d, e, f), and
vegetation cover (%{g, h, i) in North Africa (15 W—4C E, 20° N—

30° N) for the last 9 kyr in simulations AO (long dash line), AV . . .
(long and short dash lines), and AQV (solid line) with imposed ice increase in surface albedo (Fig. 6g) are caused by a strong

scenarios ICEO (no-icd}, d, g), ICE1 (b, e, h), and ICE4(, f, i). positive feedback between subtropical vegetation and precip-
itation. This feedback emerges from an interaction between

high albedo of Saharan sand deserts and atmospheric circula-
tion as hypothesized by Charney et al. (1975) and from sub-
sequent changes in the hydrological cycle (Claussen, 1997,
1998). If the snow and glaciers over the Tibetan Plateau
(scenarios ICE1, ICE4) are imposed with simulations AV
and AQV, the abrupt regional changes in summer precipita-
tion (Fig. 5e, f) and vegetation cover (Fig. 5h, i) occur ear-
lier than in no-ice (ICEO) experiments. The faster the ice
cover increases over the Tibetan Plateau (Fig. 3a), the earlier
and more rapidly the decrease in summer precipitation and

Surf albedo Evapotranspiration Absorb solar rad.

o 0 o vegetation cover in North Africa appear (Fig. 5). It tends to
e ot h 0w i be that the effect of ice over the Tibetan Plateau “acceler-
ates” the abrupt changes in summer precipitation and vegeta-
024 tion cover in North Africa, while the ocean (AO experiment)

0 o 0 plays only a minor role in North African climate change dur-
8 3 # 1 8 7 b5 5 4 5 2 1 [ [J ¥ T . . . .
ing the Holocene, as a previous modeling study in work of
Claussen et al. (1999).

Fig. 6. Changes in summer (JJA) surface absorbed solar radiation In South _ASIa' whereas the Summer preCIpItatIO_n de-
(W/m2) (a, b, c), evapotranspiration (mm/dagd, e, f), and surface ~ Cr€aSes rapidly during the early to middle Holocene (Fig. 7d,

albedo(g, h, i) in North Africa (15 W—4C° E, 20° N-3(° N) for the e, f), which is similar to that in North Africa, the sum-
last 9 kyr in simulations AO (long dash line), AV (long and short Mer near-surface air temperature (Fig. 7b, c) and vegetation
dash lines), and AOV (solid line) with imposed ice scenarios ICEQ cover (Fig. 7h, i) have a different evolution compared to that
(no-ice)(a, d, g) ICE1(b, e, h) and ICE4(c, f, i). in North Africa (Fig. 5). With a linear increase in snow
and glacier cover over the Tibetan Plateau in scenario ICE1
(Fig. 3), the summer near-surface air temperature in South
latent heat flux (evapotranspiration) (Fig. 6d). But in simula- Asia began to increase after around 6 kyr BP in simulations
tions AV and AQV, the summer near-surface air temperatureAO, AV, AOV (Fig. 7b), while in North Africa, it still de-
and precipitation change more strongly than in simulationcreases after 6 kyr BP (Fig. 5b). In scenario ICE4 (Fig. 7c),
AO in North Africa during 7-5kyr BP (Fig. 5). A parallel the summer near-surface air temperature in South Asia be-
rapid decrease in surface absorbed solar radiation (Fig. 6agan to increase almost along with the increase of snow and
latent heat flux (evapotranspiration) (Fig. 6d) and the rapidglacier cover over the Tibetan Plateau at the early Holocene.

Time (kyr BP) Time (kyr BP) Time (kyr BP)
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Fig. 8. Changes in South Asian summer monsoon index (SAMI) Time (kyr BP) Time (kyr BP) Time (kyr BP)

(m/s) in transient simulation AQV for two scenarios (ICEO, ICE4).

