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Abstract

The mid- to late-Holocene climate and vegetatiomng/e in the Asian monsoon domain is
investigated by using different simulations perfednwith the general-circulation model
ECHAMS5/JSBACH(-MPIOM). The study includes a detdilevaluation of the model with respect
to the present-day climate as well as a comparidotihe simulated results with mid-Holocene
climate reconstructions and reconstructed vegetdtends. Our analysis identifies differences in
the response of the East Asian and Indian monsysirms to mid-Holocene insolation forcing and
reveals the importance of including the pre- anstypoonsoon seasons in climate analysis covering
the Asian monsoon domain. During the mid-Holocemest parts of the Indian subcontinent
receive more annual mean precipitation due toemgthening of the Indian summer monsoon. The
East Asian monsoon region exhibits local inhomogmsein the annual precipitation signal with
sign depending on the balance of decreased preaopnsnd increased monsoon precipitation
during the mid-Holocene. The reconstructions camfihe regional dissimilarities in the Holocene
precipitation change and agree well with the moéglilits when using a high numerical resolution.

Most of the mid- to late-Holocene temperature aretipitation change can be attributed to the
direct response of the atmosphere to the insoldtiocing. The ocean-atmosphere interaction
modifies the signal and leads, on average, to aplifiation of the precipitation response.
Regionally, differences exist between the East Msiad the Indian monsoon where the ocean-
atmosphere interaction contributes with a decr@askincrease of rainfall to the total Holocene
climate change, respectively. The ocean-atmospihéeeaction furthermore induces a lag in the
temperature response to the insolation forcing dwirty a warming effect in autumn and winter
and a cooling effect in spring and summer. The ta@gm-atmosphere interaction plays a minor
role in the large-scale Holocene climate changé thmi simulated large-scale vegetation changes
are also small and probably underestimated by tbdem When prescribing large-scale forest
cover changes in the entire Asian monsoon domianloical climate and also the climate in remote
areas is substantially altered. An idealised nurakgxperiment shows that the loss of forest from
an entirely forested Asian monsoon domain to prteday potential land cover causes a decrease of
precipitation with regional magnitudes half as &agg the simulated orbitally-induced precipitation
decline from mid-Holocene to present-day. Suchgioreis the Yellow River basin which was the
settlement area of major prehistoric Asian cultufiésis, large-scale Holocene land cover changes
could have amplified the decreasing Asian monsaenipitation during the Holocene known from
reconstructions and could also have strongly adfetiie prehistoric cultures living in the monsoon
domain.

To further assess the performance of the model véfipect to Holocene vegetation changes,
results of a transient simulation are comparedditep-based vegetation reconstructions on the
Tibetan Plateau. The reconstructed and simulated tover trends are qualitatively in good
agreement and reveal a strong degradation of vémeian the Plateau including a large decrease
of forests. The model primarily suggests tempeeattianges as the responsible mechanism for the
land cover change. This factor, so far, has beetenastimated as possible explanation for
vegetation changes in monsoon influenced regiopsawmious studies.



Zusammenfassung

Mittels verschiedener in dem Zirkulationsmodell EANM5/JSBACH-MPIOM durchgefiihrter
Simulationen werden die Klima- und Vegetationsdudgen seit dem Mittleren Holozan im
Asiatischen Monsungebiet untersucht. Dabei werdien Modellergebnisse in Bezug auf das
gegenwartige Klima evaluiert und auch mit Rekorndtomsdaten fir das Klima des mittleren
Holoz&n und den Vegetationstrend verglichen. Undemgebnisse lassen Unterschiede in der
Reaktion des Ostasiatischen und Indischen Monsterags auf den Antrieb, die solare
Einstrahlung des mittleren Holozans, erkennen wrdeutlichen die Notwendigkeit, auch die Vor-
und Nachmonsunsaison in Klimastudien fir das Asthg Monsungebiet zu integrieren. Wahrend
des mittleren Holozans fallt in den meisten Gebidteliens mehr Niederschlag, da der Indische
Sommermonsun  starker ausfallt. Das  Ostasiatische nsiMwebiet weist lokale
UngleichmaRigkeiten beziiglich des Niederschlagssigauf, dessen Vorzeichen von der Differenz
der Niederschlagsabnahme in der Vormonsunsaison Nieterschlagszunahme in der
Monsunsaison abhéngt. Die Rekonstruktionen bestétigie regionalen Unterschiede im
Niederschlagssignal und stimmen gut mit den Modg#enissen Uberein, jedoch nur in den
Simulationen mit hoher numerischer Auflésung.

Der grof3te Anteil der Temperatur- und Niedersctdagsrung seit dem Mittleren Holozan wird
durch die direkte Antwort der Atmosphére auf densEahlungs-Antrieb getragen. Die Ozean-
Atmospharen-Wechselwirkung modifiziert das Signadd ufiihrt im Gebietsmittel zu einer
Verstarkung der Niederschlagsanderung. Regionatiesen jedoch Unterschiede zwischen dem
Ostasiatischen und dem Indischen Monsungebiet,emenl die Atmospharen-Ozean Interaktion
eine Abnahme beziehungsweise Zunahme des lokaledeMichlags bewirkt. Sie verursacht
zudem eine Verschiebung des Temperatursignals zinstr&hlungsantrieb, denn sie fuhrt im
Mittleren Holoz&n zu einer Erhéhung der Temperatui@ Herbst und im Winter und einer
Abnahme der Temperaturen im Frihling und Sommercha&wirkungen zwischen Vegetation
und Atmosphére spielen grofRskalig nur eine untedyete Rolle bei der holozénen
Klimaveranderung, jedoch simuliert das Modell nuerigge Vegetationsdnderungen und
unterschatzt diese wahrscheinlich. Werden dem Mgua#flachig Anderungen in der asiatischen
Waldbedeckung vorgeschrieben, wird das Klima loka auch in fernen Gebieten substantiell
verandert. In einem idealisierten numerischen Brpent wird gezeigt, dass der Waldverlust von
einem ganzlich beforsteten Asiatischen Monsungeliet der gegenwartigen potentiellen
Landbedeckung eine Abnahme des Niederschlags heftyadtie regional halb so grol3 ausfallen
kann wie die orbital induzierte NiederschlagsandgriEine solche Region ist das Einzugsgebiet
des Gelben Flusses, das auch die Siedlungsregidautsmnder prahistorischer Kulturen war.
Grof3flachige Landbedeckungsanderungen seit denlehitt Holozan koénnten folglich die in
Rekonstruktionen vielerorts nachgewiesene Abnahmme Asiatischen Monsunniederschlag
verstarkt und damit das Leben der prahistoris¢tidturen in diesem Gebiet beeinflusst haben.

Um die Fahigkeit des Models bei der Simulation ¥egetationsdnderung seit dem Mittleren
Holozan abzuschatzen, werden Ergebnisse einerigrdes Simulation mit pollen-basierten
Rekonstruktionen fur das Tibet Plateau verglichBer rekonstruierte und simulierte Trend
stimmen qualitativ gut Gberein und offenbaren eiterke Degradierung der Vegetation und eine
starke Waldabnahme auf dem Plateau. Laut Modell wimnehmlich Temperaturdnderungen dafir
verantwortlich. Diese wurden in bisherigen Studiemls mdgliche Erklarung fir
Vegetationsanderungen in Monsun-beeinflussten Regiointerschatzt.
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1. Introduction

Like all monsoon systems, the Asian monsoon is gnilyn induced by the seasonal
differential heating of the continents and the eelja oceans which leads to land-sea
temperature and pressure gradients (Webster e1988). The inclusion of processes on
land, in the atmosphere and in the oceans excitsgsoag sensitivity of the monsoon
circulation to changes in all components of thenale system. Monsoon systems are
therefore characterised by a strong temporal viitialcovering multi-millennial to
intraseasonal timescales (e.g. Lau et al., 2000ngAB., 2006; Ding, 2007). A unique
feature of the Asian monsoon, however, is the pesef the Tibetan Plateau within the
monsoon domain. Due to its large horizontal andicadrextent, it strongly affects the
regional atmospheric circulation via both, therrmaél hydrodynamical processes (e.g. Wu
and Zhang, 1998; Ye and Wu, 1998; Liu Y. et alQ20 This interaction of the Tibetan
Plateau and the regional climate makes the Asiamsoun the strongest and most complex
monsoon system of the world (Wang B., 2006).

The Asian monsoon system incorporates the EashAsid the Indian monsoon, which are
independent sub-systems but can also interact (Amdy Chan, 2005). Together, they
affect the life of nearly two-thirds of the globadpulation (Clift and Plumb, 2008) that
face the strong variability of the monsoons embegldong-lasting droughts and heat-
waves as well as extensive rain and floods (Wang@@®e6).

The recent decades have revealed large climatiogelsain the Asian monsoon domain
(e.g. Sivakumar et al, 2005; Ding et al. 2007)particular on the Tibetan Plateau. The
temperature on the Plateau rises more and fasterithmost parts of the globe and is
accompanied by a rapid retreat of the majorityhef Tibetan Plateau’s glaciers (Kang et
al., 2010). This strong climatic sensitivity codldve dramatic consequences with regard
to the future Asian water resources. The TibetateRl is the source region of all major
rivers in the Asian monsoon domain supplying frestter to billions of people and to
agriculture that is still the most important ecomoreector in the region. Future climate
changes on the Tibetan Plateau and in the entir@nAsonsoon region are therefore a
matter of particular social, ecological and ecoraahinterest.

To be able to give a reasonable projection of theiré climate, it is necessary to

understand the controlling factors in the Asian samm climate system and to investigate
the fundamental mechanisms that determined vaitialaihd past climate changes in this
region (Clift and Plumb, 2008). For this purposemplex climate models have to be
applied and validated against observations; betctpability of representing the present-
day climate reasonably cannot guarantee the catyabilthe model to simulate climate

states different from today’s (Joussaume et al91L9Bherefore, climate models have also
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to be validated against reconstructions of pastaties that are substantially different from
the present-day one. As reconstructions can onbyige estimation of the basic past
climate state, but not of the mechanisms behink&opgimate modelling can improve the
understanding and interpretation of the reconstdictlimate. A comparison of

reconstructed climate states and modelling regslttherefore beneficial for both, the
reconstruction and the climate modelling community.

A time-slice that is often used for model comparismd validation is the mid-Holocene,
6000yrs before present (e.g. Paleoclimate Modellwgrcomparison Project, Braconnot et
al. 2007a,b; Kohfeld and Harrison, 2000; Bush, 2D0Buring the mid-Holocene, the
surface boundary conditions such as continentashe®ts or sea-level were comparable to
present-day and the atmospheric composition, pdetiy the CQ-concentration, was
similar to pre-industrial times. The major diffecenbetween mid-Holocene and present-
day boundary conditions was the difference in theming solar radiation that can be
attributed to a change in the Earth’s orbital cgufation (Berger, 1978). During summer
(winter), the insolation was increased (decreadayl)approx. 5% on the northern
hemisphere yielding an enhancement of the seasgolal.

The main objective of this study is a detailed gsial of the mid- to late Holocene climate
and vegetation change in the Asian monsoon donTdiis includes the comparison of
model results with reconstructions and the retti@fssubstantiated explanations for the
reconstructed climate and vegetation change. Asxarnsl objective, we want to assess the
performance of the state-of-the-art general citcaa model ECHAMS5/JSBACH(-
MPIOM) with respect to the Asian monsoon systenis Tiesis is organised as follows:

CHAPTER2

The Asian monsoon region is characterised by a Megerogeneous topography
manifested particularly in the strong variations tbé surface elevation (Figure A.2).
Together with the complex atmospheric dynamic drellarge internal variability of the

monsoon system, this leads to difficulties in thmutation of the Asian monsoon climate
and a rather poor reproducibility of the recentiatasns in the monsoon system within
climate models (cf. Zhou et al., 2009 and refersniteere). The climate models have
particular problems in simulating the seasonal eyalariability and distribution of

precipitation.

To give an overview on the performance of the m&@HAMS/JSBACH concerning the
present-day mean climate state in the Asian monsloomain, we compare the simulated
climate with observations and reanalysis data. dlherwe introduce the different model
setups used in this study that differ with resgeatesolution or prescribed ocean surface
parameters. We raise the questions:



()  How well is the present-day Asian monsoon climagetesn represented in the
model?

(I Do the model results depend on the numerical résal@and the prescribed ocean
surface parameter?

CHAPTER3

In the majority of cases, earlier reconstructioisthe mid-Holocene climate reveal a
substantial warmer and wetter climate in the Asmonsoon domain relative to the

present-day climate (e.g. Shi et al.,, 1993). Recoc®gd Holocene climate trends,

however, also suggest an asynchronous precipitatiange in the Indian and East Asian
monsoon region indicating a complex response ofAtsian monsoon system to climate
forcings (An et al., 2000, Maher and Hu, 2006; Mal2008; Wang YB. et al., 2010).

Simulating the mid-Holocene Asian monsoon climateld therefore be associated with
high uncertainties. Previous simulations conduategl in the Paleoclimate Modelling

Intercomparison Project (PMIP) show a strengthewpiniipe summer monsoon circulations
due to an increased thermal gradient between tiéinemts and the ocean, but they
strongly differ regarding the magnitude and thdguatof the associated precipitation and
temperature change (e.g. Braconnot et al., 200)/al d assess the performance of the
different models, the model results have to be @megbto reconstructions. However, the
reconstructions in the Asian monsoon region oftgfies from large discrepancies in the
age control and the sample resolution (Wang YBalgt2010) that, so far, has reduced
their potential of application in model validatistudies.

In Chapter 3, we present the differences betweenntid-Holocene and present-day
monsoon climate simulated by ECHAM5/JSBACH and ebgr particularly focus on
precipitation. We compare for the first time reswt high-resolution global climate model
simulations with a synchronised dataset of recanstns for the mid-Holocene time slice
(conducted by Wang YB. et al.,, 2010) and quantif\argges in the summer monsoon
characteristics. Furthermore, we shed light onpieeesses leading to the reconstructed
mid-Holocene moisture pattern. We raise the follayguestions:

(1 Applying mid-Holocene orbital forcing, how does teemulated Asian monsoon
climate change compared to present-day?

(IV) Is the simulated mid-Holocene climate consistert weconstructions?

(V) Which changes in atmospheric circulation could héedd to the mid- to late-
Holocene moisture change in the Asian monsoon négio



CHAPTER4

Climate modelling studies on the Holocene climdtange in the African monsoon region
reveal that the strengthening of the North Africaonsoon system during the mid-
Holocene cannot be explained by orbital forcingnalqe.g. Joussaume et al., 1999).
Internal feedbacks between the atmosphere anddba&noor the land-surface (including
vegetation) have probably strongly enhanced the toithte-Holocene monsoon change in
North Africa (e.g. Claussen and Gayler, 1997; Katdband Liu, 1997; Brostrom, et al.,
1998; Braconnot et al., 2000; Levis et al., 2004t Z. et al., 2004). Fewer studies exist
concerning the role of interactions in the Holocé&xsan monsoon climate change and
these studies futhermore show contradictory reshéis probably contribute to the above
mentioned discrepancy between the model simulatwitisin PMIP (Braconnot et al.,
2007b), for instance. In some climate models, ttean-atmosphere interaction results in
an increase of the Asian monsoon precipitation (deyvitt and Mitchell, 1998; Braconnot
et al., 2000; Wei and Wang, 2004). Other climataletilng studies reveal a decrease of
precipitation related to the ocean-atmosphere astem (e.g. Voss and Mikolajewicz,
2001; Ohgaito and Abe-Ouchi, 2007; Li and Harris200)8; Marzin and Braconnot, 2009).
Regarding the vegetation and land-surface intemacwith the atmosphere, the climate
model results are in better agreement and suggeshlaancement of the Asian summer
monsoon due to these interactions (e.g. Claus€9V; Wang H.-J., 1999; Diffenbaugh
and Sloan, 2002, Li and Harrison, 2009). Howeveltly fcoupled atmosphere-ocean-
vegetation models have been applied only in a temies and these studies do not follow
a consistent methodology to derive the interactiohghe atmosphere with the other
compartments of the climate system. Therefore, noinéhe simulations conducted in
previous studies or in PMIP are designed to detive pure contributions of the
atmosphere-ocean and the atmosphere-vegetatioadtitms as well as their synergy to
the mid- to late-Holocene Asian monsoon climatenglea

In Chapter 4, we assess the contribution of theam@mosphere and vegetation
atmosphere interaction as well as their synergthéoHolocene climate change. For this
purpose, we analyse a set of coupled simulationslwetied by Otto et al (2009a) in the
comprehensive Earth system model ECHAM5/JSBACH-M®IJhese simulations have

been designed to allow the application of the fas&paration technique (Stein and Alpert,
1993) and therefore provide the opportunity to smj@athe pure contribution of the

different interactions. The main research questiathis chapter is:

(VI) How strong is the contribution of ocean-atmosphanel vegetation-atmosphere
interactions as well as their synergy to the midate-Holocene climate change?

This chapter has been published in Climate of thst PDallmeyer et al., Clim. Past, 6,
195-218, 2010).
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CHAPTERS

The Tibetan Plateau exerts a strong influence enrégional as well as the global climate
(e.g. Ye and Wu, 1998; Duan and Wu, 2005; Wu eR8D07). It plays an important part in
the Asian monsoon dynamics as it, for instancen$oan elevated heat source for the
atmosphere in spring and summer and thus modifidsemhances the thermal contrast
between the land and the ocean (e.g. Liu Y. et2807). Due to its height, the Tibetan
Plateau furthermore transfers this contrast toufyger troposphere where it can strongly
influence the atmospheric large-scale circulatibhe strong convective activity on the
Plateau induces a huge air-pump and a strong akdicculation leading to subsidence
north and west of the Plateau and even in the 8gbay. Rodwell and Hoskins, 1996). As
the energy balance at the surface and the trangfemergy and momentum between the
atmosphere and the land depends to a large pdheodiand cover, land cover changes on
the Tibetan Plateau may have strongly affectedHblecene climate change in the Asian
monsoon domain. The Tibetan Plateau is very seasito climate change and
reconstructions have reported strong natural lanetrcchanges on the Plateau since the
early and mid-Holocene (Gasse et al, 1991, Shah,&005 and 2006, Herzschuh 2010a).

In Chapter 5, we compare simulated vegetation sdaddifferent regions on the Tibetan
Plateau with pollen-based vegetation reconstrustidior this purpose, we analyse the
transient mid-to late-Holocene simulation performngth the comprehensive Earth system
model ECHAM5/JSBACH-MPIOM by Fischer and Jungclé2811) that was forced with
orbital forcing alone. We raise the question:

(VIl) Is the model able to capture the reconstructed rnadiate-Holocene vegetation
trend?

(VIII) Which climatic mechanisms have caused the vegetatitange on the Tibetan
Plateau?

This Chapter is a joint work of our group and U.rkéehuh from the Alfred-Wegner-
Institute in Potsdam, Germany, and has been pwdaligh Climate of the Past (Dallmeyer
et al., Clim. Past, 7, 881-901, 2011). The partshef text that have been written by U.
Herzschuh are marked.

CHAPTER®G

Land cover changes are accompanied by a modificatiadhe physical surface properties
such as roughness length or surface albedo anefdtneave a direct effect on the surface
energy, momentum and water balance (biogeophysitadts). Land cover changes may,
thus, exert a strong influence on the monsoon dyesiYasunari, 2007). According to
reconstructions, the Holocene was characterisddrigg-scale natural land cover changes
that are often related to the decreasing summersawnstrength entailing shifts in the



precipitation distribution. During the mid-Holocen®rest cover in the Asian monsoon
domain was strongly increased and the vegetatedfenedted areas extended further
inland compared to present-day (e.g. Yu et al. 28@M, 2007; Zhao et al., 2009).

So far, idealised experiments on the climate impéatarge-scale forest cover changes has
only been conducted for the entire tropics or ésa@acs (e.g. Henderson-Sellers,1993;
Claussen et al., 2001; Snyder, 2010; Bathiany.e@lL0) or single continents e.g. Africa
(e.g. Werth and Avissar, 2005b), but not for theaAsmonsoon region. As the Asian
monsoon domain incorporates tropical and extratadpiegions, one can not simply draw
conclusions from these studies for the climaticawctpof large-scale forest cover changes
in the Asian monsoon region. Studies on recentraptgenic land cover changes reveal
that the degradation of the land cover in the Asrmmmsoon domain has led to significant
changes in the regional climate. However, thesgdiet do not agree with respect to the
sign and magnitude of the associated climate change

The Asian monsoon domain was the homeland of sdntieecoldest human civilisations
which had already had a highly-developed agricalamd infrastructure (Clift and Plumb,
2008). The linkage between the development anchpsd of theses cultures and the
monsoon variability as well as the role early hunsagieties could have played in the
Holocene climate and vegetation change is oftecudsed (e.g. Ren, 2000; Fu, 2003; Clift
and Plumb, 2008).

In Chapter 6, we present results of an idealisedigeity study conducted with the general
circulation model ECHAM5-JSBACH and investigate thiegeophysical effect of large
scale forest cover changes in the Asian monsoorathoom present-day and mid-Holocene
climate. We thereby address the following resegratstions:

(IX) How does the Asian monsoon climate respond to lacgée forest cover changes?

(X) Could large-scale forest cover changes have amxplithe insolation-induced
Holocene climate change?

(XI) What is the implication of our results concernirig trelation of mid-Holocene
climate, vegetation and neolithic cultures in tre@ald monsoon domain?

This chapter has been published in Biogeosciendgallinfeyer and Claussen,
Biogeosciences, 8, 1499-1519, 2011).

CHAPTERY

In Chapter 7, we conclude this thesis by summayisie main results and suggesting
possible directions for future research.



2. Simulated present-day Asian monsoon climate

2.1 Introduction

Monsoon systems are mainly confined to tropical anbtropical regions and primarily
form in consequence of seasonal and latitudindémihces in incoming solar radiation.
The different heat capacities of the continent andan lead to strong land-sea thermal
contrasts (Webster et al., 1998). As consequerargedscale pressure gradients are
generated inducing strong low-level atmosphericawgiculations that reverse seasonally
according to the change in insolation. During wing®ld highs form above the continents
and the main monsoon circulation is directed frdra tontinents towards the warmer
ocean leaving the continents in a dry climate. Bgisummer, monsoon troughs develop
above the warm (tropical) land-mass and the lowelletmospheric wind changes the
direction by more than 120°. As monsoon systemsaage-scale atmospheric phenomena,
the flow direction of monsoon circulations is sigbn modified by the Coriolis force.
Another important driving force of monsoons are ithelved moist processes (Webster et
al. 1998, He et al., 2007). The summer monsoorsp@is moisture towards the continents
and thereby redistributes solar energy and enhaheesnergy gradient between the land
and the oceans. The release of latent heat in ttdlentroposphere above the continent
invigorates the strong vertical uplift and the demmvection associated with summer
monsoons and contributes to the maintenance ofntbasoon circulation. Summer
monsoons are accompanied by intensive precipitatianusually accounts for most of the
annual total in the affected regions. Related ® $kasonal changes of the low-level
monsoon circulation are modifications in the upfpepospheric wind circulation including
large latitudinal shifts of the upper-troposphget streams. The divergence of the upper
tropospheric wind circulation strongly determinke precipitation distribution (e.g. Sato,
2009).

The major features of the Asian monsoon systensamemarised in Figure A.1-A.5. The
Asian monsoon system is divided into three subsystdhe Indian Monsoon (IM), the
East Asian monsoon (EAM) and the western North flRaononsoon (WNPM) that is
mainly not affecting the continental regions (elgng, 2007). These monsoon systems
strongly interact but differ with respect to thewajor characteristics and their variability
(e.g. Wang B. et al., 2001). The Indian summer raonss related to the monsoon trough
in North India and the Mascarene high causing aerlemispheric circulation that
intensifies close to the east coast of Africa i o called Somali Jet or Findlater Jet (e.qg.
Lau et al., 2000). The Indian monsoon is, thusradtarised by a meridional pressure-
gradient and represents a classical monsoon emtvéldee Hadley cell circulation. The
seasonal march of the monsoon rainband is strarminected with the movement of the



Intertropical Convergence Zone (ITCZ). In contrdee East Asian summer monsoon is
controlled by the monsoon trough on the Asian cmmi and the western Pacific
subtropical high. It is, therefore, characterisgdalbzonal pressure-gradient and has to be
seen in association with the Walker Circulation Pater et al., 1998). As a result of the
east-west thermal contrast, a planetary subtrogroalt is formed (Meiyu-Baiu frontal
system) whose seasonal march determines the pitopagd the East Asian summer
monsoon rainbelt (e.g. Ding, 2007). The subtropfecaht is separated from the ITCZ,
which forms a second rainband in East Asia (trdp@iabelt) affecting mainly the western
North Pacific monsoon.

According to Ding and Chang (2005), Ding (2007) atel et al. (2007), the summer
monsoon season first starts in the equatorial Basin Ocean and Sumatra in late April.
In a second stage beginning early to mid of Mayw, thonsoon expands to the Bay of
Bengal, southern Indochina and the South China Bean these regions, two branches
move north-west- and north-eastward to South Cfimd and late May) and the Indian
subcontinent (early to mid June) establishing theeb of the East Asian and the Indian
summer monsoon, respectively. The Indian monsoan tphenetrates further inland
arriving in Northwest India in the mid of July. Tl&ast Asian monsoon moves northward
in a stepwise manner that is characterised by aluogps from one region to another. In
early June, it arrives in the Yangtze River valsyd Japan bringing the so called Meiyu
and Baiu rain, respectively. It then jumps to Nedst China and the Korean Peninsula
(Changma rainy season) in early and mid-July witestays until the end of August or
early September before it starts to continuouslyenback to the South China Sea. The
Indian monsoon terminates not until late September.

The East Asian monsoon system differs from theamdnonsoon also in other respects.
The interplay of the mid-latitude westerlies, thibtsopical circulation around the western
Pacific subtropical high and the tropical circudatiincluding the Indian monsoon flow

makes the East Asian monsoon domain unique andlesndfte occurrence of many

significant weather and climate phenomena (Dind)720In contrast to other monsoon

regions, the precipitation in the East Asian monsdomain is not temporally confined to

the summer monsoon season. The wintertime preggsadient between the Siberian high
and the Aleutian low induces cold northerly winasbedding regularly cold-air outbreaks

(Wang B., 2006) in the entire East Asian monsoayiore Therefore, the East Asian

monsoon domain is not characterised by the altematf wet and dry seasons but rather
by the alternation of particularly wet and cold s@@s.

Recent studies have shown that climate models réaege deficits in representing the
mean precipitation distribution, the season cyaid #he interannual variability of the
Asian monsoon system (Kang et al. 2002; Zhou e2809; Boo et al., 2011). In contrast,
the temperature distribution and monsoon circutetian be captured by the models.
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In this study, we assess the performance of theergéncirculation model
ECHAM5/JSBACH with respect to the precipitation andar-surface air temperature
distribution in the Asian monsoon domain as welttesmonsoon circulation in the lower
troposphere. As the outcome of this evaluation hgyend on the model setup, we test
the dependence of the simulated results on the mcaheesolution and the prescribed
ocean surface parameters. We thereby introducentitiel setups used in the next chapters
of this thesis.

2.2 Methods

2.2.1 Model and experiments

The first part of this study aims to give a shoralaation on the representation of the
Asian monsoon system in the model ECHAMS5/JSBACHIisTimodel consists of the
general circulation model for the atmosphere ECHA(®®eckner et al., 2003) that is
coupled to the land surface scheme JSBACH (Raddaz 2007). JSBACH includes the
dynamic vegetation module of Brovkin et al. (2009)he models ran with the spectral
resolution T106L31, corresponding to a latitudidiskance of approx. 1.125° and 31 levels
in the vertical. Atmospheric composition was fixatl pre-industrial values with GO
concentration set to 280ppm. Sea surface temperand sea-ice were prescribed
according to their pre-industrial distributions.|\es were taken from a course resolution
simulation conducted with the comprehensive E&statem Model ECHAM5/JSBACH-
MPIOM (Fischer and Jungclaus, 2011) that includesl dynamic ocean model MPIOM
(Marsland et al. 2003). ECHAM5/JSBACH was broughgtiasi-equilibrium climate state
(spin-up of approx. 200years) before it ran foriaddal 30 years (analysis period). This
simulation is referred to as T106_AMn the following.

In the second part of this study, we assess hownrtbinod of prescribing SSTs/sea-ice
affects the representation of the monsoon systetimeirmodel and how the results depend
on the numerical resolution. For this purpose, a@gare the simulation T106_A¥Mwith
simulations conducted with the same model, but veitivarying setup regarding the
following aspects:

- Resolution: T106L31, T63L31 or T31L19

- SST/sea-ice: pre-industrial (Ok, prescribed), oledr (AMIP, prescribed) or
dynamically simulated (AOV)

- Vegetation: fixed (A) or dynamically simulated (AV)

These simulations have been performed in seveo@gis at the Max-Planck-Institute for
Meteorology. The coarse resolution experiments (9] with prescribed SSTs and sea-
ice following the SSTs and sea-ice distributions tife Atmospheric Model
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Intercomparison Project (AMIP, Gates 1992) havenb@edertaken by Vamborg (2011).
The other coarse resolution experiments have beeducted by Otto et al. (2009b, 2011).
The medium resolution experiment (T63L31) has bperformed by Dallmeyer and

Claussen (2011). Details on the setup of the emparis are summarised in Table 2.1.

Experiment  Resolution SST/sea-ice vegetation aealpsriod reference
T106_AVyk T106L31  prescribed, Ok dynamic 30 years new

. , Dallmeyer and
T63_Aok T63L31 prescribed, 0k fixed 100 years Claussen, 2011

. . Otto et al.,
T31 An T31L19 prescribed, 0k fixed 240 years 2011

. , Vamborg,
T31_Aawip T31L19 prescribed, AMIP  fixed 135 years 2011

. . Otto et al,
T31_AOV¥ T31L19 dynamic dynamic 600 years

2009b

. . Otto et al,
T31_ AV T31L19 prescribed, 0k dynamic 240 years 2 Olole a

. . Vamborg,
T31 AVaup T31L19 prescribed, AMIP  dynamic 135 years 2011

Table 2.1: Setup of the different model simulation$.731_AOV ran with a different model version of
ECHAM5/JSBACH-MPIOM.

2.2.2 Calculation of the monsoon onset and withdrawal period

Following the definition of Wang and Linho (200®2)e calculate the onset and withdrawal
of the rainy season based on the relative pentadnnmainfall rate (rp defined as
difference between the pentad mean rainfall rafeafpd the January mean rainfall rate

(Pjan):

' = A - Pan i=1,2,..73 (2.1)
The period in which rpreaches values above 5mm/day represents the mossason.
Accordingly, the onset (withdrawal) is defined &g pentad in which rgexceeds (falls

below) 5mm/day. This method is a good approximat@nthe observed monsoon
propagation.

This definition of the onset and withdrawal is dgsd to reflect the mayor characteristics
of monsoon rainy seasons, i.e. the total amousuofmer precipitation and its intensity,
strong seasonal differences in precipitation aredi¢imporal concentration of precipitation
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in the local summer season. This last point is act=a for by the additional criterion that
the above defined onset pentad has to occur betiMegnand September (Wang B. and
Linho, 2002). This criterion is not included in ocalculations of the monsoon onset, as
ECHAMS5/JSBACH overestimates the pre-monsoon pregipn in Eastern China. An
application of this criterion would lead to a cardtonset period in the model (i.e. 1st
pentad of May) and would disregard regional diffiees.

2.3 Model evaluation

2.3.1 Annual precipitation

Figure 2.1 shows the annual mean precipitatiomefsimulation T106_ A}, compared to
the observed climatology derived by the Global Bitation Climatology Project (GPCP,
version 2.1, 1979-2006, Adler et al., 2003) and @enate Prediction Centre (CMAP,
1979-2008, Xie and Arkin, 1997). Overall, the mod=ptures the major annual
precipitation pattern. The contrast between thd/sgmi-arid regions of central Asia and
the wet monsoon region is well represented. Thadsgprecipitation rates are simulated
in the equatorial region at the Maritime Continghe Bay of Bengal, in the Intertropical
Convergence Zone and in the Subtropical Front wiscrelated to the strong moisture
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Figure 2.1: Simulated presemfay annual mean precipitation [mm/year] comparedht observation:
datasets of GPCP (Adler et al., 2003) and CMAP (X Arkin, 1997).
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convergence in the northern flank of the WestertifieaSubtropical High. For the region
approx. 30-170°E, 10°S-60°N, the pattern corretatioefficient of the simulated annual
precipitation and observations is 0.66 (GPCP) and©OMAP), respectively. However, the
magnitude of the simulated and observed annual npeecipitation rates differ. The
comparison exhibits strong rainfall deficits indarparts of the Southern and Western
Asian continent. The simulated annual mean pretipit is underestimated by up to
750mm/year in India and 1400mm/year in Indochinengared to GPCP. This strong
rainfall deficit is also a problem in the Africanomsoon region. In contrast, the model
overestimates the annual precipitation on the SoatiHimalaya by up to 4500mm/year.
This could be related to an inappropriate paransatéon of convective precipitation at
steep mountain slopes (Cui et al., 2006). Regardrnegipitation over the ocean, the two
observational data-sets do not agree. The majdereifce of the T106_A¥ to both
datasets is a poleward shift of the Pacifical Inbpical Convergence Zones which is
accompanied by a strong rainfall deficit in a 10%atitude wide region along the equator.
Furthermore, the simulated annual mean precipiiatite exceeds the observed values in
the oceanic part of the Maritime Continent by u@@0mm/year. The precipitation rate in
the northern Indian Ocean is underestimated bynba@el (up to 900 mm/year).

Figure 2.2 shows a latitude-time transect through the Basin monsoon region (110-
120°E) and the Indian monsoon region (70-80°E) thame pentad-mean precipitation
rates. Compared to CMAP, many features of the Esistn annual precipitation cycle are
well represented in the model. This includes, fostance, the simulation of spring
precipitation at ca. 30°N and the seasonal marchthef monsoon rainband, i.e. its
northward jump in late spring and its slow retrieabutumn. The major difference in the
simulated and observed cycle is the occurrencesaicand rainband directly south of the
equator. During the monsoon season, the model latdsutoo little precipitation (ca.

4-6mm/day) in the central East Asian monsoon regidrich is associated with a
5°-northward displacement of the major monsoontfréhe simulated spring precipitation
period in Eastern China starts too early and thaad is located too far in the north (ca.
4°). In addition, the magnitude of spring precipia is overestimated by the model.

The comparison of the Indian transects exhibit¢rang rainfall deficit in the monsoon
region nearly all over the year. Particularly ie summer season, the mean pentad rainfall
rate is too small by up to 6mm/day. The generalcmaf the Indian monsoon is well
represented by the model, but the northward advahtiee major rainband begins nearly
one month too late.
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Figure 2.2: Hovmdller diagram showing the difference ire thatitudinal structure of the seasonal
precipitation cycle in an East Asian (110-120°H, panel) and Indian monsoon sector (70-80°E, rjzgrtel)
between the model (based on T106_AVO0k) and thereasenal dataset CMAP (Xie and Arkin, 1997).
Shown are pentad-mean precipitation rates in mm/day
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2.3.2 Monsoon onset and withdrawal

The onset and withdrawal time of the Asian summemnsoon is calculated via the

simulated and observed (CMAP) relative pentad niaarfall rates. The seasonal advance
of the monsoon can only partly be represented byrtbdel. In observations, the monsoon
season first starts in the Bay of Bengal and tha&tS€hina Sea. It, then, moves onto the
East Asian continent and India. This typical tragldepicted by the model in the Indian

monsoon region, but not in the East Asian monsegion (Figure2.3a). Nevertheless, the

monsoon season in north India starts later in tbedehthan in observation (2-8 pentads,
Figure2.3b). In Eastern China, the simulated summer mam®begins 2-10 pentads too
early. This is partly related to the overestimatpdng precipitation rate in Central Eastern
China that already reaches values fulfilling thplega monsoon season criterion.

The simulated monsoon retreats on most parts otdméinent up to 10 pentads earlier
compared to the observations. Therefore, the manseason length is shorter in these
regions. Exceptions are the Himalaya mountain raange® the area between the south-
eastern Tibetan Plateau and the Bay of Bengal diffexences in simulated and observed
monsoon season length are reflected in the monseason precipitation pattern, i.e. the
precipitation falling in the monsoon season. In tmparts of the continental monsoon
domain, monsoon related precipitation is underestoh in the model by up to 750mm.
This strongly contributes to the annual rainfaficiein India mentioned above.

2.3.3 Near-surface air temperature

The near-surface air temperature in 2m height mparyed with the observational dataset
of the Climate Research Unit CRU TS 2.1 (1960-200i¢hell and Jones, 2005) and the
reanalysis data ERA40 of the European Centre foditie-Range Weather Forecasts
(ECMWEF, Simmons and Gibsons, 2000). The CRU dats dwt include temperatures
over the oceans. Temperatures are examined forseasons. These are the wet season
lasting from May to October (Figuiz4) and the cold/dry season lasting from November
to April (Figure2.5). In both seasons, the observed/reanalysedetamope distribution is
well represented in the model. The lowest nearaserftemperatures are located on the
elevated Tibetan Plateau and in North Eastern AS$lae highest temperatures are
calculated for the equatorial regions during thkel/cloy season and in the monsoon trough
(i.e. North India) and the desertic regions of édriand the Middle East during the wet
season. The pattern correlation coefficient for ¢batinental region ca. 30-170°E,10°S-
60°N of the simulated and the observed temperasufe99 for the cold/dry season and
0.97 for the wet season, respectively. Biases letwwke model and both, observational
and reanalysis data, exist regarding the abscdmgpéerature. In the wet season, simulated
climate is up to 7-9K too warm in North India, Eadtica and the Middle East compared
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Figure 2.4: Simulated present-day near-surface air tenreraof the wet season (May-October, in °C)
compared to the observational dataset CRU TS2.1cfMlit and Jones, 2005) and ERA40 reanalysis data
(Simmons and Gibson, 2000). CRU TS2.1 does notdiechceanic regions.
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to observations and reanalysis data. Part of tlisnwbias may be related to the rainfall
deficit in the model. In contrast, wet season terajpees are lower than observed on the
Tibetan Plateau (up to 12K) and at the continerggion east of 90°E (up to 4K). In
Southern Arabia, CRU and ERA40 deviate, so thatiibdel simulated up to 5K too high
temperatures compared to CRU and up to 3K too emperatures compared to ERA40.
In the cold/dry season, the model strongly undenegés the temperatures on the Asian
continent (up to ca. 10K). The bias to observatisnsmaller than to ERA40. Simulated
near-surface air temperatures above the West Pag#i up to 8K too high compared to
ERA40. Part of the differences in simulated andeolbsd/reanalysed temperatures is
caused by the lower G&oncentration prescribed in the model (pre-indaisinstead of
present-day).

2.3.4 Mean sea level pressure and atmospheric circulation in 850hPa

Figure2.6 shows the winter and summer mean sea levedymeedlistribution as well as the
wind field in 850hPa based on the model simulafid®6_ AV and ERA40 reanalysis
data. Overall, the circulation systems are weltespnted in the model. The simulated and
reanalysed position of the controlling pressurdesys such as the Siberian high and the
Aleutian low in winter or the western Pacific suptical high and the monsoon trough in
summer agree well. The strength of the pressuremgspartly differ in the model and
ERA40. In winter, the Aleutian low is underestinthte the model (up to 8hPa). The mean
sea level pressure in North East China is overastidhby up to 4hPa in the model.
Therefore, the East Asian winter monsoon is shglikaker in the model than in the
reanalysis data. The model simulates an up to 1@dPhigh mean sea level pressure north
of 55°N showing a positive north-south gradientisTieads to a weakening of the westerly
wind circulation by up to 4m/s. The winter mean $e&el pressure above the Indian
Ocean, India, the Tibetan Plateau and Indochinaderestimated by the model.

During summer, the model simulation exhibits a [messure anomaly of up to 3hPa in the
Eastern Chinese Sea. Combined with a slight ousrasbn of the mean sea level pressure
in Eastern China and Indochina, this results inyeonic wind anomaly in the Eastern
Chinese Sea and a weakening of the East Asian summeasoon. The western Pacific
subtropical high is slightly too strong in the mb¢ig to 2hPa). A high pressure anomaly
in the northern Arabian Sea leads to a decreag#dnmimonsoon strength in South India.
In North India, the summer monsoon is enhancedmyoutm/s in the model. Above the
equatorial Indian Ocean, the model simulates anousalvesterlies which are probably
associated with a low pressure anomaly centrechsafuindonesia. These westerly winds
converge above the Maritime Continent and may duute to the overestimation of
precipitation there.

17



model DJF model JUA
"~ >%& TN F > > 147153147137 >33>5>777 >3

>R >>5533333377>33332133 vAg7>uy 7 13
BON 8555555533325 225255>4235> AT ER]
>335 3335333>73>a3h Vv cadar > > P > > > 74

i X N 2
b3 3>225>3>3333337 923N a 2271 HR> >85>

Ddvkyrd pra p?
v Ny
¢ Ly v ia Ny Spd

VN
%

[ s,
o

o
Ve kK i
v A4 RYYYEFERFAT Y > a4 bV YNV
ceectt et R R b At NN c et Lwvy
NS S RRN K T et e <«
- Fégzee—(—(—é(—s&&\"\&" et T TECCCc e

30E 60E 90E 120 150E 180

—_—

25

998 1000 1002 1004 1006 1008 1010 1012 1014 1016 1018 1020 1022 1024

model — ERA40 DJF model — ERA40 JUA

SR
iy g &P rvaerrd

® FREER S Cee

P
JERER I 4 A A
‘gﬂﬂ»\ LERR RS

=) LL4v>4q>’v"
Foe SR v 313274

30N 1
20N 1

SNSw v <Lt

M yvrsiiNSecccan
& s3> AN R LV Y
M » A2 2222 25]
A NNRK®eecivyy

sttt A

Naaaranpcevisss>,
: 177977777y 20N
A41777T77>3>3 >

AANAANAAT>> P 7Y 10N

v
-
>y
o - Y-SR E AA 7 P
SEESACY

I
_ PRS- SOOI o o e o <2 23 N S i > S>>
108 A A? 2> > 333333333V vy ¥ kAT >SN 10s >3 AAAAA A2 3550 4 ,’ Ay s>?>>7 574
Maagr7r>5533asavd upbrcaabaess % T Rk kR Y NNPPIAY . Mt 5 WIS TR SN
20S 1 AR AAAAT >33Vl L pwN AN ASARART Y 20s Y R N A A T T 2 s
308 g A1ATer el iVl yvydddvAccirrer < 308 R yyV L <TEEERRRRE R AAR L avs s ayNyypueese
40E 60E B80E 100E 120E 140E 160E 180 40E 60E B80E 100E 120E 140E 160E 180

T T 10

-15 -10-75 -5 -3 -2 -1 -0505 1 2 3 5 75 10 15

Figure2.6: Simulated mean sea level pressure in hPagdhatd 850hPa wind circulation in m/s, vector,
compared to ERA40 reanalysis data (Simmons ando@jb2000), averaged over the winter (left) and
summer season (right).

24 The effect of prescribing SST/sea-ice and changing
resolution

In the simulation T106_AY. the sea surface temperatures and sea-ice diginbloave
been prescribed according to results of a pre-tn@lisimulation performed in a coupled
atmosphere-ocean-vegetation model. Using this ndetiald lead to additional biases in
the simulation. To test whether the differencesvben T106 AV and observations are
caused by this method, we compare results of stronkusing model derived SSTs and
sea-ice with simulations that ran with prescribédIR SSTs and sea-ice. Furthermore, we
investigate how the representation of the Asiansoon climate in the model depends on
the chosen numerical resolution. The effect of dagpregetation dynamically instead of
prescribing land cover is investigated to compléte picture of the sensitivity of the
simulated results to differences in the model setopthe following, the names of the
different simulations consist of the respectiveoheson (T31, T63 or T106), the used
models (A: atmosphere and land-surface model oviyincluding dynamic vegetation)
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and as indices the method of prescribing the o¢AMIP: using observations; Ok: using
model derived SSTs and sea-ice). To calculate #tenm correlation coefficient of the
different simulations, the simulated values arénbdrly interpolated to a uniform grid
(equivalent to the grid of T106_A).

2.4.1 Precipitation

Figure 2.7 shows the annual mean precipitatiomibigton for all simulations used in this
study. The difference between theses simulationwedsas the differences between the
observation (GPCP) and these simulations are ¢sglan Figure 2.8. The coarse
resolution simulation with prescribed AMIP SSTs {T3awp) reveals a positive
precipitation bias in large parts of eastern Chamal the Tibetan Plateau (up to ca.
800mml/year, Figure 2.8d). Parts of Northern InBiangladesh and Indochina receive less
precipitation compared to GPCP (up to ca. 1000manjy&Vith the exception of the East
China Sea and the Pacific east of Japan, annualipgedion above the ocean is
overestimated by the model.
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Figure2.7: Simulated present-day annual mean precipitdtron/year] in all model-setups used in thiady
that differ with respect to resolution, couplingdagsrescribed sea surface temperature and seasitidiion.
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Overall, this simulation is in better agreementwihe observations than T106_AVThe
pattern correlation to GPCP and CMAP is 0.83 aBd ,0respectively. An improvement of
the simulated precipitation pattern is receivedipalarly over the ocean. The technique of
prescribing pre-industrial (Ok) SSTs and sea-ioemfra coupled model affects the
continental precipitation pattern only slightly gbre 2.8a). Nevertheless, part of the
precipitation bias (up to ca. 350mm/year) in thdidn monsoon region can be attributed to
the application of this method. The simulated ppitaiion pattern in the East Asian
monsoon region remains unaffected by this methagr @e oceans, prescribing Ok SSTs
induces strong precipitation biases. Annual meagipitation at the western Indian Ocean
is reduced by ca. 1500-2000mm/year in the simulatigith Ok SSTs. The poleward shift
of the ITCZ exhibited in T106_A¥ can also be related to the application of this
technique.

The second important factor influencing the prdaipn pattern in the Asian monsoon
region is the numerical resolution used in the rhotlee effect of different resolutions is
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Figure 2.8: Differences in annual mean precipitation [meaf] between the differentadel simulation:
(partly interpolated to same grid) and betweenrtoglel simulations and the observational datasetR
(Adler et al., 2003). It shows: a) Effect of présitrg SSTs and seiae from a coupled simulation instead
AMIP SSTs; b) Effect of including dynamic vegetatia) Effect of increasing numerical resolution.
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investigated by comparing atmosphere-only simutatio T31L19 (T31_A) and T63L31
(T63_Aok). Increasing the numerical resolution enhancesdgative precipitation bias in
India by up to 700mm/year and diminishes the pasipirecipitation bias in East China by
up to 600mm/year (Figure 2.8c). Thus, the moded boaobservations is increased in India
and decreased in the East Asian monsoon region wkemy higher resolutions. The
problems of ECHAMS5 to calculate too large precitita rates at steep mountain slopes
and to simulate a shifted ITCZ worsen with highesalutions. The differences between
T63_Aok and T31_Ax mainly result from the difference in the verticasolution. A further
increase in horizontal resolution from T63 to Ti€langes the simulated precipitation
distribution only slightly.

Including dynamic vegetation has a weak effectrensimulated precipitation pattern. The
precipitation differences between the atmosphetg-@imulation and the coupled

atmosphere-vegetation simulation are less than ¥Qear. This is, of course, related to
the fact that the dynamic vegetation module cateslan only slightly different land cover
distribution compared to the prescribed one insihaulation with fixed vegetation.

2.4.2 Near-surface air temperature

Compared to the CRU TS 2.1 derived dry/cold seasomperature, the model with
prescribed AMIP SSTs calculates a too warm clinrat€entral Asia (up to 8K) and a too
cold climate in the eastern (coastal) parts of ¢batinent (up to 5K, Figure 2.9d).
Prescribing Ok-SSTs reduces the temperature nbith.al0°N and in East China by up to
3K. Thus, using this method leads to a reductiorthef temperature bias in the former
region and an enhancement of the temperaturerbihe ilatter region, respectively (Figure
2.9a). The Tibetan Plateau, South India and Indhacleixperience a warmer dry season
climate in T31_Ax Above the ocean, prescribing SSTs leads to wamaar-surface air
temperatures in large parts of the Indian Oceanimtize North Pacific (east of Japan, up
to 6K).

Increasing the resolution results in a cooler clanan the continent by up to 8K (Figure
2.9c). The warm bias in the coarse resolution satis is overcompensated in most parts
of Asia. Above the ocean, temperature is nearlyffaoged by the chosen resolution. The
general representation of the near-surface temperanproves with higher resolution. In
particular, regional details in the temperaturddfiare better resolved. The pattern
correlation coefficient increases from 0.98 in TB3 to 0.99 in T106_AV..

In the wet season, the temperature bias in TAlpAlooks similar to the bias in the
dry/cold season (Figure 2.10). Prescribing Ok-Shas only a week effect on continental
temperatures. It mainly leads to a warming in Indiige to less precipitation. Like in the
dry/cold season, increasing resolution cools theatk in large parts of Asia and leads to a
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better representation of the near-surface air teatypee distribution. The pattern
correlation increases from 0.92 in T31y40 0.97 in T106_AVx.

Including dynamic vegetation has no influence andlmate in both seasons (less than +/-
0.5K).
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Figure 2.9: Simulated and observed dry/cold season terpesa(Novembehpril, in °C, upper panel
Lower panels: Same as Fig. 2.8, but for dry/coldssa temperature (partly interpolated to same
compared to CRU TS 2.1 observation (Mitchell and §p2805).
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Figure2.10: Same as Fig. 2.9, but for the wet season {®epber).

2.5 Summary and discussion of Chapter 2

This study provides an overview of the performantehe general circulation model
ECHAM5/JSBACH with respect to the simulation of thesian monsoon climate.
Precipitation, near-surface air temperatures aaddtv level atmospheric dynamics have
been compared to observations and reanalysis datg a high-resolution simulation with
prescribed simulated SSTs and sea-ice. In a sestepd the sensitivity to changes in the
model setup (e.g. resolution) has been investigated
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The performance of the model regarding the prestipit in the continental and entire
Asian domain (here: 30-170°E, -10-60°N), respebtivis summarised in Figure 2.11 for
all considered model setups. The spatial distrimgstiof the model results have been
interpolated bilinearly to a uniform grid (equivateo the grid of T106_AY). The Taylor
diagram quantifies how closely the simulated priggilon patterns match the observations
(here: GPCP) by combining the pattern correlatioafficient, centred root-mean square
error (RMSE) and the standard deviation of the rhoelsults and the reference data-set.
The closer these statistical parameters of thevighgil model simulations are to the
reference point (black circle on the x-axis), thegér is the similarity of the simulated
model results to the observations. Overall, thé¢ ©@eeals the following tendencies:

standard deviation [mm/day]
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The performance of the model is better for the ioental regions than for the
oceanic regions.

The simulations in the different model setups deviass on land than over the
oceans, i.e. the precipitation distribution on lasdess affected by the resolution
and, in particular, by the prescribed oceanic serfzoundary conditions.

The simulations performed with a coarse numerieablution generally match the
observed pattern better than the high-resolutios.rithe high-resolution simulation,
however, shows the best fit with regard to theiapanhd temporal variability for the
continental regions.

Including dynamic vegetation has no effect on thenutated precipitation
distribution which can be explained by the only amimeviations of the simulated
vegetation pattern in the coupled simulations froine prescribed vegetation
distribution in the uncoupled simulations.
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- Overall, the simulation T31AY agrees best with the observed precipitation patter
on land. For the entire region, the AMIP experinsesihow the best results with
regard to the correlation and RMSE, but revealghty worse representation of the
variability than the coarse resolution runs witlegaribed simulated SSTs and sea-
ice.