The SAMI here is defined as the difference of averaged West-Fig_ 9. Simulated changes in summer (JJA) (a) surface absorbed

erlies over 850hPa and 200 hPa in South Asian monsoon areg - ;
o . olar radiation(a, b, c), evaporatior(d, e, f), surface albed¢g, h,
(40° E-9% E, 0°-2(° N), which is referenced in Webster-Yang In- i), planetary albedd, m, n), and total clouds in South Asia (€~

dex (Webster and Yang, 1992) and modified according to spatia 5 E, 20° N-3C° N) for the last 9 kyr in simulations AO (long dash
resolution of CLIMBER-2. line), AV (long and short dash lines), and AOV (solid line) with
imposed ice scenarios ICEO (no-id@) d, g), ICE1 (b, e, h), and

o . ICE4 (c, f, ).
The rapidly increased summer near-surface air temperature

in South Asia is closely related to the rapid decreases in sum-

mer precipitation (Fig. 7e, f) and vegetation cover (Fig. 7h, i) experiments with imposed ice scenarios (ICE1, ICE4) cor-
in this region. Figure 7e, f shows that the summer precipita-responds to the increases in absorption of solar radiation
tion in South Asia decreases stronger in the experiments witrm:ig_ 9b, c). Although the surface albedo increases (Fig. 9h,
imposed snow and glacier cover over the Tibetan Plateay) the planetary albedo decrease with time (Fig. 9m, n) due
(scenarios ICE1, ICE4) compared to that in no ice scenariqg a strong reduction of cloud cover (Fig. 9p, g), which is, in

(ICEQ) (Fig. 7d) in AO, AV, and AOV simulations. Similarly, tur, a result of weakening of moisture convergency due to
itis shown that the faster increase in snow and glacier cove{yeakening of summer monsoon.

over the Tibetan Plateau (ScenariOS |CE1, ICE4) would cause In boreal summer, the latent heat released from North In-

an earlier (about 1000-2000 years) and more rapid decreasfian Ocean sea surface transports to air over the South Asian
in vegetation cover in South Asia (Fig. 7h, i) compared to thatcontinent via Indian monsoon circulation. Figure 10 shows
in no-ice scenario (ICEOQ) (Fig. 7g). The rapid decrease inthe simulated changes in sea surface temperature (SST) be-
summer precipitation in South Asia during the early to mid- tyeen 9 kyr BP and 0 kyr BP in North Indian Ocean {&#5-

dle Holocene (9-6 kyr BP) in ice imposed scenarios (ICE1,95° E, (> N-2° N) in experiment AOV for no ice scenario
ICE4) (Fig. 7e, f) is closely related to the weakening of the (|CE0). Although a gradually increased SST (Fig. 10c) is
South Asian summer monsoon (Fig. 8). It shows that thefayor to increase the latent heat flux to air over the South
South Asian summer monsoon strength, which is indicatedasjan continent, the increase of evaporation over the ocean
by the South Asian summer monsoon index (SAMI) as ref-and a stronger moisture transport from ocean also increase
erenced in Webster and Yang (1992), reduces much morghe cloudiness that may compensate release of latent heat
rapidly during 9-6kyrBP in ICE4 scenario than in ICEQ over sea surface. It is suggested from our modeling exper-
scenario (Fig. 8). But the vegetation cover changes slowefment that the rapid decrease in precipitation and vegetation
(Fig. 79, h, i) compared to that in North Africa (Fig. 59, h, cover after 5kyr BP (Fig. 7e, h) could reduce the planetary
i), and the surface albedo remains relatively low (Fig. 99, albedo, which increases the absorbtion of solar radiation and
h, ) compared to that in North Africa (Fig. 6g, h, i) during hence increases the summer air temperature in this region.
9-6 kyr BP. These are corresponded to a smooth decrease gfmall changes in SST (Fig. 10) in neighboring North Indian
absorption of solar radiation in this region before 5kyr BP in Ocean (by 0.3C between 9kyr BP and 0kyr BP) can only

ICEQ experiment (Fig. 9a), but an increase of absorption ofp|ay a very minor role in the South Asian continental warm-
solar radiation in ICE1 and ICE4 experiments, as can be alsgng.

compared to summer near-surface air temperature changes
during the early to middle Holocene in this region (Fig. 7a,
b, ¢). The increased summer near-surface air temperature in
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ing study by using CLIMBER-2, Claussen et al. (1999) sim-
ulated that the decrease of the North African monsoon from
early Holocene toward the present is consistent with the gen-
erally decreasing wetter conditions in North Africa, in which
the simulated rapidly collapsed monsoon within several cen-
turies during the end of the middle Holocene is supported by
the ocean temperature and terrigenous dust in marine sed-
iment records off western Africa (deMenocal et al., 2000).
The abrupt African climate response was attributed to the
highly non-linear feedbacks linking progressive decreases
in regional precipitation, vegetation cover loss, and increas-
ing surface albedo (Claussen et al., 1999). This simulation
is similar to our simulation AOV in ICEO (no-ice) scenario
(Fig. 3c). The sensitivity experiments of simulation AOV in
ice imposed scenarios (ICE1, ICE2, ICES3, and ICE4) show
an earlier and more abrupt termination of the African humid
period during mid-Holocene (see Fig. 3c, i and Fig. 5e, f, h,
i) for changes in vegetation cover and summer precipitation),
where the effect of imposed ice resembles the cold event at
about 8 kyr BP when a reduction in rainfall over regions such
as North Africa caused a period of centennial-scale aridity
(Gasse and Van Campo, 1994; Alley et al., 1997).