The model is able to capture the observed pretigitgattern well, regardless of which
model setup is used. However, our analysis reMeale differences with respect to the
magnitude of the precipitation. In the high-resolntsimulation (T106AVYy), the model
calculates slightly too much precipitation in E&dia. In large parts of southern and
western Asia, in contrast, total precipitation redarestimated by the model. Particularly
during the monsoon season, the Indian continergives much less precipitation than
observed. This rainfall deficit can partly be rethto the method of prescribing sea surface
temperatures and sea-ice distributions derived fiaroupled model simulation as the bias
is slightly reduced in the AMIP simulations. Nevestess, using this method only accounts
for approx. 30% of the simulated bias. The restthdse attributed to other sources. Since
the rainfall deficit is also present in the Nortfrigan monsoon domain, the source of error
has to be related to deficiencies in the largeescatulation or in the model physics. In
this respect, one source of error could be thedcfzarameterisation that might not be able
to represent the complex convective cloud physicthée tropical monsoon regions. This
should be tested in separate sensitivity studies.

Like in previous studies regarding the performanteCHAMS in different numerical
resolutions, our results reveal more Asian mongm@eipitation in the coarse resolution
simulations than with higher resolutions (Roeckaeml., 2006). This is at least partly
related to numerical diffusion in the advectionestle of water vapour in the model. In
course vertical resolutions, the vertical transmdrhumidity may be enhanced due to a
stronger artificial diffusion (Pope et al., 200Jgd®kner et al., 2006). Therefore, increasing
the numerical resolution improves the magnitudehef mean precipitation rate in East
China (overestimated in the coarse resolution) wodsens it in the Indian monsoon
region, but for the wrong reason.

Figure 2.12 illustrates how well the near-surfagetemperature is represented in the
different model setups. Overall the following carsibns can be drawn:

- In all considered model setups, the simulated teatpee pattern shows a very high
correlation (>0.96) to the observational datasetUCRS2.1 as well as to the
reanalysis data ERA40.

- The temperature pattern is slightly better represknin the high-resolution
simulations (T63 and T106) than in the coarse-tggwi simulations (T31).
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- Regarding the variability, the simulations with ggebed AMIP SSTs match the
observed variability best, but the variability isa@well represented in the other
simulations.

- The model reveals higher correlation to the reaiglgata than to observations.

- Including dynamic vegetation has no effect on thpresentation of the 2m air
temperature field.

In the simulations with higher horizontal resoluatiche near-surface air temperature is
represented in more detail than in the coarse utenlruns, not least because of a better
representation of the complex orography in thearegihis probably leads also to a better
agreement between the simulated and observedsdgplessure and monsoon circulation
(not shown).
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Figure 2.12 Same as Fig. 2.1
but for temperature on lan
based on monthly mean valu
Reference  dataset: ERA
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normalised standard deviation
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1.5
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2.6 Conclusion of Chapter 2

Overall, ECHAM5/JSBACH is able to reproduce the madimate state in the Asian
monsoon domain in all considered model setupsdrhtgh resolution simulation, regional
atmospheric dynamics are particularly well représgnNevertheless, the model has a
rainfall deficit in the tropical monsoon regions.eflils in the seasonal cycle of
precipitation can only partly be simulated by thed®l. The observed propagation of the
monsoon systems, their onset and withdrawal, fetaimce, can not fully be reproduced.
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3. Simulated mid-Holocene Asian monsoon climate

3.1 Introduction

The assessment of the capability of climate moetgve reasonable projections of future
climate change requires the validation of modelu$ations to past climate states that are
substantially different from the present-day oneugdaume et al., 1999). In contrast to
present-day observational records, the compari$galeoclimate modelling results with
paleoclimate reconstructions provides the oppatyunitest the sensitivity of the model to
strong external forcings (Kohfeld and Harrison, @00

The mid-Holocene, 6000years before present, ima-slice that is often used for model
comparison and validation (e.g. Paleoclimate Maalgll Intercomparison Project,
Braconnot et al. 2007a,b; Kohfeld and Harrison, 0Bush, 2004). As the surface
boundary conditions such as the continental icetstsstribution and the sea-level were
comparable to present-day and the atmospheric lgpese gas concentration was similar
to pre-industrial times, the major forcing to tHemate system arose from differences in
the incoming solar radiation that can be attributedchanges in the Earth’s orbital
configuration (Berger, 1978). Mainly due to thegassion related shift of the timing of the
equinoxes on the Earth’s orbit and the associakéftl af the Perihelion from January
(present-day) to September (mid-Holocene), thelatiem on the northern hemisphere
was, on average, increased and decreased by 5%gdiunmmer and winter, respectively
(Figure 3.1). This led to an enhancement of thea®al cycle in the northern hemisphere.

Climate modelling studies suggest a general sthemjing of the Asian summer monsoon
circulation as response to this insolation forcihgt can mainly be explained by an
intensification of the land-sea thermal gradieng.(8raconnot et al, 2007a, 2008; Marzin
et al., 2009a; Wang T. et al., 2010). Monsoon eelgtrecipitation is stated to be increased
in most parts of the continental monsoon domaininguthe mid-Holocene. Internal
feedbacks in the climate system such as interacbbthe atmosphere and the ocean or the
vegetation have been shown to modify the initisjpmnse to the insolation forcing. The
strength of these interactions reveals regionalimi¢arities in the Asian monsoon domain
as well as contradictory contributions to the Heloe climate change in different climate
models (see Dallmeyer et al. 2010 and referene@sitt). This induces also dissimilarities
in the regional precipitation signal.

For monsoonal central Asia, a large number of @dil@ate records of different nature
exists that, in general, confirm the intensificatiof the Asian monsoon system and the
enhanced precipitation in most regions of the Asiamsoon domain during early and
mid-Holocene (e.g. Fleitmann et al, 2003; Wang &tJal., 2005; Maher, 2008). These
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records often serve as proof for the simulatedeia®e in monsoon precipitation at the mid-
Holocene, but they reveal a large disparity in dampsolution and age control that can
influence the interpretation and the applicabitifithese records (Wang YB. et al., 2010).

Recently, Wang et al. (2010) have provided a symhlereview of the spatial and
temporal pattern of temperature and moisture enoiuh monsoonal central Asia that is
based on more than 90 synchronised proxy recondthis$ study, we compare results of
high-resolution global climate model simulationsttwian extended version of these
synchronised reconstructions for the mid-Holocaneeslice. Using the climate model
results, we quantify changes in the summer monsbaracteristics and assess the possible
atmospheric mechanisms leading to the reconstruatgsture pattern. With this study, we
provide for the first time a comprehensive and &iast comparison of reconstructions
and climate model results for the mid-Holocene Asr@nsoon climate.

insolation change 6k—0k [W/m*2]

3Oinsolation 6k—0k, 30N(black) and 30S(red) [W/m*2]
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Figure3.1: Insolation difference between mid-Holocene) @kd presenttay (Ok); right panel: zonal me
change per month in the model; left panel: insotatiifference in 30°N (black) and 30°S (red). Zhift
calendar are not accounted for, i.e. the modehdaleis used.

3.2 Methods

To analyse differences in climate between the nuoibEkne and present-day, we
performed time-slice experiments with the model RGAS/JSBACH. This model
consisted of the general circulation model for étmosphere ECHAMS5 (Roeckner et al.,
2003) and the land surface scheme JSBACH (Raddatk €007) that also included a
dynamic vegetation module (Brovkin et al., 2009heTmodels ran with the spectral
resolution T106L31. This corresponds to a latitatlidistance of approx. 1.125° and 31
levels in the vertical. We conducted two experirsertne with mid-Holocene orbital
configuration (T106_AVY.), one with present-day orbital configuration (T160& o)
prescribed. In T106_Ay and T106_AVk sea surface temperature and sea-ice were
prescribed according to their mid-Holocene andipdesstrial distributions, respectively.
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Values were taken from a course resolution simutagierformed with the comprehensive
Earth System Model ECHAM5/JSBACH-MPIOM (Fischer ahghgclaus, 2011) which
included the general circulation model for the oc#4PIOM (Marsland et al., 2003).
During both simulations, atmospheric compositiors ided at pre-industrial values, i.e.
CO,-concentration was set to 280ppm. ECHAMS5/JSBACH wmeught to quasi-
equilibrium climate state (spin-up of approx. 20&g} before it ran for additional 30 years
(analysis period).

In this study, we focus on differences in precipita and near-surface air temperature
between mid-Holocene (6k) and present-day (Ok) lesset are the most important
parameters characterising monsoonal climate.

In all other respects, we applied the same methsdis Chapter 2.

3.3 Results

3.3.1 General precipitation pattern and monsoon season

Figure 3.2 shows the annual mean precipitatioredéfice between the mid-Holocene (6k)
and the present-day simulation (0k). Most of theaticental Asian monsoon region
experiences a wetter climate during mid-Holocenecipitation is increased by up to
250mm/year in North East China and North Indiata@50mm/year in South China and
up to 1000mml/year at the Himalaya mountain rangecipitation is decreased in southern
Indochina (up to 200mm/year), on the south easkdatan Plateau (up to 350mm/year)
and in the Yangtze-Huanghe-plain (up to 150mm/yeAsg the summer monsoon is
responsible for most of the annual precipitatidre Holocene precipitation change is
closely related to changes in the monsoon seasdncamnot be explained fully by the
summer monsoon signal. Due to the reduced solaatiaa on the northern hemisphere

MODEL 6k—0k [mm/y]

60N

Figure 3.2: Significant (Ttest,
95%) difference in annual me
precipitation [mm/year] betwee
the midHolocene (6k) an
present-day (0k) simulation.
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during spring and the accompanied weaker tempergtadient between ocean and land in
the pre-monsoon season, the summer monsoon giartsxa2-8 pentads later at 6k than at
Ok (Figure 3.3). Only at the margin area of thespré-day monsoon domain and in North
East China, the monsoon season begins approx. thneamlier in the mid-Holocene
simulation. This probably indicates a faster adeant the summer monsoon onto the
continent at 6k compared to Ok. The withdrawalh&f summer monsoon is postponed by
0.5 pentads in South India and Indochina to 10gmin East China and begins earlier at
the Bay of Bengal and the South China Sea (ap@réxpentads). This may also indicate a
faster retreat of the monsoon.

Related to the shifts in the onset and withdrawexiqal, the summer monsoon season
length is different at 6k and at Ok (Figure 3.8)ldrge parts of the continent, the monsoon
season is prolonged and the monsoon related piaadpi is enhanced during the mid-

Holocene. Exceptions are parts of Middle and N&dist India, Indochina and Bangladesh
which experience a shorter monsoon season andn@ssoonal precipitation in 6k. These

are by and large also the areas showing less anmeal precipitation in the mid-Holocene

simulation than in the present-day one.
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Figure 3.3: Simulated difference in onset time, withdrawal tiaved length of the Asian summer mons
as well as differences in monsoon related pretipitédbetween mid-Holocene (6k) and present-day. (Ok)

30



To further analyse the differences in the precitapattern between mid-Holocene and
present-day, Hovmoller diagrams are provided (Fig@r4) showing the latitudinal

structure of the seasonal precipitation cycle inEast Asian (110-120°E) and Indian
monsoon sector (70-80°E). These diagrams reveahidas picture: East China receives
less spring precipitation during mid-Holocene. imsner, the major East Asian summer
monsoon rainband is slightly shifted northward. rEfi@re, precipitation is decreased in the
region between 5°N and 20°N and increased northit.dduring autumn, East Asian

monsoon precipitation is enhanced at 6k compare@kiorhe Indian summer monsoon
onset is postponed providing less precipitationMay and June. The major summer
rainband is slightly shifted northward which leadsn increase of summer precipitation at

ca. 30°N.

6k—0k precip EASM [mm/day]

6k—0k precip IM [mm/day]

In the post-monsoon season, the Indatinent experiences more precipitation
during mid-Holocene.
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Figure 3.4: Hovmoller diagram showing the difference ire thatitudinal structure ofthe season:
precipitation cycle in an East Asian (110-120°Ej dndian monsoon sector (70-80°E) between mid-
Holocene and present-day.

3.3.2 Comparison with moisture-reconstructions

The simulated precipitation difference between Malecene and present-day is compared
with a new version of the moisture index of Wangakt(2010). This index is based on
diverse reconstructions and describes the moistumage only qualitatively. It categorises
the mid-Holocene climate as ‘wetter’, ‘similar’, airier than present-day’. Overall, the
model and reconstructions show a similar patternnafisture change with wetter
conditions in North India and large parts of thbéan Plateau as well as in south-western
China (Figure 3.5). In north-western China, the elaghd reconstructions suggest drier
conditions during mid-Holocene. In the East Asiaonsoon region, they partly disagree,
particularly in Central China. The model calculatess annual mean precipitation in a
broad region between ca. 25°N-35°N and 95°E-12Q°Bka This signal is mostly not
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Figure3.5: Reconstructed moisture difference (dots, Wang €2(dl0) and simulated relatianual mea
precipitation difference (6k-0k/Ok, shaded) betweeaid-Holocene and preseday (blue = wetter, red
drier conditions at mid-Holocene than at present-déoite= no change).

significant on a 95% significance level, which ralgea high interannual variability in the
model. The reconstructions suggest predominanthgtéer climate in Central China during
mid-Holocene, but the reconstructed pattern is défuse and not well-defined.

Reconstructions and the model show a more chessli@ar patchy and non-systematic

moisture change in the Asian monsoon region. Thtslpness underlines the complexity

of the Asian monsoon system consisting of sevatatacting monsoon sub-systems and it
exposes the complexity of the response of thisegydb the Holocene insolation change.
The good resemblance of model results and recatisting allows us to assess the
mechanism leading to the reconstructed moistureggand can help to understand the
patchy signal in the reconstructions. This aspedigcussed in section 3.4.1.

3.3.3 Near-surface air temperature

The difference in near-surface air temperature éetwmid-Holocene and present-day
reflects the seasonal insolation change. Duringctiid/dry season (November-April) the
Asian continent experiences a cooler climate (Ed&6). Maximal differences appear in
West India (ca. 2.7K) and in Northeast China (caK® The temperature on the southern
Himalaya is slightly increased by up to 0.5K at fhidlocene compared to present-day.
The near-surface air temperature above the adjaceans is not affected by the insolation
forcing except in regions that are covered by segdNorth-Pacific). This is related to the
fact that the response of the ocean lags the it@olforcing due to its large heat capacity.
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Figure 3.6: Simulated difference in dry/cold season (left) amet season neaurface air temperatu
(right) between the mid-Holocene and present-d&Zin

Therefore, the surface temperature of the oceahgyiger (lower) than at present-day in
the first (last) months of this period with magxiés cancelling each other out.

During the warm season, near-surface air tempestur North and Central Asia are
higher at mid-Holocene than at present-day (Figdi). The magnitude of the signal
roughly increases with increasing latitudes reaghialues of up to 1.75K in southern
Russia and North China. North India and South Ckxkerienced a cooler or similar mid-
Holocene climate (up to 1.2K). This is probablyatetl to more clouds and a higher
evaporative cooling accompanying the precipitatimerease in these regions that
overcompensates the orbitally-induced signal.

Averaged over the year, the differences in nedasarair temperature between mid-
Holocene and present-day are small. Simulated noidd¢¢éne temperatures are lower in
East China and in the region south of 30°N at madelene compared to present-day
(Figure 3.7). The region north of 30°N exhibits armer climate. The reconstructed
warmth index by and large agrees with this sigbat, reveals a warmer mid-Holocene
climate also south of 30°N. This discrepancy betwd#e model and the reconstructions
could indicate a too strong evaporation in the meae therewith too strong evaporative
cooling. At some sites in North China and Inner lgolm, the reconstructions suggest a
cooler mid-Holocene climate, which also deviatesnirthe model results. Like the
moisture-index, the temperature reconstructionsaka patchy, not well-defined signal on
the eastern slopes and foothills of the TibetateBla However, the reconstructed warmth-
index is less reliable than the moisture index esinmost proxies depend on moisture and
thus indicate a mixture of temperature and prediijpib signals (Wang YB. et al. 2010).
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3.4 Discussion of Chapter 3

3.4.1 Possible Mechanisms causing the precipitation change

Figure 3.8 illustrates the simulated seasonal pitation cycle in different areas of Asia
representing zones with a characteristic mid- te-kolocene annual precipitation signal.
The difference in the seasonal cycle between mitbé¢dme (6k) and present-day (Ok)
reveals only few regions where the change in anmedn precipitation is completely
determined by the change in summer monsoon raihfalfje parts of the monsoon domain
also experience a precipitation change in othes®®a Four different modes of the
precipitation signal can be identified comparegresent-day:

| decreased and increased mid-Holocene precipitatorspring and summer,
respectively (e.g. CE China, CE China Il, SE China)

[l increased mid-Holocene precipitation during sum¢eeg. N India, NE China)

[l decreased mid-Holocene precipitation predominadhtiing spring, but with high
variability also in the other seasons (C Asia)

IV decreased mid-Holocene precipitation in springsumdmer (e.g. Indochina)
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Figure 3.8: Annual cycle of precipitation change betweeid-holocene (blue curve) and preselaty
(black curve) for different regions in the Asianmsoon domain, in mm/day. Differences: red curve.

The annual mean precipitation change is, thus,radted by changes in spring and
summer precipitation. In the following, the pretapion change in these two seasons is
discussed in detail.

3.4.1.1 Mechanisms causing differencesin spring (FMAM) precipitation

Figure 3.9 displays the spatial precipitation disttion averaged over the pre-monsoon
season and the monsoon season. Compared to ottiergbahe continental monsoon
regions, Southeast Asia (e.g. Indochina, centrad-south-eastern China) receives already
a large amount of precipitation during the pre-noams season. In central- and south-
eastern China, the simulated mean precipitatioesrat FMAM reach values of up to
8mm/day and even exceeds the precipitation ratehanmonsoon season (only up to
6mm/day) at present-day. The amount of FMAM préatmn is strongly overestimated
and the monsoon rainfall is underestimated by thedeh Nevertheless, also in
observations, the spring precipitation account 38f0 of the annual total (Yihui and
Zunya, 2008). This pre-monsoon precipitation is niyairelated to the mid-latitude
baroclinic zone (Boo et al., 2011). The interactadrthe subtropical westerly jet and the
Tibetan Plateau leads to subsidence in NortheastaCénd South Asia (Broccoli and
Manabe, 1992; Sato, 2009) and to the suppressioncarivective precipitation
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in these regions during the pre-monsoon seasonekienwdue to the upper-tropospheric
wind divergence at the right entrance of the jeeca zone of vertical ascent is established
in central and south-eastern China (Figure 3.2)Ueng convective precipitation. In this
region, the vertically integrated moisture-flux werges (Figure 3.11). The major
circulation systems transporting moisture to thisaaare the southern branch of the
middle- and upper-tropospheric westerlies and dhsaesterly circulation related to the
West Pacific subtropical high. These moisture ceémre confirmed by present-day
observations (e.g. Yihui and Zunya, 2008). The ceduincoming solar radiation on the
northern hemisphere during mid-Holocene winter @ady spring leads to a cooler climate
and a higher mean sea level pressure over theneoidl Asian monsoon region compared
to present-day. Above the adjacent ocean (partigulhe Pacific), the temperature
decrease in the lower atmosphere is less pronouwheedo the larger heat capacity of the
ocean compared to the land. The mean sea levaysees lower at mid-Holocene than at
present-day. This leads to a north-easterly-windnaaly in the lower troposphere in
central- and south-eastern China. In the uppeosplpere, an anticyclonic circulation is
established with a core at approx. 20°N, 100°E lgwads to north-easterly winds south of
20°N. Both anomalies contribute to the decreasausport of moisture to Southeast Asia
and the reduced moisture convergence in this aneiagd mid-Holocene (Figure 3.11).
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Figure3.11: Simulated ertical integrated moisture flux and its converge(mnvergence (blue) = moistt
sink), divergence (red) = moisture source) averageel the pranonsoon season (left) and ideali
summer monsoon season (right), for Ok and 6k-0k.
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Furthermore, the cooler lower and middle troposphat mid-Holocene compared to
present-day induces subsidence in Southeast Asdheerefore, the pre-monsoonal
precipitation is reduced by up to 3.5mm/day on sbeth-eastern Tibetan Plateau and
1mm/day in Indochina and central and south-eagiéina at mid-Holocene (Figure 3.9).

The decreased spring precipitation in Central Asiang the mid-Holocene can probably
be attributed to changes in the Westerly wind ¢atbon and could result from changes in
storm-tracks and/or the strength and frequencyistudbances. As this area is located
outside the Asian monsoon region, mode Il will betdiscussed further in this study.

3.4.1.2 Mechanisms causing differencesin summer (JJAS) precipitation

The summer (JJAS) precipitation in South and Easé As related to the Asian summer
monsoon transporting moisture from the adjacenaiwde the continents (Figure 3.11). As
a consequence of the increased solar insolaticdhegmorthern hemisphere during mid-
Holocene and the different heat capacity of land w&ater, the Asian continent warms up
more strongly than the oceans and the temperanoepeessure gradients between the
continent and adjacent ocean are enhanced. Thds eaan intensification of the Asian

monsoon circulation and a strengthening of the tamsflux onto the continent (Figure

3.11). The divergence of the vertically integratedisture flux shows a negative anomaly
(more convergent) in North India, the southern TahePlateau and South China, and a
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positive anomaly (more divergent) in Indochina &ehtral India between 6k and Ok. In
large parts of the continental Asian monsoon domtie vertical ascent in the mid-
troposphere is enhanced at mid-Holocene (Figur@) 3This is probably related to shifts in
the upper-tropospheric wind circulation above thgafA continent being more divergent
during mid-Holocene compared to present-day. Theege heating of the lower and
middle troposphere above the continent may alsariboibe to the enhanced uplift. The
reduced mid-tropospheric vertical motion at Centralia, Indochina and the western
Pacific in the same latitude probably indicates cathward shift of the Intertropical
Convergence Zone. The decreased moisture flux cgamee and vertical uplift in Middle
India and Indochina leads to a reduction of sumimerprecipitation by up to 1.2mm/day
and 0.8mm/day, respectively (Fig. 3.10). In bothiors, the monsoon season is shortened
(cf. sec. 3.3.1). In contrast, the enhanced ma@gtansport and moisture flux convergence
combined with the enhanced vertical uplift leadatbincreased summertime precipitation
in the rest of the Asian monsoon domain during malecene. Precipitation is increased
by 3mm/day in South China, up to 2.5mm/day in Neat China, up to 1.5mm/day in
North India and more than 5Smm/day at the Himalaya.

3.4.1.3 Implicationsfor the moisturereconstruction

The appearance of several modes in the precipitatignal reveals that the change in
moisture/precipitation can not simply be attributedsummer monsoon dynamics. Other
seasons, particularly the pre-monsoon season, &lseeto be taken into account. The
response to the Holocene insolation change isrdiftan the individual sub-regions of the
Asian monsoon domain. The cause of this differeialviour can be found in the different
nature of the monsoon systems. The Indian monssoueiermined by meridional
temperature and pressure gradients. Therefore thecehe insolation change, which is
zonally uniform but reveals meridional variationgs a different effect on the Indian
monsoon than on the East Asian monsoon that isdfdtoy zonal temperature and pressure
gradients. Furthermore, the two monsoon systeneatesirong differences in the seasonal
precipitation distribution. Figure 3.13 shows tlaia of summer to spring precipitation
and point out the difference between the Indian snon domain and the East Asian
monsoon domain. India and the southern Tibetane&lat(mode 1) are strongly
characterised by summer precipitation. The stresmgity of the Indian summer monsoon
in the mid-Holocene simulation is, thus, respomsiflr the annual total precipitation
change in the model. This clear signal can probaelyepresented easily in model and
reconstructions. In contrast, the core region ef BHast Asian monsoon receives a large
amount of precipitation outside the monsoon sea3twe. difference in the simulated
seasonal precipitation cycle between mid-Holocend present-day is predominantly
characterised by a reduction of precipitation i@ thonths February to May (FMAM) and
an increased precipitation during the months June&éptember (JJAS). The regions
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exhibiting this precipitation signal (mode |) ateetregions in which the reconstructions
show the patchiest moisture change and also therrdeagreement to the model results.
At least in the model, the sign of the annual mpeaatipitation change in these regions
depends on the balance of the precipitation deereashe pre-monsoon season and the
precipitation increase in the monsoon season. ratiis is probably not only determined by
changes in the large- and regional-scale atmospHgnamics between mid-Holocene and
present-day, but also strongly affected by the lloeavironment, particularly the
orography. The region with the strongest disagrewnietween the model and the
reconstructions (100-110°E, 30-40°N) is locatedhat eastern slopes and foothills of the
Tibetan Plateau and the adjacent regions wheréudds vary strongly. Thus, the
patchiness of the moisture reconstruction may simpé an imprint of the local
topography.

__6k—0k JJAS—FMAM

4Nt
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Figure 3.13: Ratio of summer to spring precipitation adaony to the present-day simulatioleff) and
change in the difference of summer and spring pitation between mid-Holocene and present;day:
negative (i.e. decrease in FMAS > increase in JJBI8§: positive.

3.4.2 Comparison with other modelling studies

The model used in this study does not include aanyecally coupled ocean model.
Therefore, important feedback mechanisms betweearoand atmosphere (e.g. sea-ice
albedo feedback, or feedbacks within the waterejyare neglected that may have an
influence on the simulated climate change. The iatdege of this model setup, however, is
the possibility to conduct simulations in a highmerical resolution (T106L31) without
spending excessive computational power and timieeiAthe only slight improvements of
the simulated present-day climate that are maiahfined to the monsoon dynamics and
do not include the precipitation distribution (S&eap. 2), we expect the simulated climate
response to be more manifold in high resolutionutations. To assess the robustness of
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our results, we compare th

reconstructed moisture and warm Model resolution
index with results from couplec nMRIcGCcM2.3.4nfa T42130
atmosphere-ocean-vegetation-model

simulations performed within the = MRICGCM2.3.4fa T42L30

Paleoclimate  Modelling Intercom:
parison Project Phase Il (PMIPz
Braconnot et al.,, 2007a) and coars FOAM-LPJ R15L18
resolution simulations (referred to ¢
T31_AOV) conducted with the
comprehensive Earth system mod
ECHAM5/JSBACH-MPIOM  (Figure Table 3.1: Overview on the PMIP2 simulations
3.14, Figure 3.16). The individua includin.g an atmosphere, ocea_n and_ dynamic
. . . . vegetation model. For further information see:
simulations are listed in Table 3.1 http://pmip2.Isce.ipsl.fr/

They have all been undertaken usi

similar boundary conditions and the same orbitalcifg as in T106_A¥ and
T106_AVok.

ECBILT CLIO VECODE T21L3

UBRIS HADCM3 2.5°x3.75°, L19

Compared to the high resolution simulation, T31_AGNow a much clearer annual
precipitation change in the Asian monsoon domaii wrier mid-Holocene conditions in

central- and south-eastern China and a wetter ®@iglaewhere. This uniform precipitation
signal cannot represented the complex signal seemconstructions and points out the
added value of the high resolution in T106_AV. he tcourse resolution, the model is
probably able to capture the large-scale respofhsieecclimate to the insolation forcing,

but can not represent the regional dynamics.

The individual model simulations of PMIP2 reveaigi discrepancy regarding the sign,
magnitude and pattern of the mid- to late- Holocanaual total precipitation change.
Relatively robust signals are:

- the wetter mid-Holocene climate in Northern IndBaaof 5 models). The other two
models (FOAM-LPJ and ECBILT-CLIO-VECODE) also shaegions with drier
climate in mid-Holocene compared to present-day.

- the increased precipitation on the central southigbetan Plateau (around 90°E,
30°N), this is shown by all 5 models.

- the existence of regions in eastern China receil@sg precipitation during mid-
Holocene; only UBRIS-HADCM3M2 suggests increaseécpitation in the entire
eastern China.

- the wetter climate in Northeast China (ca. 110-E238-42°N).
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Figure3.15: Differences in the seasonal precipitationeypetween the mid-Holocene and presiat-for
the regions Central-East Asia and northern Indisirasilated within PMIP2.

Figure 3.15 shows the difference in the seasomiitation cycle between mid-Holocene
and present-day climate as simulated within PMI&2an area in central-eastern China
(110-120°E,30-35°N) and northern India (70-80°E;3®8N). These simulations confirm
the different character of the East Asian and titean monsoon region and the different
response of the monsoon systems to the insolabiaing. In most models, the seasonal
signal referred to as mode | in our study, i.e.rel@sed precipitation in mid-Holocene
spring and increased precipitation in mid-Holocemenmer, can be found in central
eastern China. In this region, UBRIS-HADCM3M2 andcRMCGCM2.3.4fa show wetter
conditions during mid-Holocene that can be related stronger increase of precipitation
in summer overcompensating the decrease of pratigit in spring. The drier mid-
Holocene climate simulated by MRI-CGCM2.3.4nfa &@AM-LPJ is associated with
strongly decreased precipitation during mid-Holecespring that overcompensates the
increased precipitation during summer. In nortHarha, three out of five models simulate
the seasonal signal referred to as mode Il in dudys showing a strong increased
precipitation during mid-Holocene summer and npoese in the other seasons. ECBILT-
CLIO-VECODE and FOAM-LPJ simulated decreased sprimgcipitation also for
northern India during the mid-Holocene comparegrasent-day.

Figure 3.16 shows the annual mean near-surfaceemiperature difference between the
mid-Holocene and the present-day simulations caedueithin PMIP2 and in T31_AOV.
Regarding temperature, T106_AV and T31_AOV shownailar signal, however, the
region revealing a warmer mid-Holocene climate ed$efurther southward in T106_AV
which is in better agreement with the reconstrungiorhe PMIP2 simulations reveal large
discrepancies with respect to the temperature resspto the insolation forcing. Four out of
five models suggest a mostly cooler mid-Holocem@atie south of 30°N which is not in
line with the reconstructions. North of 30°N thnemdels calculate lower temperatures
during mid-Holocene compared to present-day. MRIBBAZ.3.4nfa suggests a warmer
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mid-Holocene climate north of 40°N. ECBILT-CLIO-VEXDE shows only slight
differences in annual mean temperatures betweemitheand late-Holocene.

Overall, the high resolution simulation T106_4Vmatches the reconstructions best
despite of the missing ocean-atmosphere interactidhe effect of ocean-atmosphere
interaction on Holocene climate change is discugs#te next Chapter.

3.5 Summary and conclusion of Chapter 3

A high resolution numerical experiment conductedhwthe general circulation model
ECHAMS5/JSBACH by applying mid-Holocene insolatioording has been compared to
synchronised climate reconstructions for the Asiaonsoon region. Overall the model
results and the reconstructions are in good agneembey both show wetter conditions in
large parts of the Indian monsoon region and dypdrier and partly wetter climate in East
Asia. Especially in central-eastern China, recaic$ions suggest a very inhomogeneous
mid- to late-Holocene annual total precipitatiogrsil which indicates the complexity of
the Asian monsoon dynamics. The model is able ptuca this patchy signal and attributes
the inhomogeneity to the different responses ofghst Asian and Indian monsoon system
to the insolation forcing. In large parts of Eastéhina, present-day precipitation is not
confined to the summer monsoon season as it i€dke in India, but also falls during
spring. Therefore, the Holocene moisture change dbpends on the response of the
spring precipitation to the seasonal insolationciftgg. The sign of the annual total
precipitation difference between mid-Holocene anmdsent-day is determined by the
balance of decreasing spring and increasing surpneeipitation as response to the mid-
Holocene insolation forcing. This may also explaihe inhomogeneity in the
reconstructions, since the ratio of spring to sumprecipitation change could be less
affected by the regional circulation but ratherskasitive to the local environment such as
the orography that is very complex in the Asian st@n region. The coupled atmosphere-
ocean-vegetation model simulations performed withive Paleoclimate Modelling
Intercomparison Project Phase Il (PMIP2) show latigerepancies among each other and
all agree less with the reconstructions than tigd hésolution simulation considered here.
They cannot represent the inhomogeneity of theasiginich might be a problem of the
numerical resolution used in the PMIP2 simulatiodswever, the PMIP2 simulations
confirm the conclusion that the sign of the annatdl precipitation change depends on the
balance of the spring and summer signals.

Regarding the temperature, the reconstructionsesigg mostly warmer climate in Asia
during the mid-Holocene. North of 30°N, this sigreatonfirmed by the results of the high
resolution model simulation. South of 30°N neittiex high resolution simulation nor any
of the presented simulations performed within PM#Pee with the reconstructed signal
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as they show a cooler climate in this area. Amdrgdifferent model simulations large

discrepancies can be found. However, the temperatiwonstructions are less reliable than
the moisture reconstructions. The high resolutiomukation matches the reconstructions
best.

The simulated differences in precipitation and terafure between mid-Holocene and
present-day are smaller than the differences bettreesimulated present-day climate and
the observations (cf. Chap.2). Since the systematidel biases are probably similar in the
mid-Holocene and present-day simulations, this d@ets not affect the general credibility
of the inferred results as long as only differenoetsveen the two time-slices are analysed.
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4. Contribution of the atmosphere-ocean and
atmosphere-vegetation interaction to the
Holocene climate change

4.1 Introduction

The Asian monsoon is the most complex and strongmestsoon system of the world,
affecting human life since the first settlementthat region (Clift and Plumb, 2008). It
consists of two nearly independent but also interganonsoon systems, namely the East
Asian and the Indian monsoon, and includes prosassthe tropics as well as in the mid-
latitudes (Lau et al., 2000). Monsoon systems aimgily driven by the seasonal
differential heating between continents and oceans the related land-sea temperature
and pressure gradients. Their strength and theidmcaf major monsoon precipitation,
however, are also largely influenced by moist psses (Webster et al., 1998). Thus, each
modification that has an impact on the hydrologicgtle, energy storage or exchange
between land, ocean and atmosphere affects theomomrgculation, its onset and duration
(Yasunari et al., 2006). This includes externatifogs, such as changes in insolation, as
well as interactions between the different comptsen the climate system, which might
also have a strong influence on the regional cknatd impose a large intraseasonal to
multi-centennial variability on the system.

Paleoreconstructions reveal significant changesthef monsoon intensity during the
Holocene. Around 6000 years before present (6k) Afiican as well as the Asian
monsoon likely penetrated further inland, implyiagwetter climate (e.g. Winkler and
Wang, 1993; Kohfeld and Harrison, 2000; Ge et @072 Maher, 2008) and a change in
the vegetation distribution (e.g. Jolly et al., 89%u et al., 2000). Early modelling studies
related this enhancement of the monsoons to thadtmgf changing insolation on climate
(e.g. Kutzbach and Otto-Bliesner, 1982; Harrisonlgt1998). Due to the variations in the
Earth’s orbit (mainly the precessional cycle), pelion was reached in September (6k)
instead of January at present time, yielding aneee of summer and decrease of winter
insolation in the Northern Hemisphere relativedday (Berger, 1978). The seasonal cycle
was enhanced in the Northern and reduced in théh&ou Hemisphere, affecting the
cross-equatorial ocean-land temperature gradiemt #rereby the monsoon flows.
However, modelling studies just focusing on thecliresponse to orbital forcing tend to
underestimate the monsoon expansion and assocdiatezhse of rainfall, at least over
North Africa (Joussaume et al., 1999). More regemédsearch studies also consider ocean
and/or vegetation interactions by performing codplmodel simulations. Ocean—
atmosphere interaction seems to further enhancéNdndh African monsoon (Kutzbach
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and Liu, 1997; Braconnot et al., 2000; Liu et ab04). Regarding the Asian monsoon
ambiguous results can be found. Several climateefting studies report an increase of
precipitation to be attributed to the ocean coupliHewitt and Mitchell, 1998; Braconnot

et al. 2000, Wei and Wang, 2004). Other model tessuiggest an attenuation of Asian
monsoon precipitation due to interactive ocean évasd Mikolajewicz, 2001; Liu et al.,

2004 (for 11k); Ohgaito and Abe-Ouchi, 2007; Li ahidrrison, 2008, Marzin and

Braconnot, 2009b).

Feedback studies concerning the role of the vagatat Holocene climate change have
mostly been applied to the African monsoon regierg.(Claussen and Gayler, 1997;
Brostrom et al., 1998; Irizarry-Ortiz et al., 20Q3vis et al. 2004; Hales et al., 2006).
Nevertheless, some studies include or even focuth@rmsian monsoon (e.g. Claussen,
1997; Texier et al.,, 2000, Wang H.-J., 1999; Diffangh and Sloan, 2002; Li and
Harrison, 2009). All model results agree that vatieh and land-surface feedbacks with
the atmosphere could have enhanced the orbitat@tiumonsoon change during the
Holocene.

To determine the contribution of the land-atmosphemd ocean-atmosphere interactions
as well as their synergy to the climate change éebtnthe mid-Holocene (6k) and present-
day (pre-industrial climate), we analyse a setwharical experiments, performed by Otto
et al. (2009a and 2009b). They used a coupled aimeos-ocean-vegetation model and
applied a factor-separation technique (Stein angeal 1993) to isolate the impact of
different feedbacks on Holocene climate changehertorthern latitudes. Following the
methods of Otto et al. (2009a) we repeat their ystigt the Asian monsoon Region.
Furthermore, we analyse all seasons separately.

After a short description of the model and the ysialmethods in section 4.2, we discuss
the simulated climate and land-cover differencesveen mid-Holocene and present-day
(section 4.3). The contributions of land-atmosphard ocean-atmosphere interactions as
well as their synergy are further examined in sect.4.

4.2 Methods

4.2.1 Model & experiments

The results of this study are based on numericpemxents, performed by Otto et al.
(2009b) with the comprehensive Earth system mod€HAM5-JSBACH/MPIOM,

developed at the Max-Planck-Institute for Meteoggloln this model, the atmosphere is
represented by ECHAMS (Roeckner et al., 2003), redd¢d with the land-surface scheme
JSBACH (Raddatz et al., 2007). The model was ruth whe spectral resolution T31
(approx. 3.75°) and 19 vertical levels, followindpybrid sigma-pressure system. JSBACH
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includes the dynamic vegetation module of Brovkirale (2009). For the ocean, MPIOM
(Jungclaus et al., 2006) is used at a horizontsblugion of approximately 3° and 40
vertical levels.

The models have been tested against observatiomeamalysis data (cf. Chap.2). They
capture the major structure of global and regiotlahate. A detailed comparison of
ECHAMS5 model output (resolution T63L31) and obsénses for the Central and East
Asian region is also presented by Cui et al. (2006 simulated climate in our coupled
control run does not substantially differ.

The experimental set-up was designed to sepamieotiitribution of the ocean-atmosphere
interaction, the vegetation-atmosphere interactiod their synergy from the total climate
change between mid-Holocene (6k) and present-dgyb§0applying the factor-separation
technique (Stein and Alpert, 1993). Altogether,heigxperiments were undertaken: four
with present-day orbital configuration (set Ok)favith mid-Holocene orbit (set 6k). Each
set contains a fully-coupled run, performed witk #tmosphere-ocean-vegetation model
(AOV), two simulations with the atmosphere eitheugled to the vegetation or the ocean
(AV and AO, respectively) and an atmosphere-onty (). In these experiments, the non-
interactive components were prescribed as bounaargitions from the present-day runs.
Thereby, the ocean (in the experimentss@VAVok, Ask and Ay) was prescribed as
monthly mean values of sea surface temperature)(&8Tsea-ice, taken from the present-
day run AO\W. The vegetation (in Ag, AOqk, Ask and Ay) was prescribed as fraction of
land cover type per grid-box. Values were takemftdOVoy for the experiments AO and
from AV for the atmosphere-only runs. Atmospheric compmsitvas fixed at pre-
industrial values in all simulations, e.g. &€bncentration was set to 280ppm. All
simulations were brought to equilibrium before thesre continued for another 600 years
in total. To assess the robustness of our resh#ésentire simulation period of the final 600
years was subdivided into five subsequent periddk26 years (Otto et al., 2009b). For
each 120-year sub-period the sea surface condiffonsimulations AV and A) and the
global vegetation pattern (for AO and A) were prdsed from the corresponding 120-year
period of the respective run. For example, for finet 120-year period of run f sea
surface conditions and global vegetation pattertheffirst 120-year period of run AQY
were taken, and so on. Thereby, individual memlbérsach ensemble of five 120-year
simulations do not have exactly the same boundamgitions. For example, the individual
members of the ensemble of five 120-year rupsd® not have exactly the same ocean
and land boundary conditions.

The results of this study are based on seasonahsm&faall periods (i.e. 600yrs-mean).
Further information on the setup of experimengiven in Otto et al. (2009a and 2009b).
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4.2.2 Analysis methods

Following the factor-separation technique (Steinl #dpert, 1993), the contribution of
vegetation-atmosphere and ocean-atmosphere interacbr feedbacks, and the synergy
between these feedbacks to the difference betweadrHolocene and present-day (pre-
industrial) climate are determined as:

Total climate change: AAQOV = AOVex — AOVk
Response of the atmosphere: AA = Agi — Aok

Contribution of vegetation-atmosphere feedbaclktV = (AV ek - AVok) — (Ask — Aok)
Contribution of ocean-atmosphere feedback: AO = (AOsk - AOok) — (Ask — Aok)
Contribution of synergy: AS =AAQV — AA —AO —AV

In this study, we restrict our analysis to two dien parameters, the near-surface air
temperature (2m above ground) and precipitatiomelTand spatial averaging is explained
in section 2.2.1 and 2.2.2, respectively.

4.2.2.1 Calendar

Joussaume and Braconnot (1997) show that pale@ginmodel results and their

interpretation strongly depend on the chosen caleridue to the precession of the earth,
not just the seasonal insolation but also the lengft the seasons changes in time.
Comparing seasons of the mid-Holocene with predawts, thus, requires an absolute
time reference. Joussaume and Braconnot (1997)estugge definition of seasons based
on astronomical positions, i.e. vernal equinox, @n solstice, autumnal equinox and
winter solstice. In accordance with the respecag&ronomical dates, we calculate the
seasonal averages for 6k and Ok from daily modgdutuTo facilitate the comparison of

our results with previous studies, which are ugudlhsed on present-day model
(meteorological) calendar (e.g. summer = JJA), lwvitesl the seasons by three weeks. The
day, each season starts at, as well as the lehtjie seasons is summarized in Table 4.1.

6k Ok
season start (day) length [days] start (day) lefddRs]
winter 334 93 336 88
spring 62 94 59 93
summer 156 89 152 94
autumn 245 89 246 90

Table4.1: Start day and length of the seasons for thieHlocene and present-day orbital configuration,
respectively. The seasons are defined on astroabroédendar, based on the time of vernal and autumn
equinox as well as summer and winter solstice. @dginning of the seasons is shifted backwards ®eth
weeks.
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Region

Approximate Approximate
longitude (°E) latitude (°N)

Description

IND 71.25-78.75 12.99 - 24.12

INCPIN  93.75-108.75 12.99 - 20.41

PAK 56.25-75 27.83 - 31.55

Indian subcontinent (land only), core region
Indian monsoon

Indochina Peninsula (land only), tropical
region, influenced by East Asian monsoon

includes parts of Pakistan, Afghanistan and
Iran, affected by the Indian monsoon

Tibetan Plateau (model orography higher than

TP 75-101.25 27.83 - 38.97 2500m), affected by Indian and East Asian
monsoon
YANG 105 - 120 31.54 - 38.97 Yangtze and Huanghe plain, represents core

region of the East Asian monsoon

North-eastern China, lower reaches of the A

NECH 116.25 - 135 46.39 - 53.81river, affected by East Asian monsoon, to some

extent

Table4.2: Description of the areas we consider in oadback study. Listed are the abbreviation, geogcaph
position (latitude and longitude of grid-box ces)res well as a short characterization. For looatind

shape of the regions see also Figure 4.1.

4.2.2.2 Regions

Asia is a continent with strong
climatic and orographic contrast:
Affected by different circulation
systems (Indian and East Asis
monsoon, mid-latitude westerlies
deserts are located next to den
vegetated area, and tropical clima
can be found as well as regior
covered by snow for half of the yea
Huge mountains and high-elevate
plateaus as well as wet plains arou
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Figure 4.1: Location of the areas we consider in
feedback study.

large rivers form the landscape. Due to this heggemeity it can be assumed that the
atmospheric response to the orbital forcing andstinength of the feedbacks differ for
different regions. This hypothesis is corroborategl reconstructions, revealing an
asynchronous precipitation maximum in various pafthe Asian monsoon region (An et
al., 2000), which indicates large spatial differesmin the climatic change between the mid-
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Holocene and today. Our analyses show that eveggions influenced by only one of the
above mentioned circulation systems the responsienfdifferent climate components
locally varies. Therefore, we divided the Asian ®oon region into sub-areas, which
differ with respect to orography and vegetationngfes. Ad hoc, we define the following
regions of interest: In the region of the largerpia East China, (referred to as YANG in
the following) and in North-East China (NECH) wepekt a clear signal of the East Asian
monsoon, whereas in the regions PAK and IND of Itiddan subcontinent, the Indian
monsoon is likely to dominate climate dynamics. Ereas roughly identified with the
Tibetan Plateau and the Indochina Peninsula (INCRd presumably affected by both
monsoon systems. A detailed definition of the sidaa is given in Tabld.2 and Figure
4.1. Although these sub-regions cover only nind goxes in some cases, the differences
between the areas, we used for the allocation, istently stay the same regarding
orography and vegetation change.

4.3 Main characteristics of Central and East Asian climate and
land cover changes

4.3.1 Climate change from 6k to present-day

The climate in Central and Eastern Asia is inflezhdy three different circulation
systems: the East Asian monsoon, the Indian monsoointhe mid-latitude westerlies.
These systems are all strongly affected by thetaib®lateau. They in turn originate from
different climate factors and are characterizeddisginct seasonal cycles. Therefore, the
regional climate is very heterogeneous, with aril alesert like conditions in the
northwest, a general wet southern and easternapdrian alpine climate on the elevated
Tibetan Plateau.

Before discussing the climatic impact of the dymawtean and vegetation (next section),
we describe the main characteristics of the clinaaié land cover changes in the Asian
monsoon and surrounding regions (60-140°E, 10-55TKgse results are based on the
coupled experiments AQYand AOWy, averaged over all five periods (i.e. 600yrs-mean)
The long duration increases the significance ahaliéty.

In our analysis we focus on near-surface air teatpeg (temperature 2m above ground)
and precipitation as the basic parameter charactgrimonsoonal influenced climates.
Both variables strongly determine the vegetatiostrifiution. In order to estimate the
quality of our model results, we compare them weéhonstructions. Since paleoclimate
reconstructions are sparse and often derived froflerp assemblies, we confine the
comparison to the vegetation change, assuming tti&tland cover reflects climate
conditions.
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Figure 4.2: Seasonal and annual averaged 2m-temperatamadins [K] between midHolocene ani
present-day climate resulting from the coupled erpant AOV. Seasons are defined on astronon
calendar, based on the time of vernal and autunumex] and summer and winter solstice. The an
temperature anomaly is calculated on daily modeputu Due to the different length of the respec
seasons in mid-Holocene and pres#ay-climate, the annual mean value is not the ragtit average ¢
the seasons. Stippled area indicates the Tibetdad®l (orography in the model higher than 2500m).
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4.3.1.1 Near-surfaceair temperature

Figure 4.2 shows the geographic pattern of temperathanges between 6k and Ok for
each season and as annual mean. For mid-Holocemg,sfhe model simulates lower

near-surface air temperatures over the whole re@@@r140°E, 10-55°N) compared to

present day. Strongest cooling occurs in the nowrtpart of India (up to -2.8K) and on the
Tibetan Plateau (-1.5 to -2K). Whereas summer teatpes is increased in the regions
north of 30°N with maximum amplitude of 3K, the wes Pacific as well as the region

between 20°N and 30°N, particularly northern Indral the southern rim of the Tibetan
Plateau, experience a cooler near-surface climaden6k orbital conditions (up to -1.6K).

The slightly higher temperatures over South Indirlochina and the adjacent Indian
Ocean are negligible (<0.5K). With the exceptionsofne grid-boxes south west of the
Tibetan Plateau, an up to 3K temperature rise gdouall parts of the considered region in
autumn (up to 2.2K). For the winter season, the ehoesults reveal lower near-surface
temperatures over the continental area south oN5uid slightly higher temperatures
above the adjacent oceans. The strongest changesoccthe coastal areas and in the
region south west of the Tibetan Plateau.

Averaged over the year, the Asian monsoon regigemences a cooling of up to 1.5K
(northern India). Near-surface air temperaturesha other regions are slightly (<0.5K)
higher in 6k than in Ok. The warming becomes maomgunced in the northern latitudes.

4.3.1.2 Precipitation

The seasonal precipitation changes between midddok and present-day are illustrated
in Figure 4.3. One has to be careful with the prietation of precipitation changes. Due to
the differences in the length of the respectivesges between 6k and Ok, a higher mean
precipitation-rate per day (mm/day) does not nedgsimply a higher seasonal sum
(mm/season). On average, the region, affected byAsian monsoon in spring, and
adjacent oceans receive less spring precipitatign t© -1mm/day) under 6k orbital
conditions, likely indicating a later onset of th@mmer monsoons. In all other parts of the
region, precipitation is slightly enhanced, in matfiar on the Tibetan Plateau, where
snowfall is increased by nearly 0.5mm/day.

The mid-Holocene summer climate is characterizeanioye precipitation (per day) than
today in most parts of Central and Eastern Asia,the difference is often smaller than
1mm/day. The strongest change occurs at the southerof the Tibetan Plateau, where
the steep slope of the Himalaya induces an increageecipitation of 3-4mm/day for 6k.
In contrast, rainfall decreases in the north easBaty of Bengal and the East and South
China Sea (up to 2mm/day). In autumn, the areairgpaimore precipitation in 6k is
expanded to the adjacent oceans. Averaged daitypitegion is especially enhanced in the
Indian monsoon region (up to 2mm/day). A reductdirainfall rate is only apparent at
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Figure4.3: Same as Figue?2, but for seasonal and annual averaged preigpitanomalies [mm/day]. It
has to be emphasized that, due to the differentdbe length of the respective seasons between mid-
Holocene (6k) and present-day (Ok) climate, a highecipitation rate per day does not necessarily
indicate a higher seasonal sum, i.e. a higher atrmfuprecipitation per season. Please note diffegerin

colour scales.

some grid boxes east of the Tibetan Plateau, tnthero Bay of Bengal and in the non-
coastal western Pacific. In most parts of East &imtertime precipitation is decreased in
6k compared to present-day. The largest changé@mrdntinent occurs in the Yangtze-
Plain (up to -0.7mm/day). The northern regions dndia receive slightly more
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precipitation. Except for the Bay of Bengal (up tb5mm/day) all adjacent oceans
experience an enhancement of precipitation ratéqps mm/day).

On average, the annual precipitation rate is irs@gdaover land in 6k (up to 1mm/day),
except for the Yangtze-Huanghe-Plain.