The drought conditions (gradually increased summer near-
surface air temperature and rapidly decreased summer pre-
180 120W 60W O 60E 120E 180 cipitation and vegetation cover in South Asia (rapid changes

Longitude after 5kyr BP in scenario ICE1 (Fig. 7b, e, h), and 1000-
2000 years earlier in scenario ICE4 (Fig. 7c, f, i) are con-
2524 © sistent with paleoclimate evidences of climatic and environ-
mental desiccation during 8-4 kyr BP. Record in the Lake
Lunkaransar (within the Thar desert, South Asia) shows that
a major environmental change led to an abrupt fall in the
24.91 lake level around 6.4 kyr BP and the lake was completely
24.8 3 7 z L ] p 2 ] 0 dry by around 5.5 kyr BP (Enzel et al., 1999). In the Ganga
Time (kyr BP) plam wh(_are is b.elng controlled Iargely by cllmatlc.vanab_ll—
ity associated with the monsoon rains, the conversion of river
channels into ponds between 8 kyr BP and 6 kyr BP, with flu-
Fig. 10. Differences in sea surface temperature (SST) betweervial activity in the region ceased sometime between 7 kyr BP
9kyrBP and OkyrBP in experiment AOV with ICEO (no-ice sce- and 5 kyr BP (Srivastava et al., 2003). The arid phase might
nario) in boreal summefa) and winter(b); (c) Changes in bo-  haye intensified around 4-3.5kyr BP as has been observed
real summer SST°C) in North Indian Ocean (4E-95 E, N~ i the terrestrial record in the Himalayas (Phadtare, 2000;
20° N) for the last 9 kyr in transient simulation AOV with scenario Chauhan and Sharma, 1996), western peninsula (Cratini et
ICEQ. al., 1994), and northwestern India (Singh et al., 1990). The
Indian summer monsoon, as indicated by the percentages of
) ] ) o fossil shells of planktic foraminifeGlobogerina bulloides
2.5 Comparison with paleoclimate records and within i 5 ypwelling record from the Arabian Sea (Gupta et al.,
different ice scenarios 2005), shows a gradual weakening over the past 8 kyr with a
more or less stable dry phase beginning about 5 kyr BP that
Climate proxy records have revealed a wetter climate incoincides with the onset of an arid phase in Indian (Sharma
North African and Asian monsoon regions in the early et al., 2004) and termination of the Indus Valley civilization
Holocene (Hoelzmann et al., 1998; Jolly et al., 1998; Ko- (Staubwasser et al., 2003; Gupta, 2004). As in North Africa,
hfeld and Harrison, 2000; Yu et al., 1998, 2001). After the effect of snow and glaciers over the Tibetan Plateau “ac-
8 kyr BP boreal summer insolation gradually declined and itcelerate” the decreases in summer precipitation and vegeta-
appears that monsoon dynamics became more sensitive t@mn cover and an increase in summer near-surface air temper-
other factors, such as transient climatic perturbations and terature in South Asia, as can be compared from experiments
restrial feedbacks involving vegetation. In a previous model-in scenarios ICE1 and ICE4 to ICEO (Fig. 7, Fig. 3e, h).
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The faster the ice cover increases over the Tibetan Plateaand vegetation cover have a different evolution during the
the earlier and more rapidly the decrease in vegetation covelolocene compared to that in North Africa. The summer
appears (Fig. 7h, i). Comparatively, the simulated climatenear-surface air temperature in South Asia began to increase
change in South Asia (onset of dry conditions) during mid- almost along with the increase of snow and glacier cover over
Holocene in ICE1, ICE2, and ICE3 scenarios is closer tothe Tibetan Plateau at the early Holocene. The rapidly in-
proxy data, in which the temporal evolution patterns of the creased summer near-surface air temperature in South Asia is
three scenarios are similar (Fig. 3e). In ICEO scenario, onlyclosely related to the rapid decreases in summer precipitation
small climate changes (gradually decreased changes in sunand vegetation cover in this region. The summer precipita-
mer near-surface air temperature, precipitation and vegetation in South Asia decreases stronger in the experiments with
tion cover appear (Fig. 7a, d, g). In ICE4 scenario, the ef-imposed snow and glacier cover over the Tibetan Plateau
fect of imposed ice seems to be over stronger to result in @han that in no ice scenario simulations during the early to