4.3.2 Land cover change from 6k to present-day

The differences in climatic conditions for 6k andifduce large-scale land cover changes
(Figure 4.4). The simulated vegetation changesaasigned to four categories, namely
forest, shrub, grass and non-vegetated fracti@angid box (in the following referred to as
desert fraction). Overall, Central Asia is covel®sdmore vegetation in 6k, although the
decrease in desert fraction is mostly small, nathéeng changes higher than 10%. Only the
region south west of the Tibetan Plateau (ca. 6BH=, 27°N-33°N) and the margin area
of the East Asian summer monsoon (108°E-111°E, #4BNN) experience a larger
increase of vegetated area (up to 40%). On theramgnmtthe desert in North Africa and
Arabia is strongly reduced. In the transition zdmedween monsoon-influenced area and
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Figure4.4: Simulated land-cover change between mid-Hole@nd preserttay climate, given as fractic
of forest, shrubs, grass and non-vegetated arézrr@d to as desert) per gtigbx. Stippled area indicat
the Tibetan Plateau (orography in the model higih@n 2500m). Please note the change in coloursscale
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nearby desert or sparsely vegetated area, theofnambvered by any type of vegetation is
controlled by rainfall. The Tibetan Plateau is &géa orographic barrier, preventing a
further inland penetration of the Indian (northwaahd East Asia summer monsoon
(westward), whereas the African monsoon is ablexigand northward. Since most of the
total precipitation in those regions can be atteduto the summer monsoons, changes in
the amount of rain at the lee side of the TibetkteBu and thereby the reduction of the
desert fraction must be small. Thereby, the TibeRdateau limits the expansion of
vegetation north of the Plateau.

For the monsoon regions, where the moisture sup@ufficient, the model only simulates
a change in the type of vegetation. In 6k, mora @secovered by forest instead of shrubs
and grass, particularly in the region south of andhe Tibetan Plateau as well as Eastern
China. In the Indian monsoon region, part of theesgris replaced by shrubs.

Pollen analyses reveal a generally increased fomer in the central and eastern parts of
China (e.g. Ren and Beug, 2002; Ren, 2007) andthwestward shift of the steppe-forest
boundary of up to 500km (Ren, 2007; Yu et al., 30fa® mid-Holocene climate. The
model indicates a significant shift of forest te tiwest. However, in the low resolution of
the model this shift is expressed by one singld-gax. A northward displacement cannot
be detected. Ren (2007) reports a decline of aabgrellen in Northeast China (123-
133°E, 40-52°N) from 6k to Ok. Although the regiasnot exactly coincide, the tendency
of less forest in the northeastern part of Chinals apparent in our model. Pollen
reconstructions from the Tibetan Plateau indicaspatial heterogeneous vegetation trend.
Many records collected on the Eastern and Southilxetan Plateau reveal a reduction of
moisture availability and forest cover since 6kg(ederzschuh et al. 2006, Shen et al.
2006, Tang et al. 1999), which are proposed tosse@ated with a gradual weakening of
the Asian summer monsoon. However, some recordssalsw comparably dry and even
drier conditions in the mid-Holocene affecting tbeal vegetation composition (Zhao et
al. 2009, Herzschuh et al. 2009). This inhomogesédand cover trend is also obvious in
the model results.

Given the coarse resolution of the model, the apalistribution of the simulated
vegetation changes between Mid-Holocene and prelsgntqualitatively agrees with
reconstructions. However, the magnitude of changjfers. Whereas reconstructions
suggest a decrease in forest cover of up to 90%, (®R&07; middle and lower reaches of
the Yellow River and Huaihe River basin) our moasleals differences of less than 50%,
everywhere. However, no other reconstruction studBport such large vegetation change.
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4.4 The impact of dynamic vegetation and ocean on the climate
change between 6k and present-day

The impact of vegetation-atmosphere interactioreaoeatmosphere interaction and of
their synergy on the difference between mid-Holeceand present-day climate is
calculated for each region and for each 120-yebspguiod as well as for the whole 600-
year simulation period. Even though the prescribedndary conditions only slightly
differ between each sub-period, the magnitude efféittor-contributions strongly varies,
even with respect to the sign of factors, partiduléor the vegetation contribution and the
synergy. To assess the robustness of the factas the entire simulation period, we
conducted a standard student’s t-test. Therefoeejefine the five 120-year sub-periods of
each 600-year run as an individual realisation rofeasemble. The contribution of the
respective factor is supposed to be robust if yeue exceeds the 95%-significance level.
Please note that because of differing boundary itiond within each ensemble (see
Section 4.2.1) this test does not exclusively téstssignificance of a pure contribution and
synergy, but also includes effects from — albeidlém changes in boundary conditions.

The summarizing figures in this section depict meatues of the whole 600-year

simulation period. Only significant, or robust, tiais are shown. All factors for all sub-

regions and seasons are presented in the Appéerigiré A.6, Figure A.7). The detailed

presentation of results reveals strong variationswagnitude as well as in sign for some
cases. Hence a small, or even missing, factorHerentire simulation period does not
necessarily imply that the factor under considerats always small.

4.4.1 Near-surface air temperature

4.4.1.1 Direct response of the atmosphereto the orbital forcing

Figure 4.5 illustrates the robust contributionstloé ocean-atmosphere and vegetation-
atmosphere interactions to the temperature chasgech as their synergy and the direct
response of the atmosphere to the orbital forcengemsonal means for each defined area.
Following the orbital-induced insolation changeviztn 6k and 0Ok, the direct reaction of
the atmosphere causes an overall cooling in wiaer spring and a warming in summer
and autumn. Depending on region and season diffeme@mchanism influence this
temperature change by affecting the local energlanica. Important parameters
characterising the energy balance are summarizelhle 4.3 for the atmosphere-only
run. As the change in evaporation between mid-Hoiecand present-day climate has a
strong effect on the surface temperature, the talrgributions of the different factors to
the evaporation differences are additionally shawfigure 4.6.

In spring, less insolation is received at the tbphe atmosphere in 6k (10°N: ca. —10.5
W/mz; 55°N: ca. -3.5W/m?2). Nevertheless, the aralasig the western Pacific (YANG,
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Figure 4.5: Factors contributing to the seasonal temperatihange between midelocene (6k) an
present-day (0k) climate for six regions in theaaoé theAsian monsoon. Only robust contributions
shown. Seasons are defined on astronomical calebdsed on the time of vernal and autumn equinc
well as summer and winter solstice. Light blueoco$ show the results of the atmosphere-only renthe
direct response of atmospheric dynamics (A) to gkanin insolation. Dark blue colours represent
contribution of ocean-atmosphere-interaction (@luding sedee dynamics. Green colours indicate
contribution of vegetation-atmosphere interaati(V). Yellow colours reveal the contribution die
synergy (S) between atmosphere - ocean and atnresphegetation feedbacks. Please note the chan
scales.

INCPIN) experience a relatively small cooling (-BkBand —0.2K, respectively). This can
be attributed to a reduced cloudiness and surfeapoeative cooling (warming effect, cf.
Figure 4.6) due to a later onset of the East Asiammer monsoon, which can partly
compensates the temperature decline expected frerms$olation change. In contrast, the
latent heat flux in IND, TP and PAK is increasedhba expense of the sensible heat flux
(Table 4.3). This leads to a more effective surface cgpland contributes to the
temperature change induced by the general smaketation. Altogether, mid-Holocene
climate in IND and PAK is colder than present-ddynate by -1.12K and -1.34K,
respectively. The temperature difference is mosthpunced on the Tibetan Plateau (TP:
-1.67K). Due to the orbital-induced temperaturelide¢ the snowfall rate is enhanced on
the Plateau, leading to a higher surface albedd)0a reduction of absorbed solar energy
and an amplification of the near-surface coolinige Enow-albedo feedback acting on TP,
thus, likely creates the contrast to the surroumdaneas. Less insolation results in an
approx. -0.34K colder climate in NECH.
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Figure4.6: Same as Figure5, but for evaporation anomalies [mm/day]. Pleaste the different scales.

The near-surface temperature difference betweenarik Ok in summer is strongly
determined by the direct response of the atmospioetiee orbital forcing, yielding more
solar incoming radiation at the top of the atmosphélO°N: +18.5W/m?2; 55°N:
+26.5W/m2). In line with the latitudinal gradientf @he insolation change, higher
temperatures of up to 2.26K in the northern regECH) and slightly higher
temperatures in the other regions (0.29K in INCRIND.68K in TP) are obtained (Figure
4.5). Besides, more cloudiness and higher evaporaftes associated with a stronger
summer monsoon (except IND) cool the surface amdiniéh the temperature rise,
particularly in YANG, PAK and TP. In IND, the coiiution of the direct effect is not
robust.

The enhancement and later retreat of the Asian frnmonsoon (see section 4.2) also
affects the temperature differences between misb¢twle and present-day climate in the
atmosphere-only simulations: Despite the negatigubiinal gradient of solar incoming
radiation difference between mid-Holocene and preday (+9.5W/m? at 10°N; +4W/m?2
at 55°N) the strongest temperature rise (1.69Kuscmn the northern region (NECH) and
not near the equator. Near-surface temperatufdlinadnd INCPIN increases only by 0.2K
and 0.17K, respectively. The later retreat of tls8A summer monsoon is accompanied by
an enhanced cloudiness, resulting in a reduceslatet radiation at the surface in IND.
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spring| summet autumn| winter spring | summer| autumn winter
IND INC

SW,, TOA [W/m?] | -9,34| 20,85 8,67 -15,5% | -9,67 20,27 8,96 -16,0[7
Sens. heat flux [W/mg2]-6,26 1,99 2,19 0,32 0,54 1,87 -0,82 -2,08
Lat. heat flux [W/m?]| 5,84 -2,84 -3,42 -5,74 -3,15 2,11 3,53 -4,14
Cloud Cover -0,02 0,02 0,04 0,05 -0,04 0,01 0,02 0,02
SW,e surface [W/m2]| -4,22 -3,02 -5,56 -12,26 0,08 2,76 1,77 -9,56
LW esurface [W/m?]| 4,13 2,10 4,51 5,57 -2,49 0,82 1,40 2,26
Temperature 2m [K]| -1,12 -0,05 0,20 -1,33 | -0,20 0,29 0,17 -1,071

PAK TP

SW,, TOA [W/m?] | -8,00| 22,82 7,56 -13,36 | -7,37 23,48 7,06 -12,38
Sens. heat flux [W/m?]-4,56 2,83 -0,27 -3,30 -7,80 -4,50 -1,69 -3,07
Lat. heat flux [W/m?]| 4,53 5,94 8,02 1,27 4,31 6,45 2,50 -0,75
Cloud Cover 0,03 0,09 0,06 0,02 0,04 0,05 0,06 0,02
SW,e surface [W/m2]| -7,31 -0,49 -1,92 -8,24 -11,08 -2,71 -5,93 -8,26
LW esurface [W/m?]| 7,36 10,43 10,05 5,38 8,08 6,24 6,97 3,67
Temperature 2m [K]| -1,34 0,66 0,85 -1,38 | -1,67 0,68 0,90 -1,21

YANG NECH

SW,, TOA [W/m?] -7,13 23,74 6,87 -11,9(¢ -4,36 25,78 4,89 -7,54
Sens. heat flux [W/m?]-0,80 -0,30 -0,65 -0,89 -1,79 -0,84 -1,50 -1,25
Lat. heat flux [W/m?]| -1,63 6,30 4,05 -1,33 0,62 10,87 3,07 -0,31
Cloud Cover -0,01 0,03 0,03 0,00 0,00 0,02 0,02 0,00
SW, et surface [W/m2] -2,51 4,67 0,15 -3,97 -1,69 9,90 -1,67 -2,06
LW surface [W/m?]| 0,80 2,61 3,68 0,62 0,49 2,92 2,69 -0,19
Temperature 2m [K]| -0,83 0,68 1,00 -1,26 | -0,34 2,26 1,69 -0,57

Table4.3: Differences between mid-Holocene and presawtatimate for certain parameters characterising
the energy balance of the surface. Differencescateulated for each sub-region, based on resulthef
atmosphere-only run Listed are incoming shortweaadiation at the top of the atmosphere (SWOA),
sensible and latent heat flux (positive valuesdat# a higher flux from the surface to the atmosplire 6k
compared to Ok), total cloud cover, net shortwaadiation at the surface (SW surface [W/m?], net
longwave radiation at the surface (kM¢urface [W/mZ]), and near-surface temperature.

In winter, 2m-temperature is reduced in all region® to less insolation (-17.5W/m2 at
10°N; -6W/m?2 at 55°N). The largest cooling occurdND (-1.33K), the weakest in NECH
(-0.57K). Since the cold temperatures enhance datbwate in YANG and TP, these
regions might experience an additional cooling edusy the snow-albedo feedback.
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Figure 4.7: Simulated differences in seasonal sea sutfagcgerature [K] between midelocene ani
present-day climate.

4.4.1.2 Contribution of the dynamic ocean

The simulated differences in sea surface temperdietween mid-Holocene and present-
day are depicted in Figure 4.7. Due to the largernlal inertia of the water mass,
differences in sea surface temperatures lag diftergin insolation by about one month.

This causes a shift in the seasonal cycle of theamic contribution compared to the
atmospheric response. Thus, the ocean-atmosphedbaek exerts a cooling in all
considered parts of Asia in spring and summer (f€gd.5), thereby amplifying the
atmospheric signal in the former and counteradtiegdirect response in the latter of these
seasons. However, the magnitude of the ocean-iddgoeling is generally small in
summer as well as in spring (less than -0.5K intracsas). Only in India (IND) and on the
Indochina Peninsula (INCPIN) the springtime tempem decrease associated with the
atmosphere-ocean interaction reaches larger values. 1K and -0.85K, respectively. In
IND, this pronounced cooling is associated withighbar evaporation (ca. 0.2mm/day,
Figure 4.6) and hence, evaporative cooling. Theperature change is neither robust for
TP in spring nor for IND and NECH in summer.
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In autumn, the contribution of the interactive atemplifies the direct effect and shows a
warming in the same order of magnitude as the gihw& response in most of the

regions (Figure 4.5). It ranges from 0.13K in IN®G.73K in NECH and TP. No robust

autumnal temperature change can be attributecetodban in PAK.

The ocean-atmosphere interaction leads to a coolfirige tropical regions (IND: -0.33K,
INCPIN: -0.4K) in boreal winter, which intensifitise direct response of the atmosphere to
the insolation change. Enhanced cloudiness anckwiithr less net solar energy at the
surface (ca. -5W/m?) causes the temperature dedifldCPIN. In the sub-region IND, a
pronounced ocean-induced increase in evaporatard(88mm/day) is found (Figure 4.6).

In the other regions, the ocean-atmosphere interactounteracts the direct effect and
leads to a reduction of the temperature differegnen by the atmosphere-only run
(Figure 4.5, TP: 0.52K; YANG: 0.25K; NECH: 0.44Kljhe temperature change in PAK is
not robust.

4.4.1.3 Contribution of the dynamic vegetation

As seen in Sec. 4.3.2, the vegetation change i#ien monsoon region is small. Thus,
one does not expect pronounced vegetation-atmasjofteractions in that area. Compared
to the oceanic and atmospheric response, the adkragntribution of the dynamic
vegetation to the Holocene temperature change istlynaegligible, reaching at most
0.22K in YANG (winter). With few exceptions it reals a warming in higher latitudes and
a cooling in the tropical regions (IND, INCPIN) dhg the whole year. However, since the
signal strongly varies between the different pesigske Figure A.6), in both, magnitude
and sign, the dynamic vegetation-induced tempegathiange is robust only in a few cases
(Figure 4.5).

In spring, only YANG experienced a robust warmin@.04K). The slight increase in
higher vegetation (more forest instead of shrubgiccompanied by a reduction of surface
albedo and a potential warming of the near-suriicedue to more absorbed shortwave
radiation at the surface (0.5W/m2).

The slight (but robust) temperature decrease inltldgan monsoon region in summer

(IND: -0.17K; PAK: -0.09K), is likely related to amcrease of cloudiness and evapo-
transpirational cooling of the surface due to alagement of the area covered by higher
vegetation (shrubs instead of grass and desetérebtingly, vegetation is the only factor

yielding a robust signal for IND in summer. The &ti#in Plateau (TP) experiences a slight
summer warming (0.07K) attributed to dynamic vetieta

This warming is still robust in autumn (0.16K) apbbably reflects an increase of net
solar energy at the surface due to more foreststiamdassociated decrease of surface
albedo.
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In winter, the temperature change attributed todjmeamic vegetation is only robust in
YANG (+0.22K). YANG is a region covered by snow winter, so that the increase in
forest fraction probably leads to a higher snowmag effect and a reduction of the
surface albedo (-0.01). Apart from the effect oa kbcal energy balance the interactive
vegetation leads to slight changes in local atmesptdynamics. The increase in forest
and vegetation cover northeast of the Tibetan &lafef. Figure 4.4, 103°E-117°E, 40°N-
48°N) warms the surface and regionally weakens ahtcyclone, which develops in

autumn over the cold land masses of the extratabgisian continent (not shown). Total

cloud cover as well as snow fall decrease in YAM@Iding an additional warming of the

near-surface atmosphere.

4.4.1.4 Contribution of the synergy

The synergy between the ocean-atmosphere and tiegeaémosphere feedback is small,
but on average positive in nearly all regions am@sens. Its contribution to the
temperature change tends to be larger in the swuthgions (IND, PAK, INCPIN) than in
the northern regions (YANG, NECH). Like the signaf the vegetation-induced
temperature change, the synergy strongly variesdsst different 120-year periods. Thus,
it is robust only in a few regions and seasons.

In spring, IND experiences a robust warming assediavith the synergy (on average:
0.34K). The synergy contribution is also robustiNCPIN (summer and autumn) and in
PAK (summer). No robust temperature change caritbbuded to the synergy in winter.

4.4.2 Precipitation

4.4.2.1 Direct response of the atmosphereto the orbital forcing

The contributions of the dynamic ocean and vegwidat the precipitation change as well
as their synergy and the direct response of theogihere to the orbital forcing are
depicted in Figure 4.8 as seasonal means for ezfeted area.

The dominant mechanism forming the monsoons ightiamal contrast between the land
and the ocean. Thus, the seasonal cycle of monssopsimary determined by the
distribution of incoming solar radiation, which @gyuls on the Earth’s orbit around the sun
(Webster et al., 1998; He et al. 2007). As expedteel change of the orbital parameter
from Ok to 6k affects the simulated annual cyclepodcipitation in the Asian monsoon
region. The reduced solar energy input in springianes the East Asian summer and Bay
of Bengal monsoon onset. Therefore, less springigtation is received in IND
(-0.06mm/day), INCPIN (-0.4mm/day) and YANG (-0.3®wday). The East Asian
monsoon region is strongly affected, since lesslat®n weakens and shifts the western
Pacific subtropical high southwards, reducing thestEAsian monsoon flow onto the
continent (Figure 4.9). The regions PAK and TP epee an increase in precipitation by
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Figure4.8: Same as Figure5 but for precipitation anomalies [mm/day]. Pleaste the change in scales.

0.04mm/day and 0.17mm/day, respectively, due toadttétal forcing. On the Tibetan
Plateau (TP), the snow fall-rate is enhanced, ¢cefig the colder mid-Holocene climate in
spring (Figure 4.8).

As a consequence of the strong continental warmmirsgimmer, the large-scale circulation
iIs modified. The upper tropospheric flow over Af&riand the Central Asian continent is
much more divergent in summer, except over Soutlialand some parts of Indonesia
(Figure 4.10). This is related to an enhanced eartiplift of moist air, more clouds and
higher precipitation-rates in all considered regi@xcept IND. Whereas the East Asian
monsoon is intensified and penetrates further thi@figure 4.8; YANG: +0.14mm/day;
NECH: +0.47mm/day), the atmosphere-only run suggésss precipitation (weaker
monsoon) in India (-0.4mm/day). Due to a low-lepetssure anomaly in the area between
Kazakhstan and the Arabian Sea (approx. 3hPa, &3, the low level Indian monsoon
flow is slightly shifted in 6k compared to preselay, strengthening the monsoon branch
directed to the north Arabian Sea. Over Pakistais, tiranch turns towards and streams
along the Tibetan Plateau, resulting in more pittipn in PAK (+0.47mm/day) and on
the southern Plateau (TP: +0.67mm/day). By contthst monsoon flow in South India
and the southern Bay of Bengal is attenuated. Tteges in precipitation as well as
outgoing longwave radiation (not shown) suggestosthmvard shift of the ITCZ in
summer.
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The atmospheric response to the orbital forcingdea more autumn precipitation in the

continental Asian monsoon region, especially in ¢bastal areas. On the contrary, less
precipitation is received over the adjacent oceamggesting a later retreat of the summer
monsoon system. The precipitation-rate is increasedbout 0.25mm/day in PAK to

0.44mm/day in INCPIN (Figure 4.8).

The change of wintertime precipitation is small gamed to the other seasons and not
robust in all regions. However, YANG is the onlybswegion receiving appreciable

precipitation in present-days winter monsoon. Wasrthe direct effect yields an increase

of precipitation in PAK (0.05mm/day) and TP (0.06fday) as a reaction to the orbital
forcing, YANG experiences a pronounced reductiopretipitation by -0.25mm/day.

4.4.2.2 Contribution of the dynamic ocean

The oceanic impact on the seasonal precipitatistriblution is mainly manifested in the
change of evaporation and the modification of Hrgé-scale and local circulation due to

changed sea surface temperatures (SSTs). Thus, 88/s in spring reduce evaporation

and results in several high-pressure anomalieseattw/East and South China Sea as well
as the northern Indian Ocean (Figure 4.11). Therapanied decrease of the moist-air
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advection from the ocean to the continent mightrésponsible for the reduction of
precipitation in all regions (Figure 4.8, Figure7/A.However, the signal is only robust in
INCPIN (-0.04mm/day) and in YANG (-0.14mm/day).

In summer, the pattern of large-scale circulatibange due to the interactive ocean offers
a much more divergent upper-tropospheric flow abibweArabian Sea and an increased
convergence above the Pacific (Figure 4.12). Thisaides with a centre of enhanced
evaporation in the South Arabian Sea and reduceghagation in the East China Sea,
influencing the precipitation change over the whaentinent due to more water
availability in the Indian monsoon and diminishedater supply to the East Asian
monsoon. Thus, IND (+0.68mm/day) and the north tofshe Arabian Sea (including
PAK: +0.18mm/day) experience a strong increase amffall-rate (Figure 4.8). This
oceanic-induced strengthening of the Indian summmansoon is such as large, that it can
overcompensate the direct effect (-0.4mm/day) didr{IND), causing the wetter summer
climate in that area in 6k compared to Ok. In dleo regions (INCPIN, TP, YANG,
NECH), the change in summertime precipitation isrobust. Nevertheless, the interactive
ocean tends to weaken the East Asian summer mongecipitation is particularly
reduced above the adjacent ocean (Figure 4.13).ekeny apart from the reduction of
water supply mentioned above, colder than pres&iiisSn the west Pacific (Figure 4.7)
induce a high-pressure anomaly (anticyclone) aslightly enhanced monsoon flow onto
the continent (Figure 4.11). These two mechanismsteract and might lead to only
small changes in the East Asian monsoon regiothaothe East Asian summer monsoon
is only little affected by the interactive ocean.
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Due to the thermal inertia of the ocean, the setas® is warmed the most in autumn

(Figure 4.7). SSTs are higher in most parts ofatth@cent oceans, particularly in the north
Arabian Sea. This leads to a warmer lower atmogpaed more evaporation, resulting in

more water vapour in the atmosphere. These maighasses are advected to the land,
prolonging the rain period of the Indian summer swon. Thus, the most remarkable

change occurs in IND (+0.88mm/day, Figure 4.8), iehbe ocean-atmosphere feedback
triples the precipitation increase associated with direct response of the atmosphere to
the insolation change. In PAK, precipitation-raiges by 0.13mm/day. Like in summer,

the East Asian monsoon rainfall-rate is only weagcted by the interactive ocean and
thus not robust.

In winter, the contribution of the interactive oneto the precipitation change shows a
robust signal in all regions, where the direct @ffis robust. In PAK (-0.06mm/day) and
TP (-0.12mm/day), the ocean-induced precipitatieduction partly compensates the
atmospheric response to the insolation change.alihespheric warming attributed to the
ocean likely results in a decrease of cloud coved arecipitation in YANG
(-0.11mm/day).

4.4.2.3 Contribution of the dynamic vegetation and syner gy

The seasonal precipitation-rates are only littldecéd by vegetation-atmosphere

interactions. Nevertheless, the vegetation-atmasgpfedback (on average) mostly tends
to amplify the direct response to the orbital fogein all seasons except winter (see Figure
A.7). As mentioned for temperature, the vegetairmhiced precipitation change strongly

varies between the different sub-periods and is tmly robust in two sub-regions.

It enhances differences between mid-Holocene aesepi-day precipitation over PAK in
summer (+0.08mm/day) and over IND in autumn (+0.42day). This effect can be
attributed to the fact that during mid-Holocenetgé&a areas are covered by taller
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vegetation (shrubs, forest instead of grass andrfjeim these regions, which, by their
larger leaf area, tend to increase evapotranspiraind, thus, local precipitation.

The contribution of the synergy between the ocdarmegphere and vegetation-atmosphere
feedback to the precipitation change is small astd@bust for any region and season.

4.5 Summary and discussion of Chapter 4

The impacts of interactive ocean and vegetatiotherclimate change from mid-Holocene
to present-day have been investigated for the Asi@nsoon domain by applying the
factor separation technique (Stein and Alpert, J@88a set of numerical experiments. As
the topography in that region is very heterogengdifferent sub-areas are discussed
separately. Temperature as well as precipitaticangls are considered for all seasons,
based on astronomical calendar.

Our analysis reveals, that the ocean-atmospherm@bée& significantly influences the
temperature and precipitation change between middeéoe and present-day, although
most of the response can be attributed to the tdieffect of the atmosphere. The
interactive vegetation and synergy play a minoe fial understanding the Asian monsoon
climate change.

Averaged over all six sub-regions, the differencesveen mid-Holocene and present-day
seasonal temperatures are given in Figure 4.14kwkog the change in insolation, the
Asian monsoon region experiences a colder mid-Hwolecclimate of approximately
-1.32K in spring and a warmer climate by some 1.29Kutumn. On average, the summer
temperature is increased by 0.59K in AQVThis signal, however, is mainly caused by the
strong warming in the sub-region NECH. On the cmytrthe wintertime temperature

a) temperature [K] , all regions h) precipitation [mmi/day], all regions
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Figure4.14: Same as Figure5, but averaged ovell aix regions and periods. Robust as well as nbtist
contributions of the different factors are takemoirmmccount: left panel: temperature [K]; right pa
precipitation [mm/day].
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reduction of -0.97K (on average) is determinedh®y d¢older mid-Holocene winter climate
in the tropical regions (IND, INCPIN). Even thoughe variation of these seasonal
temperature changes (i.e. warming in summer anghaytcooling in winter and spring) is
determined by the direct response of the atmosphieeocean alters the magnitude of the
temperature difference. Due to its larger thermaltia compared to the atmosphere, the
ocean-induced response lags the insolation forgyngne month to one season. Therefore,
the ocean-atmosphere feedback leads to an additi@maning in autumn by 0.41K and an
additional cooling in spring by -0.51K. In summerawinter, the contribution of ocean-
atmosphere interaction counteracts the direct ethgc-0.24K and 0.09K, respectively.
Thus, the interactive ocean shifts the time ofrgiest warming from summer to autumn,
and the strongest cooling from winter to springe Bmall contribution of the interactive
ocean in winter results from opposing temperatin@nges in the near-equatorial regions,
I. . cooling in IND and INCPIN, and warming in tbther sub-regions.

As the monsoon dynamics mainly depend on the testyrer gradient between the ocean
and land, the shifted seasonal cycle of the oceeesponse significantly affects the
monsoon circulation. Due to the oceanic-inducedlicgoin summer and warming in
winter, the ocean modifies the thermal processeth@monsoon system. The Tibetan
Plateau is an area, where this mechanism mightabicylarly interesting. The Tibetan
Plateau is a large elevated heat source in sumvtech to October) and a weak heat sink
in winter, exerting a strong impact on the Asiamelke and the regional energy balance
(Wu et al., 2007, Liu et al., 2007). By cooling tRtateau in summer and warming it in
autumn, the ocean attenuates the magnitude of éhe dource at the beginning of the
monsoon season, which might affect the climatééwthole region. However, the detailed
mechanism behind the feedback between ocean ant@lilibtan Plateau is still not fully
understood.

The contribution of synergy effect and interactwegietation to the climate change is large
for some simulation periods, but these signalsrarely robust. Robust effects are seen
over the northern regions (TP, YANG), mainly duect@anges in surface albedo. In the
southern regions (IND, PAK, INCPIN), changes in @tsanspiration appear important.

On average over all regions and periods, the infieeof vegetation-atmosphere-
interaction on mid-Holocene - present-day tempeeatiifferences are negligibly small.

Only the synergy term tends to cause a slight wagnfiom spring to autumn (0.06K to

0.1K).

Concerning precipitation, the strongest changehés ghift and the strengthening of the
summer monsoon season, causing a decrease in pssomal (spring) precipitation and
an increased rainfall in summer and autumn betwaahHolocene and present-day
climate. Whereas the East Asian monsoon is enhartbedIndian monsoon flow is

rearranged, leading to much more precipitationradumid-Holocene at the western and
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northern coast of the Arabian Sea as well as ththeo rim of the Tibetan Plateau. As for
temperature, the largest precipitation differenicesveen mid-Holocene and present-day
climate can be attributed to the direct effect obitally induced insolation changes.
However, the ocean significantly contributes to tb&al response. Changed sea surface
temperatures in the coupled ocean experiments datw®ng influence on evaporation and
thus, the moisture supply to the monsoon systemaghé&rmore, the ocean-atmosphere
interaction modifies the large-scale circulatioheTvegetation contributes only slightly to
the precipitation change, mainly through the enbarent of evapotranspiration due to the
enlargement of area covered by higher vegetatiba.siynergy has no influence.

Figure 4.14b illustrates the precipitation diffezea between mid-Holocene and present-
day climate on average over all regions. Mid-Holeesummer precipitation-rate is
increased by 0.46mm/day. Slightly more than 50924@m/day) of this change can be
attributed to the direct response of the atmosph@cean-atmosphere interaction further
amplifies the rainfall by 0.17mm/day. However, teignal is strongly determined by the
increase in precipitation over the Indian monsaegian (particularly over IND). The East
Asian summer monsoon tends to weaken due to thanemnosphere interaction.
Precipitation is reduced, particularly over theateOver land the precipitation associated
to the East Asian summer monsoon is only littleeect##d by the ocean-atmosphere
interaction. The interactive vegetation further tcibtes to the enhancement of the
summer monsoon by 0.04mm/day, mainly over the mdreonsoon region (PAK and
IND).

In autumn, the most of the precipitation differendetween mid-Holocene and present-
day climate (in total: 0.53mm/day) can be attribut® the direct response of the

atmosphere to the insolation change (0.33mm/day)inssummer, the ocean-atmosphere
interaction and also the vegetation-atmosphere raotien further enhance the

precipitation-rate by +0.18mm/day and 0.02mm/dagpectively.

During mid-Holocene, springtime precipitation isdueed compared to present-day by
some -0.14mm/day on average over all regions. Apprately two-third of this difference
is caused by the direct response of the atmospbdte insolation change; one-third can
be attributed to ocean-atmosphere interaction. fHueiced precipitation-rate in winter
(-0.08mm/day) is mostly associated with ocean-aphese feedback. The vegetation-
atmosphere interaction has on average no influenioeth seasons.

Although the ocean-atmosphere feedback appearsveoaveraged over all domains, our
regional analyses reveal a negative feedback inesmegions and seasons. The most
remarkable example is IND, showing a strongly niegabcean-atmosphere feedback in
summer. In that region, the atmosphere-only rumgssts less precipitation in 6k compared
to present-day. The ocean is able to overcompettsatgirect effect, yielding to the wetter
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climate in 6k. Whether the ocean-atmosphere feddtaac be interpreted as either positive
or negative, thus, depends on the spatial averagemjonally versus entire monsoon
region).

Before discussing our model simulations in the ernbdf other studies, we compare our
results for the Asian monsoon region with the rssaf Otto et al. (2009a) for the high
northern latitudes.

Otto et al. (2009a) investigated the contributidnvegetation-atmosphere and ocean-
atmosphere interactions to the near-surface aipéeature change between mid-Holocene
and present-day, based on the same set of expésimeim this study. They focused on the
region north of 40°N. Despite the very differentcaiation systems determining the
climate in the Asian monsoon region and the nortlatitudes, the influence of feedbacks
and the direct response of the atmosphere to thiéabforcing are on average similar.
Differences between mid-Holocene and present-daypéeature in both regions can
mostly be attributed to the direct effect of chahgasolation, modified by ocean-
atmosphere interactions. The summer temperatueeisiswice as large in the northern
latitudes as in the Asian monsoon region. In autuima region north of 40°N experiences
a stronger temperature increase (ca. 1.8K) dukemtbital forcing, although the positive
insolation change is more pronounced in the trop@e the one hand, this can be
attributed to increased evaporation in the monsegion, leading to a cooling of the near-
surface atmosphere. On the other hand, the proedutenperature rise north of 40°N
reflects the large influence of the ocean-atmosphieedback on the northern latitude
temperature difference between mid-Holocene andepteday. Mainly due to changes in
sea ice, the ocean-atmosphere feedback can evegeclize sign of the response of the
system to orbital forcing in the regions north &°M: mid-Holocene winter at northern
latitudes is warmer than today by approx. 0.3K despeaker insolation during that
season. The vegetation-atmosphere feedback playgsaer role in both regions. The
reason for this is currently being investigatedr BHte Asian monsoon, we tentatively
attribute the small effect of vegetation-atmosphateraction to mid-Holocene — present-
day climate difference to the fact that our modelds only small changes between mid-
Holocene and present-day vegetation coverage. édthahe model captures the main
vegetation trend in the Asian region, the simulatikednge in forest cover is much smaller
than found in reconstructions (e.g. Ren, 2007). rdioee, the model presumably
underestimates the vegetation-atmosphere interadtiarther studies will have to focus on
a detailed comparison of simulated and reconstiudieate using numerical experiments
with much higher spatial resolution to capture éfiect of strong variation in orography
on atmospheric dynamics.

Comparison of our results with previous model sadis difficult, because a factor
separation has not yet been applied to mid-Hologandel experiments for the Asian
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monsoon region. Furthermore, most studies condentom the summer season. If
comparable, our results are in line with recentdissl Like most of the models with
interactive ocean and vegetation considered in RMIfPaleoclimate Modelling
Intercomparison Project, Phase 2, Braconnot éi0fl7b) our model reveals a pronounced
summertime cooling in north India (up to 2K) andi@ming outside the tropical monsoon
region (up to 3K) as response to the orbital faycidur model also simulates the increase
in precipitation associated with the enhancementhef summer monsoons reported by
these studies. Nevertheless, the sign and magnitutthe different feedbacks calculated in
our model partly deviate from other studies, patdy concerning precipitation. The
atmosphere-only run suggests less summer preaypitex India (IND), the Bay of Bengal
as well as the South China Sea and more precgtatn the southern Asian continent
compared with the coupled simulations. Whereasghit in ITCZ is also seen in other
model studies above the ocean (Marzin and Braco@29@9a; (PMIP1), Braconnot et al.,
2007a), a reduction of summer precipitation on I@ndia) is only detected in a few model
simulations (Ohgaito and Abe-Ouchi, 2007 (annuall)and Harrison, 2008). The spatial
distribution as well as the magnitude of the anisuahmer precipitation change attributed
to the atmospheric response corresponds well vidset two studies, although Li and
Harrison (2008) suggest a more enhanced summeramoms South China.

Concerning the ocean-atmosphere feedback, ourtsesoihfirm the conclusion that the
ocean rather suppresses the direct atmospherion®gspin large parts of the Asian
monsoon region in the summer season (Liu et al420bgaito and Abe-Ouchi, 2007; Li
and Harrison 2008, Marzin and Braconnot, 2009b}. @u results do not show an overall
ocean-induced weakening of the summer monsoonthi&esimulations in theses studies.
Large parts of the Indian monsoon region (incl. INIDd PAK) experience more
precipitation due to the ocean-atmosphere feedbaokinteracting the precipitation
decrease suggested by the atmosphere-only run (INi2) precipitation in the East Asian
monsoon region tends to decrease, particularly ebthe ocean. On average, the
precipitation is enhanced (positive ocean-atmospHheedback) on the continent, in
summer as well as in autumn.

The vegetation-atmosphere interaction can onlydsepared to other model results with
respect to the temperature change. The contributianteractive vegetation tends to be
weaker in our model (smaller than 0.5K in all sea$dhan in simulations with prescribed
mid-Holocene vegetation (e.g. Diffenbaugh and Slo2@02; Zheng et al., 2004).

Diffenbaugh and Sloan (2002) suggest temperatuaagsh between —2K and +4K in the
Asian monsoon region for summer and spring. Theltesf Zheng et al. (2004) are in the
same order of magnitude (OK to 3K in winter). Tipatgal distribution of the change is

also different to our simulations. In particulayr model does not capture the large
vegetation-induced winter warming in China likedheng et al. (2004) and proposed by
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reconstructions (Yu et al.,, 2000). This might beansequence of the underestimated
simulated vegetation change for that region. Algtowour model captures the main
vegetation trend, the modelled change in forestecas much smaller than found in
reconstructions (e.g. Ren, 2007). Regarding thepledu AOV-simulations of PMIP2
(Braconnot et al., 2007b), our results are withia tange of magnitude of the contribution
of vegetation-atmosphere interaction (summer s@admut the vegetation-atmosphere
feedback strongly varies between the differentigigeting models.

Although our results provide a broad insight irfte teedback mechanism, which might be
involved in the Holocene Asian monsoon climate gearthe magnitude of the feedbacks
still requires further discussion. Slightly diffeteboundary conditions (SST and sea-ice)
lead to a high variability in the contribution okgetation-atmosphere feedback and
synergy to the overall signal as shown in the fiNéerent simulation periods. In most
cases, both factors are not robust in any of tgens. In addition, our analyses reveal
that, whether a feedback (e.g. ocean-atmosphedbdek) appears positive or negative
strongly depends on the spatial averaging and whitrenay also depend on the spatial
resolution. The results in Chapter 3 suggest thiatate model simulations performed in
coarse numerical resolutions can represent the-segle response of the Asian monsoon
system to the Holocene insolation forcing. To resothe regional dynamics, high
numerical resolutions have to be used in climatéefimg studies for the Asian monsoon
region. However, since high resolution simulatiopesrformed with coupled ocean-
atmosphere-vegetation models need lots of compytimger, using coarse numerical
resolutions is a good compromise.

Implication for theresultsin Chapter 3:

Our analysis in Chapter 3 reveals that the higblugien simulation T106_ A matches
the paleoreconstructions best despite of the ngssaean-atmosphere interactions in this
simulation. At this point, we return to the disdossof Chapter 3 and look at the
contribution of the ocean-atmosphere interaction th@ annual precipitation and
temperature signal (Fig. 4.15). According to tharse resolution model (T31_AQOV), the
interactive ocean leads to an enhancement of theemature signal simulated in T106_AV
and would probably neither improve nor worsen tereducibility of the reconstructed
temperature change in the model. The precipitaiancreased in India and decreased in
the other parts of the continental Asian monsoomaln by the ocean-atmosphere
interaction so that the precipitation signal sintediain T106_AV is amplified in most of
the regions. Including an ocean model, thereforeuldv probably not change the
conclusions gained in Chapter 3.
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Figure 4.15: Contribution of the atmosphere-oceateraction to the mid- to latdelocene annu:
precipitation and temperature change as simulatedhé coupled atmosphere-ocesgetation mode
ECHAMS5/JSBACH-MPIOM.
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5. Comparison of the simulated Holocene
vegetation change with pollen-based vegetation
reconstructions

5.1 Introduction

The Tibetan Plateau covers a region of approxniliion km2. With an average height of
more than 4000m above sea level (a.s.l.), it patestrdeep into the troposphere reaching
atmospheric levels of less than 500hPa. Due tiaitge horizontal and vertical extent, the
Tibetan Plateau affects the regional as well agtbleal climate, including the circulation,
energy and water cycle (Wu et al., 2007). Besilesriechanical blocking of zonal as well
as meridional atmospheric flow (e.g. Wu et al., 20Qiu Y. et al., 2007), thermal
processes on the Tibetan Plateau strongly infludmeeegional circulation.

Regarding the influence of the land cover of thieetan Plateau on climate the following
aspects are particularly important:

- Elevated heat source: Acting as a heat sourceh®ratmosphere in spring and
summer the Tibetan Plateau plays an importantfoolthe onset and maintenance of
the Asian summer monsoon (e.g. Wu and Zhang, 128&nd Wu, 1998; Wu, 2004;
Liu Y. et al., 2007).

- Huge air-pump: The large amount of air pumped uphan atmosphere above the
Tibetan Plateau due to high convective activityedies near the tropopause and
subsides in North Africa, Central Asia and the MedHast. Thereby, the large-scale
subsidence forces and forms dry climates and dessuth as the Sahara,
Taklamakan Desert and Dzungar Desert. (RodwellHoskins, 1996; Ye and Wu,
1998; Duan and Wu, 2005).

- Variations in the surface temperature: Recent stugroposed a strong relationship
between the heating on the Plateau and the summesaon rainfall in East Asia
(e.g. Hsu and Liu, 2003; Yanai and Wu, 2006; Zhanhgl., 2006; Wang B. et al.,
2008). Investigations based on observations as agltlimate model sensitivity
experiments suggest an enhancement of the motséungport towards East Asia and
increasing precipitation in the subtropical froMef-Yu, Baiu and Changma) in
years with higher surface temperature on the TibPtateau (Wang B. et al., 2008).

- Accumulation of snow: High-elevation snow accumiolatis another important
factor by which the Tibetan Plateau exerts infleepa the Asian climate. Above-
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normal snow cover in winter weakens the land-seapégature gradient and
attenuates the East Asian monsoon in the subseguemer (Liu Y. et al., 2007).

All these processes depend to a large part onatie ¢over of the Tibetan Plateau as it
modulates the energy balance and the energy tradmesti@een the atmosphere and the land
surface (Yasunari, 2007). The albedo of the surf@deermines the absorbed incoming
solar radiation and therewith the strength of digblaeat fluxes. Changes in the Tibetan
Plateau's land cover may thus exert strong inflaeoc the regional and even on the
northern hemispheric climate and atmospheric ctar.

Beside the biogeophysical effects of changing albedurface roughness and

evapotranspiration, land cover changes affect timeate via biogeochemical feedbacks,

for example by the emission of carbon into the aphere (Claussen et al., 2001).
Therefore, it is necessary to get more informaéibaut land cover changes on the Tibetan
Plateau to understand past climate change in Asia.

So far, reconstructions suggest an increased midedoe forest fraction on the eastern
and southern margin of the Plateau compared tprgent conditions (Shen et al., 2005;
Shen et al.,, 2006). Enlarged monsoon rainfall aigthdr summer temperatures due to
orbitally-induced insolation changes are seen asntbst important forcing mechanisms

for the vegetation change (Herzschuh et al., 2Q01&)human impact is discussed as an
influencing factor as well (Schlitz and LehmkuH)08). For the central Tibetan Plateau,
reconstructions reveal only slight changes in \etiigt composition during the Holocene

(Tang et al., 2009). Fewer records are availabietie western Tibetan Plateau. They
indicate wetter climate conditions (Gasse et #91) and more vegetation for the mid-

Holocene.

As pollen reconstructions can only illustrate tbeal vegetation distribution and can only
be taken as proxies for climate change, it is ingurto perform model simulations to
identify the mechanism behind the changes. FurtbemEarth System Models (ESM)
have the advantage of calculating area-wide vegataand climate changes, taking
feedback mechanisms into account (Kleinen et AlL,1P Thereby, it is possible to extract
the driving parameters, regarding the Holocene atémand vegetation change on the
Tibetan Plateau and surrounding monsoonal areas; ewre, related changes in the
terrestrial carbon storage can be quantified.

Since computing power is limited, long transienpe&xments in comprehensive Earth
system models can only be performed with coarse enigal resolutions. Such an
experiment has been conducted by Fischer and Jugy{2011) with the model
ECHAM5/JSBACH-MPIOM, covering the last 6000 years.

The primary aim of this study is to critically assethe performance of that model with
respect to the land cover on the Tibetan Plateau.tlis purpose, we compare pollen-
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based vegetation reconstructions for differentssib@ the Plateau with the simulated
potential vegetation trend in the surrounding ardaghropogenic land use changes are
not taken into account by the model. Secondlywaeat to identify the specific climatic
parameters that caused the past vegetation chahgedly, we quantify the total changes
of simulated vegetation carbon storage for theeftibetan Plateau.
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Figure5.1: a) Sketch of the main atmospheric cirdatasystems (in 850hPa) affecting the Tibetan Blz
(greyshaded) during the summer monsoon season, basesbamvations: Westerly wind circulati
(orange), Indian summer monsoon circulation (ISMiep and East Asian summer monsoon circule
(EASM, blue). Light blue shaded region marks the Asian snon domain; b) shows the area marke
black rectangle in (a) and displays the distributad the main vegetation types on the Tibetan Bls
(modified from Hou, 2001, by U.Herzschuh) and lamag of the different study sites.
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5.2 Study area

5.2.1 The Tibetan Plateau

The Tibetan Plateau covers almost one-sixth ohtka in China. Located in a tectonically
active region (ca. 80-105°E and 27-37°N), the Rlateexhibits a highly complex
orography with steep and huge mountain ranges dsawdarge elevated plains (cf. Fig.
A.2). The Tibetan Plateau penetrates deep intotrtiy@sphere. Thus, it shows unique
climate conditions with the lowest surface tempamind pressure as well as highest 10-
m wind speed compared to areas in the same latéubdelt (Asnani, 1993).

Following the general decrease in altitude, nediasa air temperature and precipitation
increase from the north-western to the south-eagiart of the Plateau. In summer, the
Plateau is characterised by near-surface air teatyress up to 19°C in the south-east and
ca. 6°C in the north-west (Sun, 1999). Winter terapges are around 5-10°C in the south-
east and -25°C in the north-west (Cui and Graf920Due to the strong insolation during
daytime, near-surface air temperatures experietroags diurnal variations. Surface soil
temperature varies up to 50°C (during spring) betwaay and night (Cui and Graf, 2009).

Annual precipitation ranges from approximately 7@0nm the south-eastern part to less
than 100mm in the north-western part (Sun, 199%) pbecipitation strongly varies in time
and space (Ueno et al., 2001). Besides the orogrgmiecipitation distribution on the
Tibetan Plateau is strongly determined by the lmgme atmospheric circulation. The
southern and eastern parts are affected by thenAsimmmer monsoon (Figure 5.1a) that
provides more than 80% of the annual total (Cui @ndf, 2009). The northern parts are
affected by the westerly wind circulation beariegd precipitation.

The diverse climate conditions lead to a uniqued l@over on the Plateau. Strong
temperature and precipitation gradients along theeps mountains offer a very
heterogeneous environment for vegetation, but nthkelocated vegetation also highly
susceptible to climate change.

The spatial distribution of major vegetation typeslescribed in the Vegetation Atlas of
China (Hou, 2001) and summarised in Figure 5.1bséht-day vegetation along the wet
and warm south-eastern and eastern margins of iibetah Plateau is dominated by
montane conifer and broad-leaved forests. Howdesg of natural forest since at least
during the past 2000 years and even more intensee dhe 1950s is attributed to
anthropogenic forest clearance as a consequenctheofhigh timber, grazing and

agricultural ground demand of a constantly growpogulation (Studley 1999; Zhang et al.
2000; Dearing et al. 2008; Wischnewski et al., 200nly during the last three decades
reforestation programs and a logging ban stoppedfurther forest loss in these areas
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(Zhang et al. 2000; Fang et al. 2001). Above tleelitne (ca. 3000-4000m), sub-alpine

shrubs cover the area, replaced by alpine and dghe meadows at higher elevations.

The dry north-eastern and central Tibetan Platealaracterised by temperate and alpine
steppe vegetation. Alpine deserts form the landsedghe dry north-central and western

Plateau.

5.2.2 Study sites for pollen-based vegetation reconstructions

In this study, pollen records from four differeakés are considered, representing different
climate and vegetation zones on the Tibetan Pla(sae Figure 5.1). These are Lake
Qinghai and Lake Naleng on the north-eastern andgthseastern Tibetan Plateau,

respectively, as well as Lake Zigetang on the eémtnd Lake Bangong on the western
Tibetan Plateau.

Lake Qinghai (36.55°N, 100.1°E, 3200m a.s.l.) hasrdace area of about 4400km? and is
the largest saline lake in China. Located at th#hreastern Tibetan Plateau and therewith
in the fringe area of the Asian monsoon, the cleraabund the lake is influenced by three
planetary-scale circulation systems: The regiomoisonly characterised by the East Asian
and Indian monsoon, but also affected by the wigséémospheric flow (Xu et al., 2007).
Thus, changes in climate, in particular the monsoueansity, probably have a strong
impact on the regional vegetation composition. Ndayes, the lake lies in the semi-arid
and moderate cold climate zone with mean annudaiiptation and temperature reaching
approx. 250mm/yr and -0.7°C, respectively (Sheal.eR005). The nearby climate station
(Yeniugou, 99.58°E, 38.42°E, 3320 m a.s.l.) rec@dsean annual temperature of -2.5°C,
a mean July temperature of 10°C and a mean Jateraperature of -16.3°C.

The vegetation immediately around the lake is dattarsed by temperate steppes
dominated byArtemisiaand Poaceae. The reconstructions used in thig stedbased on a
795cm long core (QH-2000) from the south-easterhgfahe lake. For further description
of the study site, material and dating see Shah ¢2005).

Lake Naleng (31.1°N, 99.75°E, 4200m a.s.l.) is alim@a-sized freshwater lake on the
south-eastern Tibetan Plateau (area: 1.8km?2). Tdv@pnced relief and steep elevations in
its environment lead to strong climatic and vegetet gradients. The climate around the
lake is influenced by the Asian monsoon, yieldir@®of the annual precipitation (ca.
630mm/yr at a near climate station). The mean tRryperature at the lake is ca. 7.4°C.
Mean annual temperature is approximately 1.6°C rfiéraet al., 2010). Lake Naleng is
situated at the upper tree line composed of Pitea(sub-)alpine vegetation is composed
of shrubs such aBotentila Spiraea, Rhododendron intermixed witbbresiadominated
meadows. Due to its location, climate change - @afg variability in temperature - is
expected to cause strong shifts in regional veigetaihe vegetation trend at this site is
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analysed based on the upper part of a 17.8m-lotighsat core. Details of the study site,
materials and methods are described in Kramer. €2@10).

Lake Zigetang (32°N, 90.9°E, ca. 4500m a.s.l.) imrge saline lake (surface area ca.
190km?) on the high-altitude inner Tibetan Plateghe regional climate is cold and semi-
arid, but still affected by the Indian monsoon giation. Mean annual precipitation and
temperature ranges from about 300-500mm/yr and #@mB°C to —0.3°C, respectively.
According to Naqu climate station (90.02°E; 31.43°B500m a.s.l.), mean July
temperature is 9.5°C and mean January temperasurd2°C. The vicinity of Lake
Zigetang is covered by alpine steppe (dominateBdaceae andrtemisig, but vegetation
turns to alpineKobresiameadows to the east of the lake. Further detaglsdascribed in
Herzschuh et al. (2006).

With a surface area of 604km?, Lake Bangong (33429°E, 4200m a.s.l.) is the largest
lake on the western Tibetan Plateau. Located inréne shadow of the Kunlun and
Karakorum mountain ranges, climate around the lakeold and very dry. Temperature
ranges from -15.8°C in January to 11.9°C in Julgt are ca. -1.5°C in the annual mean.
Precipitation originates mainly from the Indian rsoan, but does not exceed 70mm/yr
(van Campo et al., 1996). Accordingly, montane dégeppe-desert dominates the area
characterised by a sparse vegetation cover. Paisemblages used in this study are based
on a 12.4m core from the eastern part of the I&ke.further information on the material
and site see van Campo et al. (1996) and Fonteds(@996).