much earlier rapid climate change (Fig. 7c, f, i) than that in mid-Holocene. Similarly, an earlier (about 1000—-2000 years)
ICE1, ICE2, and ICE3 which is less consistent to paleocli-and more rapid decrease in vegetation cover in South Asia
matic records. appear in the experiments with the faster increase in snow
and glacier cover over the Tibetan Plateau. The rapid de-
crease in summer precipitation in South Asia during the early
3  Summary and concluding remarks to middle Holocene (9-6 kyr BP) in ice imposed scenarios is
closely related to the weakening of the South Asian sum-
Using the Earth system model of intermediate complex-mer monsoon. But the vegetation cover changes slower and
ity, CLIMBER-2, the Holocene climate changes were simu- the surface albedo remains relatively low compared to that
lated forced by variations of Earth’s orbital parameters andin North Africa during 9—6 kyr BP. These are corresponded
different scenarios of snow and glaciers developing overto a smooth decrease of absorption of solar radiation in this
the Tibetan Plateau. The simulations show an additionakegion before 5 kyr BP with no-ice imposed over the Tibetan
decrease in boreal summer temperature in mid-Holocendlateau, but an increase of absorption of solar radiation in
(6 kyr BP) when snow and glaciers are imposed over the Ti-ice imposed over the Tibetan Plateau. The increased summer
betan Plateau, especially in the northern parts of Europenear-surface air temperature in experiments with imposed ice
Asia, and North America. An increase in snow and glaciersscenarios corresponds to the increases in absorption of solar
over the Tibetan Plateau for the last 9000 years would lead teadiation. Although the surface albedo increases, the plane-
an earlier and more rapidly climate change in African-Asiantary albedo decrease with time due to a strong reduction of
monsoon region as well as the changes in summer tempeeloud cover, which is, in turn, a result of weakening of mois-
ature in South Asia and summer precipitation in Southeasture convergency due to weakening of summer monsoon.
Asia. The faster the snow and glaciers increase, the earlier Although our modeling experiments have focused on cool-
the rapid decrease in boreal summer temperature and préng effect induced by different scenarios of snow and glaciers
cipitation as well as vegetation cover in North Africa. How- developing over the Tibetan Plateau on Holocene climate
ever, the faster increase in snow and glaciers over the Tibetashange in African and Asian summer monsoon regions, it
Plateau would cause an increase in summer near-surface aiust be emphasized that due to a very coarse spatial resolu-
temperature in South Asia. The rapid decrease in vegetatiotion of CLIMBER-2 model (10 in latitude and 51 in lon-
in South Asia was lagged behind North Africa about 1500 togitude in atmosphere module), the simulated changes in the
2000 years. intensity of individual monsoon systems should be treated
The model results suggest that the development of snowvith caution and only as qualitative. Such as in the African
and ice cover over the Tibetan Plateau represents an adsummer monsoon region, the simulated 850 hPa winds for
ditional important climate feedback, which amplify orbital boreal summer (JJA) at present day (0 kyr BP, ICEQ) seems
forcing and produces a significant synergy with the positiveto “underestimate” the intensity of African summer south-
vegetation feedback. In North Africa, an enhanced snow andvest winds (Fig. 1, left panel in low level), which probably
glacier fraction over the Tibetan Plateau tends to cause amesults in an uncertainty of summer precipitation in this re-
earlier and more rapid decrease in summer near-surface agion. To capture accurately effects of land surface changes
temperature, precipitation and vegetation cover during theon climate, a more detailed feedback analysis with additional
early to mid-Holocene, with a parallel decrease in surfaceexperiments is warranted and more sensitivity experiments
absorbed solar radiation, latent heat flux (evapotranspirationyvith high resolution models are necessary.
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