5.3 Methods

5.3.1 General model setup and experimental design

To estimate the mid- to late-Holocene vegetaticange on the Tibetan Plateau a transient
numerical experiment was analysed. The simulatiaas werformed by Fischer and
Jungclaus (2011) with the comprehensive Earth systeodel ECHAMS5/JSBACH-
MPIOM, developed at the Max-Planck-Institute for tel@ology. The model consists of
the atmospheric general circulation model ECHAMBdEkner et al., 2003) coupled to the
land-surface-scheme JSBACH (Raddatz et al., 200id) the ocean model MPIOM
(Marsland et al., 2003; Jungclaus et al., 2006BAISH included the dynamic vegetation
module of Brovkin et al. (2009). ECHAM5 ran with 1rtical levels and a spectral
resolution of T31, which corresponds to a latitadlidistance of ca. 3.75°, i.e. a grid-box
width of about 354km at 32°N. The ocean-grid hadharizontal resolution of
approximately 3° and 40 vertical levels. The moded been tested against observation
and reanalysis data proving that they capture thgmstructure of global and regional
climate (cf. Chap.2 and Cui et al. 2006).
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Figure5.2: ECHAMb orography (elevation higher than 1000m), niaptel (T31) and grid boxes used 1
determining the averaged vegetation trend in fatferént regions on the Betan Plateau (red boxe
These are the north-eastern Tibetan Plateau (NEh®)southeastern Tibetan Plateau (SETP), the ce
Tibetan Plateau (CTP) and the centrastern Tibetan Plateau (CWTP). The locations afdadampled fc
vegetation reconsictions are also shown (blue dots). Shaded arelsrttze regions on the Tibetan Plat
which are elevated above 2500m in the model.

The transient experiment started at mid-Holocemaate conditions: Orbital parameters in
the coupled models had been adjusted to the coatign 6000 years before present
(henceforth referred to as 6k). Atmospheric compmsihad been fixed at pre-industrial
values with C@-concentration set to 280ppm. Under these bounttamglitions, the model
was brought to quasi-equilibrium climate state.eAftards, the orbital configuration was
continuously being changed until present-day (Gk)ditions were reached. During the
entire transient run, atmospheric composition stagenstant. The calculated climate
change, thus, can be attributed to orbital for@hane. Biogeochemical processes have no
influence on the climate change.

Due to the coarse model resolution, it was notiptesso take the geographically nearest
grid-boxes around the lakes for the comparison ofieh results and reconstructions.
Simulated present-day climate differs strongly frobservations, since the orography in
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the model is underestimated. Instead we use averagetwo to three grid-boxes in the
vicinity of each lake showing an analogue vegetatiend (Figure 5.2). The grid-boxes
have been selected by applying the following aatesi.) The averaged climate in the grid-
boxes represents the local climate at the stuéynsdre appropriately (e.g. Lake Qinghai,
Lake Zigetang); b.)The grid-boxes are located @asir of the study sites with respect to
the atmospheric circulation system effecting the é¢.g. Lake Bangong, Lake Naleng,
Lake Zigetang).

5.3.2 Dynamic vegetation module

The dynamic vegetation module used in this studsoEn et al., 2009) distinguishes
eight plant-functional types (PFTs), i.e. plants grouped with regard to their physiology
including their leaf phenology type. Trees can libee tropical or extratropical and are
further differentiated between evergreen and decidurees. The module considers two
shrubby vegetation types, namely raingreen shrotdscald shrubs. The first is limited by
moisture; the second represents shrubs limiteatimpérature. Grass is classified as either
C3 or C4 grass.

For each PFT, environmental constraints are defimeélde form of temperature thresholds
representing their respective bioclimatic tolerarideese thresholds define the area, where
establishment of a PFT is possible. They descrilid tesistance by the lowest mean
temperature of the coldest month f¥, chilling requirements by the maximum mean
temperature of the coldest month (%¢ and heat requirement for the growth phase. The
latter is considered via the summation of tempeeatwer days with temperature higher
than 5°C, called growing degree days (GDD5). Cdidilss are also excluded in regions
with warm climate (Tway. The values of the limits are listed in Tabld and similar to
the limits used in the biosphere model LPJ (Sitcil.¢ 2003).

For each grid-box of the atmosphere, the land searfa tiled in mosaics, so that several
PFTs can be represented in a single grid cell. ffhetional cover of each PFT is
determined by the balance of their establishmedtraaortality. The latter is the sum of the
mortality by the aging of plants and the disturanelated mortality (fire and windbreak).
The establishment is calculated from the relativiéernces in annual net primary
productivity (NPP) between the PFTs and hence deduthe different moisture
requirements of the plants. Furthermore, the dstabent is weighted by the inverse of
the PFT specific lifetime, i.e. plants that livengpestablish slowly. The establishment of
woody PFTs is favoured over grass, so that grasonly establish in the area, which is
left after trees and shrubs have established. dnatisence of disturbances, woody PFTs
thus have an advantage over grasses and the wéddwikh the highest NPP becomes the
dominant vegetation-type in the grid-box. Generaliges have the highest NPP, since
they have the largest leaf-area. However, in regiaith frequent disturbances or in
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unfavourable climate conditions, i.e. bioclimatmnditions near the thresholds, shrubs or
even grass might win the competition as they caavwer more quickly than trees.

For each grid cell, a non-vegetated area is coreidas well, which represents the fraction
of seasonally bare soil and permanently bare growihdir fraction is calculated via the
relation of maximum carbon storage in the pool espnting living tissues to the carbon
actually stored in this pool. This approach is base the fact that plants need a certain
amount of carbon to build their leafs, fine ro@s;., so that they can function properly. If
the model calculates a positive NPP for a vegetatype, carbon is filled into this pool
while carbon is lost from it proportional to thes$oof leaves, which mostly happens in dry
or cold seasons/periods. If the filling of the pmohot sufficient for all PFTs, plants cannot
grow and the grid-cell is mainly non-vegetated. @ated changes in vegetation cover thus
can be attributed to bioclimatic shifts (i.e. temgtere changes), changes in plant
productivity (related to precipitation) or changasthe frequency of disturbances. More
details about the dynamic vegetation module arerdes in Brovkin et al. (2009).

Tcmin Tcmax TWmax GDD5

No. landcover classification  phenology type C] C] °C] °C]
1  tropical evergreen trees raingreen 15.5 - - 0
2  tropical deciduous trees raingreen 155 - - 0
3 extratrop. evergreen trees evergreen -32.5 18.5 - 350
4 extratrop. deciduous trees  summergreen - 18.5 - 50 3
5 raingreen shrubs raingreen 0 - - 900
6 cold shrubs summergreen - -2 18 300
7 C3 grass grasses - 15 - 0
8 C4 grass grasses 10 - - 0

Table5.1: Bioclimatic limits for the 8 plant functionalges (PFTs) used in the coupled model experiment.
Listed are phenology type, PFT-specific minimum cofdest monthly mean temperature kg PFT-
specific maximum of coldest monthly mean temperatlliG,,y), PFT-specific maximum warmest monthly
mean temperature (Ty) and growing degree days, i.e. temperature sundays with temperatures
exceeding 5°C (GDD5). All temperature values aregiwn °C.

In this study, PFTs are further aggregated to threet major vegetation types ‘forest’
(containing all trees), ‘shrub’ and ‘grass’. Theufi land cover type ‘desert’ includes the
non-vegetated area. To test the significance ofsthulated land cover trend, a simple
statistical test is used. We assume a significamtdt if the absolute differences in mean
land cover between the first 500years and the3@6year is greater than two times the
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standard deviation of the entire time-series. Dedaiesults of this test can be seen in the
Appendix (Table B.1). According to this test, mtatd cover trends are significant. If a
trend is not significant, this fact is mentionedhe text.

5.3.3 Vegetation reconstruction (written by U. Herzschuh)

The qualitative interpretation of pollen assembtageterms of past vegetation (Birks and
Birks, 1980) can be validated using a quantitatimethod for pollen-based biome
reconstruction (biomisation, Prentice et al., 1998ased on knowledge of the
contemporary biogeography and ecology of modermtplapollen taxa are assigned to
plant functional types (PFTs) and the PFTs aregassi to main vegetation types (biomes).
An affinity score for each biome is then calculasedording to Prentice et al. (1996). The
biome with the highest score dominates in the pedleurce area of the lake, while a
relatively lower score indicates less occurrence @iome in the area. Scores cannot be
compared between different records. The pollen-bageme matrix (Table B.2) applied in
this study is based on the standard biomisationguhare presented by Yu et al. (1998) and
their later improved version (Yu et al., 2000). &stt of this method with a modern pollen
data set of 112 lake sediment-derived pollen spefictim the Tibetan Plateau yielded a
correct assignment of 100% of temperate deses, sie% of temperate steppe sites, 84%
of alpine steppe sites and 79% of alpine meadoss gitlerzschuh et al., 2010a). Patchy
forest sites intermixed with alpine shrublands waisstly assigned to temperate or alpine
steppes as no shrub biome was considered in thdy.st Here, we summarized the
different biomes so that they fit best to the mtstklvegetation types, namely forest,
shrub, steppe/meadow and desert The biome-taxaxnmtpased on information on the
distribution of the single pollen taxa with respexvegetation types and biomes presented
in Herzschuh et al. (2010b and 2010c). The poli@seld reconstructions describe the
vegetation trend qualitatively. The dominant vegietatype and the general trend can be
inferred, but no conclusions on vegetation fractiod ratios can be made.

We are aware of differences in the handling of &t in the model and in the
reconstructions. These differences have historagad technical reasons. Whereas the
reconstructed vegetation is usually assigned tatdlanctional types (PFT) and then to
biomes, simulated vegetation is grouped in planctional types. These or the specific
combinations of them then serve as major vegetdyipas. Nevertheless, we think it is
most reasonable to compare pollen-based biomesmeottel-derived PFT coverages than
to directly compare pollen-based PFTs with modeivee PFTs. The advantage of this
method is particularly obvious in the case of megutelxy comparisons of deserts or of
forested areas. The biome desert, for instancdacsnvegetation such &phedraand
Chenopodiaceae that can survive in extremely dmatic conditions and are therefore
representative for a desert environment and repdio 100% here. In the model, no such
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vegetation type exists and the land cover typeedess only represented by the non-
vegetated area (bare ground). Thus, to comparedifen-based desert biome to the model
bare ground (which also includes only seasonalhg lgsmound) is most reasonable as the
same bioclimate is assumed for these vegetationgorest biomes, pollen-PFT-biome
assignment also account for vegetation growingh@ tinderstorey such as herbs of
Rubiaceae. Thus, vegetation cover can exceed 100&t0 more layers). In the model,
vegetation competes for 100% of the grid-box ansl thabe arranged side by side, herb
(Grass PFT) does only out-compete trees due tdimiaiic limitations.

5.4 Results

The reconstructed biome trends (forest, shrublarghpe/meadow, desert) for all sites are
illustrated in Figure 5.3. Figure 5.4 shows theregponding simulated vegetation trend as
averages over 20 years which is the highest terhpesolution is occurring in the
reconstructions. Thereby, the simulated land civelivided into forest, shrub and grass
fraction as well as non-vegetated area, which ithéu referred to as desert. Simulated
climate and vegetation changes are attributeddibabforcing alone.
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Figure 5.3: Reconstructed vegetation trend from mid-Holecé000yrs before present) to preseay;
based on four different lake sediment cores orTthetan Plateau (in arbitrary units).
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The pollen record of Lake Qinghai (north-easterhefan Plateau) reveals a continuous
decrease of forest cover since the mid-Holoceng 46k an expansion of steppe/meadow
vegetation. Whereas forests and steppe/meadow dtedinthe land-cover at 6k,
steppe/meadow is the prevalent biome at present{@dy Shrub vegetation, as well as
desert vegetation, covers only small areas and woeshow obvious trends through time.
In line with the reconstructions of Qinghai Lakbe tsimulated vegetation trend on the
north-eastern Tibetan Plateau (NETP) shows a asmiis forest decline and an expansion
of grassland during the last 6000 years. Foregteadominating land cover type during the
mid-Holocene (approx. 38% of the area) is halvetl ygnesent-day. Grass and shrub
fractions increase by 67% and 64%, covering 39%1848d of the area at Ok, respectively.
Thus, grass is the prevalent vegetation simulatetiraconstructed for the north-eastern
Tibetan Plateau at present-day. The desert fraglightly decreases from 27% at 6k to
23% at Ok.

The pollen-based vegetation reconstruction fromel&daleng (south-eastern Tibetan
Plateau) suggests a qualitatively similar vegetaticend. During the mid-Holocene,
steppe/meadow and forest were the dominant biodesund 4.3k, forests started to
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Figure 5.4: Simulated vegetation trend (20yr-mean) frond-folocene (6000 years befopgesent) tc
present-day, averaged for 4 different regions an Tibetan Plateau: the norglastern Tibetan Plate
(NETP), the south-eastern Tibetan Plateau (SET#®),central Tibetan Plateau (CTP) and the central-
western Tibetan Plateau (CWTP), see Fiduge Values are given in fraction per grid box.
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retreat and were replaced by steppes and meaddws, pollen abundances clearly reveal
that steppe and meadow vegetation dominate inrtéee & Lake Naleng for present-day.
Desert and shrub vegetation have stayed low cahstaimce 6k. The simulated mid-
Holocene land-cover on the south-eastern Tibetate&l (SETP) mainly consists of forest
(91%) and to a lesser extent of grass and shrubs #8d 1%, respectively). This
vegetation distribution is constant for nearly 13@@rs until shrubs successively replace
forest. This decrease of forest fraction agreeh wie reconstruction from Lake Naleng,
but in the reconstructions steppe/meadow and naibslfraction increase. A strong
fluctuation in the modelled vegetation trend intksaan occasionally recovering tree
fraction. At Ok, shrub is the dominant land cowgre according to the model (61% of the
area), while forests form only 31% of the landscdpesert (0%) as well as grass fraction
stays constant for the whole 6000 years.

Lake Zigetang is situated on the high-altitude @@nfibetan Plateau. At 6k as well as Ok,
the area is primarily covered by steppe/meadow ta¢iga. The reconstructed Holocene
vegetation change is small, but exhibits a slightease of steppe/meadow vegetation. The
occurrence of desert is highly variable. Shrub &eé pollen taxa occur with low but
steady abundances. In contrast to the pollen retdoedmodel simulates no forests and no
shrubs on the central Tibetan Plateau (CTP) for lds# 6000 years. Like in the
reconstructions, grass covers most of the arek §8®&%) as well as at Ok (85%). The
simulated vegetation change is small and not saamf. However, grassland is slightly
retreating during the first 3000 years (to 80%Idtahd increasing again afterwards.

The pollen record of Lake Bangong from the wesiBiretan Plateau depicts a regional

reduction of vegetation during the last 6000 ye&srest, as well as steppe/meadow
vegetation, has decreased; desert indicating plaens spread since the mid-Holocene.
Whereas steppe was the dominant biome at 6k, paltercentrations suggest land

coverage of desert and steppe in equal parts fesept-day. In agreement to the

reconstructions from Lake Bangong, the model catesl an overall decrease of vegetated
area on the central-western Tibet Plateau (CWTmRenas grass (41%) and forest (31%)
characterise the landscape during the mid-Holocgesert (42%) dominates the region at
present-day. Simulated forest fraction is nearlivdd, desert fraction more than doubled
during the last 6000 years. Shrub and grass ordsedse by ca. 15%, respectively, but the
trend in shrub cover is not significant accordingthe simple statistical test used in this
study.

Overall, the reconstructed and simulated vegetdtiemds are in agreement, albeit some
systematic differences appear. The potential reammthese differences are discussed in
the following section.
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5.5 Discussion of Chapter 5

5.5.1 Potential reasons for disagreements in the simulated and
reconstructed vegetation cover

The pollen-based vegetation reconstructions in #tigly may be influenced by the
following factors:

(1) Especially pollen spectra from large lakes saslQinghai Lake contain a large extra-
regional pollen component that increases with lsike (Jacobsen and Bradshaw, 1981)
and strongly depends on regional atmospheric dongit(Gehrig and Peeters, 2000).
Local pollen production and vegetation compositioituence the concentration of long-
distance-transported pollen grains as well. Theegfextra-regional pollen load may vary
with time. Since the Tibetan Plateau exhibits ahlyigheterogeneous, often treeless
environment with steep elevations and pronouncepkttadion gradients, the problem of
extra-regional pollen advection to the lakes istipakarly large. The topography of the
Tibetan Plateau can form strong anabatic windssparting pollen from lower vegetation
(forest) belts to steppe and desert zones (Mark@e0; Cour et al., 1999; Kramer et al.,
2010).

(2) Pollen-productivity and hence its representaiio the pollen record depends on the
plant species. Most subalpine shrubs, for instameepoor pollen-producers and thus have
a low representation in pollen spectra (van Cantpal.e1996; Herzschuh et al., 2010b).

Hence, shrub coverage is most probably underestdnatour biome reconstructions.

(3) Most pollen can only be identified to genusamily level. The assignment of pollen
taxa to biomes within the biomisation techniquetheyefore a strong simplification of the
natural conditions. The most common biomes on tibetdn Plateau, desert and steppe,
share many pollen taxa even though the pollen miaduplants belong to different
species. Biomisation of fossil pollen assemblages) fsuch non-forested areas often faces
the problem of that neighbouring samples were assigo different biomes despite no
shifts in the pollen signal are obvious. This ratheflects ecological noise than a true
biome shift because the assignment of the domiba@rhe is very sensitive to small
variations of affinity scores between pairs of elganatched biomes such as desert, steppe
or meadow. We face this problem by presenting ffieity score differences between the
most important biomes at each site.

The simulated vegetation trend is limited by thiéof@ing factors:

(1) Due to the coarse numerical resolution (T31L.183 orography is not represented well
in the model. This especially applies to the Tibhefdateau. Whereas its mean elevation
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exceeds 4000m in reality (cf. Fig. A.2), orograjpmyhe model reaches 4000m at most and
only in a few grid-boxes on the central Tibetantéda. The Himalaya and the Kunlun
Mountains, as well as other mountain ranges, vafsheality, the strong spatial variance
in orography (e.g. at Lake Naleng) implies a higttehogeneity of regional climate and
vegetation, which cannot be captured in the moddlraay lead to discrepancies between
the model results and reconstructions.

(2) Compared to annual mean 2m-temperatures ofpearo Centre for Medium-Range
Weather Forecast Reanalysis (ERA40; Simmons ando@jl2000), simulated climate is
too cold on the central and south-eastern Tibetate&u (up to -2.8°C) and too warm on
the northern Tibetan Plateau (see Figure 5.5). Makpositive temperature anomalies of
up to 7.2°C occur on the north-western Tibetandlat These differences between the
model and reanalysis-data may partly arise fromveet (pre-industrial) greenhouse-gas
concentration in the model. The comparison of tloeleh output with observations (here:
Global Precipitation Climatology Project (GPCP);léwet al., 2003) also shows that the
Asian summer monsoon intensity is overestimatethéncentral and southern regions of
the Tibetan Plateau (see Figure 5.5). Summer (@d&)pitation anomalies reach values of
up to ca. 7.5mm/day. The simulated vegetation dépen certain climate thresholds, e.g.
bioclimatic limiting factors. Therefore, biasestive calculated climate may lead to errors
in the vegetation distribution and vegetation trepdrticularly if the simulated local
climate is near these thresholds, where sensitivityand cover to climate change is
expected to be large.

(3) To avoid large climatic biases to observatioregetation studies are often conducted
by prescribing a biases-corrected climate (i.e. safnsimulated climate anomaly and
observed mean climate) to a vegetation model idstéausing a dynamically coupled
atmosphere-ocean-vegetation model (e.g. Wohlfahat. 2008; Miller et al. 2008). This
anomaly-approach is particularly useful in climatgpact studies but has the drawback of
not taking feedbacks between the climate and végetanto account. Previous climate
modelling studies suggest that vegetation and tamthce feedbacks with the atmosphere
could have enhanced the orbitally-induced Holocglimeate change in monsoon regions
(e.g. Claussen und Gayler, 1997; Brostrom et &981 Diffenbaugh and Sloan, 2002;
Levis et al. 2004; Li and Harrison, 2009). In ECHBNISBACH-MPIOM, the overall
contribution of the vegetation-atmosphere inteaactio the Holocene climate change in
the Asian monsoon region is small (Dallmeyer et2010). However, in regions showing
a strong land cover change (e.qg. in parts of thetén Plateau or the present-day monsoon
margin), the Holocene vegetation change has afsigni effect on the simulated climate.
Therefore, we decided to use a coupled atmosplem@revegetation model in the current
study to account for nonlinearities in the climatestem, albeit this method may lead to
biases in land cover trend.
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Figure 5.5: Annual mean 2rtemperature in °C (left panel) and summer precipitain mm/day (righ
panel) calculated from the %00 years of our coupled model experiment andference dataset. F
temperature, results are compared with the reasaljeta ERA40 (Simmons and Gibson, 2000);
precipitation, observational data GPCP (Adler et 2003) is used. Shown are alsffedences betwee
model results and the reference dataset.

(4) Anthropogenic land cover change is anothermi@kesource of error as this cannot be
depicted with our model configuration, but may belided in the reconstructions.
Nomadic people may have influenced the mid-Holodand-cover on the Tibetan Plateau,
at least on lower elevations. The earliest Nealig@ttlement on the south-eastern Tibetan
Plateau took place at an age between 6.5k and(Bl@&nderfer, 2007). Humans lived on
the margin of the north-eastern Tibetan Platedeast seasonally during the period 9k-5k
(Rhode et al. 2007). The expansion of Neolithidurels coincides well with the forest
decline in regions north-east of the Tibetan Plat¢aldenfelder and Zhang, 2004;
Brantingham and Gao, 2006) and in China (e.g. R&00). To what extent humans
influenced the Holocene vegetation change on theetdn Plateau is still a matter of
discussion (Schlitz & Lehmkuhl, 2009; Herzschuhlgt2010a).
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5.5.2 Site-specific discussion of the vegetation change

In the following, the indices 'ann’, 'wm' and 'cstand for annual, warmest month and
coldest month, respectively. The indices ‘Ok’ aB#’ ‘denote the simulated present-day
and mid-Holocene climate, respectively.

5.5.2.1 North-eastern Tibetan Plateau

The simulated present-day climate on the northeeastibetan Plateau (NETP) is dry and
cold. Annual mean precipitationjjo) and temperature {d.0) are 230mm/yr and -1.8°C,
respectively (Tablé.2). Thus, the calculated mean climate is in ganggreement with
observations around Lake Qinghai o(F -0.7°C, Rnn=250mm/yr). Simulated
temperatures range fromehok=-15.3°C in the coldest month tayJok = 9.3°C in the
warmest month. Therefore, the only possible wodd@y<are cold shrubs and extratropical
forests (cf. Figure C.5). At 6k as well as Ok, Hieclimatic conditions of these PFTs are
only partly fulfilled, because the limit for theayving degree days above 5°C is not always
reached (Figure 5.6). Due to the warmer summeroseakiring the mid-Holocene
(Twmek = 10.6°C) compared to present-day, trees can geasier at that time. The
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Figure 5.6: Change of the climate factors yielding the lader change on the noréastern Tibeta
Plateau (NETP), left panel: 20yr-mean summer nedese air temperature trend [°C] from niitblocene
(-6000yrs) to present-day. The red solid line shéfes 100yr-runningnean. Right panel: difference
growing degree days between 100 years of the midddae (-5900yrs to —5800yrs) and the 1839 year:
of the simulation period representing presésy- The solid black line marks the GDD5 threshiuld
extratropical forest of 350°C.
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extension of the growth phase, as well as the higamount of precipitation
(Pannsk= 290mml/yr), provides a more favourable climate tfees. The orbitally-induced
gradual cooling towards present-day results incimtke of forest and an increase of grass.

The similarity between the simulated and recongtdigegetation trend suggests a natural
climate change (summer insolation) as the mainirdyivactor for the decreasing forest
fraction on the north-eastern Tibetan Plateau. Sirilation confirms recent results of a
rather minor role of human activity in forming thand cover change in the area
(Herzschuh et al.,, 2010a). However, the model testlearly point out warm season
temperatures (GDD5) as the controlling factor, welsr reconstructions identified
monsoon intensity related precipitation changesthas primary explanation for the
vegetation trend (Herzschuh et al., 2010a). Stakygen-isotope measurements performed
on ostracod valves suggest a wetter climate duhagearly-Holocene (9k-6k), a strongly
decreasing precipitation trend until 3k and ratitable conditions afterwards (Liu X. et al.,
2007).

. . Hreal Hmod pann pann,mod tann tann,mod
Site Location
[mas.l] [mas.l] [mmlyr] [mm/yr]  [°C] [°C]
. . 36.55°N,
Qinghai 100.1°E 3200 4008 250 230 -0.7 -1.8
31.1°N,
Naleng 99 75°E 4200 2600 630 1850 1.6 11.1
. 32°N,
Zigetang 4500 4330 300-500 743 -2.6 --0.3 -4.8
90,9°E
33.42°N,
Bangong 79°E 4200 1898 70 250 -1.5 16.5

Table5.2: Simulated present-day (mod) and observed apbge height (H), annual mean temperatugg, (t
and precipitation () at each site on the Tibetan Plateau.

5.5.2.2 South-eastern Tibetan Plateau

Lake Naleng is located at an elevation of 4200mene&s the mean orography prescribed
to the model reaches only 2600m in SETP (Ta&bR). Therefore, the simulated annual
temperature and precipitation are highly overegohdpnnok = 1850 mm/yr, TannOk =
11.1°C). Bioclimatic conditions Ghok = 1.6°C, Tymok =17.3°C) support growing of
raingreen shrubs and extratropical forests astthepmssible woody PFTs (Figure C.6).

In this area, the model simulates a higher NPRdmrgreen shrubs than for extratropical
trees (Figure C.6), so that the preferred land ictyyee would be shrubs. Due to less winter
insolation at 6k, the region experiences a colderter climate than at present-day
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Figure 5.7: Change of the climate factors yielding the laader change on the souwthstern Tibeta
Plateau (SETP), left panel: 20yr-mean winter nesfase air temperature trend [°C] from niitblocene
(-6000yrs) to present-day. Red solid line showslib@yr-running-mean. Right panel: difence in mea
near-surface air temperature of the coldest moetivden 100 years of the mid-HolocenB9Q0yrs tc
-5800yrs) and the last 100 years of the simulatieriod representing presetdy. Raingreen shrubs ¢
limited by frost events; the solid black line matke freezing point (0°C).

(Temek = 0.8°C). Frost events occur regularly (Figure) 5Therefore, raingreen shrubs are
excluded as mid-Holocene land cover due to lessuiable bioclimatic conditions. With
increasing winter insolation, the cold season bexomarmer and frost events rare. Given
a higher NPP in the model, raingreen shrubs are #ide to successively replace the
evergreen trees. However, the vegetation covetuéies, because frost events still occur
with lower frequency.

Whereas the pollen reconstructions show an increbséeppe/meadow towards present-
day, the model calculates shrubs as the forestaeiag land cover type. This difference in
vegetation trend may partly result from the straemperature bias of the model. The
simulated annual mean temperature in SETP is n&8fl¢ higher than observed and well
above the freezing point. Given the observed anmean temperature {F = 1.6°C), frost
would still limit the occurrence of shrubs and gnogvof shrubs would probably have been
impossible during the entire 6000 years. Simulgiegsent-day land cover would, then,
primarily be forest.
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Furthermore, human activity cannot be excluded frbaving an influence on the
vegetation trend and modern distribution. Grazimjdators suggest human impact on the
environment around Lake Naleng since 3.4k (Kramexl.e 2010). Thus, forest clearance
as well as fire activity and grazing may have abnted to the forest decline on the south-
eastern Tibetan Plateau (Schlitz & Lehmkuhl, 2009).

Pollen reconstructions assume decreasing summeretatares as the major controlling
climate factor, causing a downward shift of theeliree (Kramer et al., 2010). As Lake
Naleng is situated in an area where forests grdpaks into subalpine shrub and alpine
meadow, a transition from forest to shrubland dyrthe Holocene would have been
possible as well. Since shrub genera in that ameel asPotentilla, CaraganaSpiraea,
Rhododendron, are poor pollen producers, shrublggtation may be underestimated in
the vegetation reconstruction from Lake NalenggroBpectra.

However, winter temperature is the main drivingnelte factor for the vegetation trend in
the model. With regard to the discrepancy in ladmhate, the simulated vegetation trend
should be interpreted in a broader sense: Durirgy rthd-Holocene, colder winters
provided more unfavourable climatic conditions fiarst-sensitive plants than at present-
day. With increasing winter temperatures they mighte had a chance to establish in spite
of the pressure of other competitive, frost-resispants.

5.5.2.3 Central Tibetan Plateau

The simulated climate on the central Tibetan Platsacold and relatively wet. Annual
mean precipitation is overestimated by the modab(@5.2). It reaches 743mm/yr, mainly
provided by the Indian summer monsoon. With anmaehn temperatures well below
freezing point (Tnnok= -4.8°C), climate conditions are too cold to @allthe establishment
of woody PFTs (Figure C.7). Even in the warm seaswman temperatures do not exceed
4.5°C. Therefore, the annual temperature sum ifigbt enough to exceed the bioclimatic
limit of growing degree days needed to get woodyetation in the model.

These climate conditions have not changed muckguhie 6000 years of simulation. The
calculated vegetation trend seems to follow thermmanmer (JJA) temperature (Figure
5.8). Lower temperatures around 3k yield a sligitrdase of the grass fraction, indicating
warm season temperatures as the controlling clifiaater for the vegetation trend.

While the model simulates no forest and shrub oa dentral Tibetan Plateau,
reconstructions for Lake Zigetang reveal at leasbva pollen contribution from these
vegetation types. These pollen grains representelewation vegetation and have
apparently been transported from far regions byatmeospheric wind circulation. This
extra-regional pollen component is slightly higltrring the late Holocene, when the
regional vegetation is characterised by more opesase indicated by the increase ruderal
and desert plants such as Brassicaceae.
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Figure5.8: Simulated change of summer (JJA) and wintedFj20yr-mean neaurface air temperatu
[°C] for the last 6000 years on the central TibeRdateau (CTP). The red solid line shows the 100yr-
running-mean.

Pollen reconstructions suggest a vegetation tiansitom Artemisia-dominated alpine
steppe at 6k to Kobresia-dominated meadow at Okz@dbuh et al., 2006; Herzschuh et
al., 2010a) that was interpreted in terms of termjpee decrease.

5.5.2.4 Central-western Tibetan Plateau

The simulated vegetation trend agrees well withréenstructions from Lake Bangong,
although the calculated climate highly differs freimate observations in the surrounding
of this lake (Tables.2). Due to the flat orography in the model (méanght <2000m),
simulated mean annual temperatures for presenadayl6.5°C instead of the observed
-1.5°C. Moreover, the Indian monsoon intensity lightly overestimated in that region.
Annual mean precipitation reaches 250mm/yr (obsen@. 70mm/yr). Bioclimatic
conditions (Emok = 0.32°C, Tymok = 26.6°C) support growth of extratropical foreatsd
partly of raingreen shrubs (Fig. B8). The lattez hmdered by the occasional occurrence
of frosts. However, due to its location at the keut margin of the Plateau and due to the
low regional pollen productivity, the pollen souraeea of the lake may comprise large
areas of lower elevations and is thus rather sintdathe modelled vegetation for that
region.
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Reconstructions as well as the model results ifjemqtrecipitation - being mainly a
function of the Indian monsoon strength - as thenndsiver for the vegetation change.
Calculated annual mean precipitation is halved betw6k (ginek = 500mm/yr) and Ok
(see Figure 5.9), resulting in an increase of ddssrtion. Proxy data suggests a maximum
of moisture availability between 7.2—6.5k and tlaetnend towards aridity (van Campo et
al., 1996). Thus, climate reconstructions and modéh both show a decrease of summer
monsoon intensity on the western Tibetan Plateanglthe last 6000 years.

5.5.3 Simulated total vegetation and biomass changes on the Tibetan
Plateau

Due to the underestimated orography in the mode, simulated fraction of potential
vegetation cover on the Tibetan Plateau is probabigrestimated and, therefore, not
comparable with the present-day observed, anthepogffected distributions. However,
as we are not aware of other modelling studies ewriitg the Holocene land cover change
on the Tibetan Plateau, we use our model simulatmrassess the total Holocene
vegetation and biomass change in this region.

Table5.3 illustrates the averaged simulated vegetatnmhtomass change on the Tibetan
Plateau, which we ad hoc defined as those grid$@eeeding orographic height of
2500m in the model (cf. Figure 5.2). This areadaize of approx. 3.43 million kmz.
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Overall, the simulated forest fraction decreaseadnrly one third, i.e. an area of ca. 0.45
million km2. Whereas forest covers approx. 41.4%hef Tibetan Plateau at mid-Holocene,
only 28.3% area are covered by forests at pressntMost of the forest has been replaced
by shrubs, whose fraction is nearly four timesédargt Ok (12.3% of the total area) than at
6k (ca. 3.2% of the total area). The area coveyegrass increases from approx. 38.1% at
mid-Holocene to 42.3% at present-day. Altogethestall fraction of the Tibetan Plateau

IS more vegetated at present-day. Non-vegetateal iareeduced from 17.29% at 6k to

17.16% at Ok.

vegetation forests Shrubs grass
6k Ok 6k-Ok 6k Ok 6k-Ok 6k Ok 6k-Ok 6k Ok  6k-0Ok

area [%] 82.7 82.8 -0.1 414 283 131 32 123 1-9.381 423 -41

liv.biom.

[g’c/';rz? 27785 2161.8 6169 27008627.81072.5 49.0 502.6-453.7 293 314 -2.1
litt. biom.

oy 12826 9901 2925 11395992 4398 263 160.0-1337 117.3 1308 -136
soil biom.

Gl 146615 13634.5 1027.0 9119.3 5576 83542.5 507 4 2297 51700.14944.5 5760.4 -815.9
tot. biom.

oG/ 18722.016786.0 1936.0 12958.67903 85054.8 672.6 2960.1-2287.55091.1 5922.7 -831.6

Table 5.3: Total vegetation and biomass change on thetdibPlateau between mid-Holocene (6k) and
present-day (0k), averaged over all grid-cells witbgraphy exceeding 2500m in the model (see. Eigur
5.2). Listed are the area covered by the vegetayjpes and by vegetation in total (fraction of egil in %),

as well as living biomass, litter biomass, biomal&scated in the soil under the vegetation and tutanass.
Biomass is given in gC/mz.

This vegetation change results in a relocationasban stored in the soil and plants. At
mid-Holocene, approx. 2.8kgC/m2 are stored in tlegetation, particularly in forests
(2.7kgC/m?). Due to the forest decline from 6k ko ore than 1kgC/m?2 living biomass is
released. Only half of this biomass loss is comatasby shrubs and, to a small extent, by
grass. Therefore, the total living biomass losshenTibetan Plateau during the last 6000
years adds up to ca. 0.62kgC/mz2, on average. Thecetee climate change from 6k to Ok
and the associated degradation of vegetation #adtb a plant carbon loss of nearly one
quarter.

The vegetation change on the Tibetan Plateau atsogdy affects the total terrestrial
biomass, i.e. the biomass stored not only in pldmitis also in soil and litter. In mid-
Holocene, approx. 18.7kgC/m? are fixed as ter@striomass. The reduction of area
covered by forest yield a decrease of terrest@@ban by more than 5kgC/m2. Forest-
replacing shrubs and grassland can partly compeisist biomass loss. Nevertheless, the
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total terrestrial carbon loss on the Tibetan Platestween the mid-Holocene and present-
day exceeds 1.9kgC/m2 on average. Projected otothlearea of ca. 3.43 million kmz (in
the model), the terrestrial carbon loss adds up.6@dGtC. These are approx. 7.5% of the
simulated global terrestrial biomass loss durirggiolocene.

5.6 Summary and conclusion of Chapter 5

Pollen-inferred vegetation trends on the Tibetaatddlu since the mid-Holocene were
compared to simulated land cover changes, condweitibda coupled atmosphere-ocean-
vegetation model with orbital forcing only. As thEbetan Plateau exhibits diverse

environmental and climate conditions, four diffdrgrollen records were considered,

representing different parts of the Tibetan Plat€2auses of the vegetation change and
consequences for the biomass storage have beestigated.

In general, the simulated and reconstructed vagatatends are in agreement for most
sites but reveal differences with respect to thladimatic causes. The results of both
methods indicate a degradation of the vegetatiantiqularly characterised by a strong
decrease of forests. Simulated forest fractiordsiced by nearly one-third at present-day.
Simulated total biomass on the Tibetan Plateaudeaseased by ca. 6.64GtC since the
mid-Holocene. In some cases, however, model arahstaictions attribute this vegetation
change to different climatic factors, which pantgsults from the fact that both methods
have their deficiencies. On the one hand, recocsbns might be affected by long-
distance transports of pollen and the dependentieegiollen-production on the vegetation
type and environmental conditions, including climdGaillard et al. 2010). Human
influence can probably not be neglected eitherti@nother hand, the coarse resolution of
the model and the associated underestimation ofotbgraphy lead to discrepancies
between the simulated present-day climate and wétsen.

On the north-eastern Plateau (Lake Qinghai, NET#®),model reveals orbitally-induced
cooling of the warm season as the responsible ttinfactor for the forest decline.
Reconstructions, however, suggest the reductiocsunfmer monsoon precipitation as the
limiting factor. The model results might indicateat, so far, the influence of temperature
changes on the Tibetan Plateau vegetation has uredarestimated as an explanation for
the decreasing forest in paleo-reconstructionsnimnsoon-affected areas.

The vegetation degradation around Lake Naleng ($ESTprobably caused by changes in
temperature between mid-Holocene and present-daycording to reconstructions,

decreasing summer temperatures lead to a downwétdsthe treeline and therefore to
less forest vegetation around Lake Naleng (Kranmeal.e2010). The reduction of forest
fraction in the model can be attributed to incregswinter temperature. Since the
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simulated climate for SETP strongly deviate fromsetvation, this result should be
interpreted with caution.

Harsh climatic conditions on the central Tibetaat®u (Lake Zigetang) during the mid-
Holocene as well as present-day lead to only sirggetation changes in the model and in
reconstructions.

The land cover degradation on the central-westdratan Plateau (Lake Bangong) can be
attributed to a change in precipitation. Since liteal climate is dry, the reduction of
summer monsoon precipitation from 6k to Ok causesxg@ansion of deserts and a dieback
of vegetation in the model as well as in reconsious.

Although the spatial resolution of the model is rseaand the experimental set-up is
designed to analyse climate and vegetation chashges$o orbital forcing alone, the model
results agree with the reconstructed vegetatiordton the Tibetan Plateau.

Therefore, reconstructed large-scale land covengdhaince the mid-Holocene can likely
be attributed to natural and not anthropogenicamssalthough humans might still have
influenced the vegetation on a local scale strarigihe comprehensive Earth system model
used in this study captures the regional climaasons for the vegetation change in most
instances. Thus, it provides a good tool to undacdsthe long-term vegetation change on
the Tibetan Plateau as well as its causes and goesees.

However, the discrepancy between the simulatedatérand observations in some parts of
the Plateau show that the analysis-options argddnin simulations with coarse spatial
resolution. Detailed analyses of important processeh as local changes of the energy
balance or atmospheric flow are only possible ipegxnents with higher numerical
resolution, where the complex terrain of the Tibe®ateau is represented better.
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6. Sensitivity of the Asian monsoon climate to
large-scale forest cover change

6.1 Introduction

The effects of large scale deforestation and adtat®n have often been analysed in
climate model studies. In this context, the biodsmcal consequences of tropical
rainforest clearance in single regions like Amaaomiopical Africa or Southeast Asia as
well as total tropical deforestation has widelybédescussed (e.g. Henderson-Sellers et al.,
1993; Polcher and Laval, 1994; Gedney and Valde802Werth and Avissar, 2002 and
2005a,b; Findell and Knutson, 2006; Hasler et28l09; Snyder, 2010). A few studies also
deal with the impact of large-scale extratropicaiest cover change on climate (e.g. Bonan
et al., 1992; Chalita and Le Treut, 1994; Claussead., 2001; Bathiany et al., 2010). Most
of these studies agree that tropical forest ine®asecipitation and cools the local climate
compared to lower vegetation, mainly due to an poéd evaporative cooling. Boreal
forests have the opposite effect on temperatureesiney have a lower albedo than the
often snow-covered ground and thus increase tharjaiiien of energy at the surface.

How does climate react to large-scale forest cohanges in the Asian monsoon region?
The Asian monsoon region comprises parts of th@dab as well as the temperate climate
zone that can even be covered by snow during wibiee to the heterogeneous orography,
including high mountain ranges and parts of theefib Plateau, potential land cover is
very diverse. Rainforest grows next to temperateé montane forest; Alpine tundra is
located there as well as temperate steppes.

Monsoon circulations are primarily induced by thertmal contrast between the continent
and the ocean, generating large scale pressureegmm@Webster et al., 1998). Therefore,
monsoon systems have to be seen as coupled imteraatmosphere-ocean-land
phenomena (Yasunari, 2007) in which the land serfaays an equally important part as
the ocean. Since land cover changes affect theygmed water balance, they may have a
direct influence on the monsoon circulation, mamsticonvergence and precipitation
pattern.

The Asian monsoon system is the strongest monsggters worldwide. Including large
parts of China and India, nearly two thirds of tfilebal population live in the region
influenced by this monsoon (Clift and Plumb, 2008hanges in the monsoonal climate
are therefore a matter of particular social, ecan@and environmental interest. In the last
decades, the Asian monsoon region experienced &rtigopogenic land cover changes.
Huge parts of the natural forest in eastern Chiaeeltbeen converted into farmland (e.g.
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Pongratz et al., 2008). Steppe areas are seveffggtaal by over-grazing and over-
farming. Originally vegetated areas in northernr@hhave been overrun by the rapidly
expanding deserts. The impact of these land covange has been analysed in several
climate model studies (e.g. Zheng et al., 2002;2003; Gao et al., 2007; Zhang and Gao,
2008). They all agree that the vast degradatiothefland cover has caused a regional
climate change. However, amplitude, sign and distidn of precipitation and temperature
change differ and depend on the type of model gregdior global climate model) and the
methods for applying the land cover change.

South and East Asia are the homelands of someeoblttest human civilizations. These
cultures evolved rapidly and often had advancedcaltural technologies and a well
organised urban infrastructure. Particularly théuln Valley (today's western Pakistan and
eastern Afghanistan) and the region around theo¥eRiver (Fu, 2003; Clift and Plumb,
2008) experienced a long continuing settlementohyststarting in the early-Holocene
(approx. 7000BC and 6000BC, respectively, Map: RAdl). The linkage between the
development or collapse of theses cultures andnitiesoon climate variability as well as
the role early human societies could have played thee Holocene climate and
environmental change are of special interest irctrgext of recent global warming. Some
studies relate the decline of diverse major prehistcultures to intense long-lasting
drought spells embedded in the general decreassignASummer monsoon since the early-
and mid-Holocene (cf. Clift and Plumb, 2008). Or tither hand, human interference via
forest clearance can not be excluded as a coritriptactor to mid- to late-Holocene land
cover and climate change either.

Pollen-based vegetation reconstructions suggestldhge parts of Central and Eastern
China were much more covered by forest during thé-Holocene. For instance, Ren
(2007) suggested an up to 92% increased forestr @oxtbe middle and lower reaches of
the Yellow River for 6k (k = 1000 years before gnety compared to today, which strongly
declined in the following four millennia. Accordirig Ren (2000), the spatial evolution of
forest decline in China correlates well with spiiagdf cultures out of this area. However,
Ren (2000) also remarks that this relation can delya preliminary conclusion due to the
lack of well-dated and well-resolved pollen data.

The steppe-forest boundary in East Asia was shiftath-westward by up to 500km at 6k
(Yu et al., 2000). Thus, the area around the pted@y East Asian monsoon margin
experienced a substantial decrease of vegetatitieicourse of the Holocene. In eastern
Inner Mongolia, pollen assemblages reached the manxi Holocene tree pollen fraction
(40-60%) between 8k and 5k. Tree pollen decreasdais region to less than 20% within
2000 years. Also for the nowadays semi-arid nordistern Loess Plateau tree pollen
dominate the early- to mid-Holocene pollen assegésareaching 80% between 8.5k to

104



6.5k. Afterwards, land cover gradually changed eedt with sparse steppe in this region
(Zhao et al., 2009).

Less information is known about the vegetation gean the Indian monsoon margin (e.g.
Pakistan and north-western India), but also fos thiea a vegetation loss during the
Holocene is supposed (Singh et al., 1990; Ansati\énk, 2007; Ivory and Lézine, 2009).

These examples of vegetation reconstructions paitite fact that the vegetated area in the
Asian monsoon domain was not only characterisethbe forests during mid-Holocene
but also expanded further inland.

In a previous study (cf. Chap. 4), we analysed ¢batributions of the vegetation-
atmosphere interaction, the ocean-atmosphere ati@naas well as their synergy to the
Holocene climate change in the Asian monsoon regimsing a comprehensive Earth
system model with dynamic vegetation included (Daler et al., 2010). This study
showed a rather small contribution of the simulatedetation change on Asian monsoon
climate. The mid-Holocene to pre-industrial climateange was predominantly caused by
the response of the atmospheric circulation toitiselation forcing as well as oceanic
feedbacks. The synergy effect was mostly negligibRresumably, the model
underestimated the amplitude of Holocene foresecahanges which could explain the
weak vegetation impact. At least compared to theméw pollen-based vegetation
reconstructions (see above) the simulated vegatahiange seemed to be too small.

Since the simulated vegetation change has onlyatedea weak effect on climate, we
decide to confront the model with a strong forester change to assess the maximum
effect of large-scale land-cover changes on theatk in the Asian monsoon domain.

For this purpose, we perform idealised sensiti@igperiments with either a complete
forest cover or a complete grass cover prescribetiea monsoon region. The domain of
land cover change is aligned to Holocene vegetadind human development. The
resulting climate change is then presented on #sestof precipitation and temperature
differences to a control run with present-day poénegetation.

Secondly, we analyse the remote effect these lamdrachanges have on precipitation in
North Africa and the Middle East. Thirdly, we adssehe question what information we
can deduced from these results regarding the oalati mid-Holocene climate, vegetation
and neolithic cultures in the Asian monsoon region.

6.2 Model and experiments

To analyse the influence of large-scale land cayange on the Asian monsoon climate,
different sensitivity experiments are performed. tis study, we use the general
circulation model ECHAMS (Roeckner et al., 2003upled to the land-surface-scheme
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JSBACH (Raddatz et al., 2007). Both models haven ltes/eloped at the Max-Planck-
Institute for Meteorology. ECHAMS run with 31 verdl levels and a spectral resolution of
T63, which corresponds to a grid-box width of 1.87i%e. ca. 210 km on a great circle).
JSBACH differentiates eight plant-functional typ@¥Ts). Forests can contain tropical
and/or extratropical trees, which are either ewsgr or deciduous. Shrubs are
distinguished as raingreen shrubs or cold (deciglushrubs. Grass is classified as either
C3 or C4 grass. The land surface in JSBACH is iitechosaics, so that several PFTs can
cover one grid cell. Each grid cell also contairmnh-wegetated area representing the
fraction of seasonally bare soil and permanentte lgaound (desert).

The global distribution of vegetation in the stambgersion of JSBACH is based on the
potential vegetation map of Ramankutty and Fol&p9) that had been translated into the
eight different PFTs of JISBACH. The global disttiba of deserts follows the distribution
described in the Global Land Cover Characteristata base of the U.S Geological Survey
(Loveland et al., 2000).

LAImax Zo
PET phenology Ovis ONIR

[m?/m?] [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 0.04 220. 1.0
extratropical deciduous forest summergreen 5 0.05 250 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

Table 6.1: Physical properties and phenology type of galent functional type, i.e. LAlmax: maximum
value of the leaf area indexys. albedo in the visible solar spectrumyr: albedo in the near infrared solar
spectrum; g roughness length of vegetation.

For each PFT and also the bare ground, individbgkigal properties such as albedo or
roughness length are defined (Tabld). JSBACH calculates dynamically the physical
land surface parameters (e.g. albedo or rougheesghl) in each grid-cell as average of
the individual properties of the PFTs and the negetated area, weighted with their
respective cover fraction. In the calculation leé falbedo, snow-covered soils and snow-
covered forest-canopies as well as the maskingnofvscovered soils by forests are
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additionally accounted for. The soil albedo is primd from satellite data and does not
change during the simulations. The albedo of Isealepends on the leaf area index that is
calculated on the basis of temperature, soil masamd the net primary production of the

PFTs. Concerning phenology, JSBACH differentiatess four types evergreen, raingreen,
summergreen and grasses. LAl can not exceed a maxwvalue specified for each PFT

(Table6.1).

The fluxes of energy, water and momentum betweenldhd and the atmosphere are
calculated as described in Roeckner et al. (200B) twe exception that JSBACH uses the
aggregated land surface parameter of each gridfoelithe calculation. Surface and
atmosphere are coupled implicitly. For further dstan the coupling of land-surface
schemes (e.g. JSBACH) and general circulation nsoskt Polcher et al., 1998.

The models have been tested against observatiahseanalysis data proving that they
capture the major structure of global and regichalate (see sectiod.3 ).

With regard to the results of our previous study Qallmeyer et al., 2010), we assume a
weak synergy of the vegetation-atmosphere and eagaosphere interactions. To exclude
a contribution of changes in ocean parameters ¢octimate signal, we prescribe pre-
industrial sea surface temperatures and sea-icer govall simulations. Both have been
extracted from a coarse resolution experiment,opereéd with the comprehensive Earth
System Model ECHAMS5/JSBACH-MPIOM. This model incadl the dynamic ocean

model MPIOM (Marsland et al., 2003; Jungclaus gt26106). Atmospheric composition is

kept constant at pre-industrial values; Zfncentration is set to 280ppm.

N Under these boundary conditions, three
55N { d experiments with differently prescribed
ig:m o land cover in an extended Asian monsoon
§§:j> region (see Figure 6.1) are conducted:
e I These are a control run with standard,
fg: % potential land cover (CTRL), an
12:: experiment with forest in the entire
EQ region (FOR) and an experiment with
grass cover in the entire region (GRA).
(shaded). In this region, land cover is char There_b)_/’ the regloh Wa_s _SeleCted
either to forest or to grass in the afforestatind combining the following criteria: We
deforestation experiment, respectively. extend the Asian monsoon domain by
including areas where previous model
results have suggested a strong increase of vegefat mid-Holocene orbital conditions
to get a representative monsoon domain for the ¢émle (cf. Fig. 4.4). Vegetation is not
changed in high-elevated areas where the meanapiogrin the model exceeds 4500m.

;
AWals

40E B0E 80E  100E  120E 140

Figure 6.1: Extended Asian monsoon regi
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Furthermore, the region incorporates areas whereaha settled in early- and/or mid-
Holocene, i.e. the region includes the Indus Vallegprtheast China and the Chinese
provinces Shandong, Hebei, Shanxi, Shaanxi and paftansu and Qinghai.

In the afforestation experiment (FOR), land covemrescribed as forest in the entire

region. In those grid-boxes that have already Heessted in the standard land surface

map, the ratio between the different tree typde constant and the forest sum is scaled
to 100% fraction per grid-box. In grid-boxes withdorest vegetation in the standard map,

forest is prescribed to 50% evergreen and 50% deuo&l trees. Trees are prescribed as
extratropical or tropical to the north or soutl36fN, respectively.

The same method is applied in the deforestatioerxent (GRA). For grid-boxes already
containing grass PFTs in the standard map, the batween C3 and C4 grass is fixed and

for—ctrl forest gra—ctrl forest

b, (0 oo (y 0

0 0

40E  60E BOE 100E 120E 140E 40E 60E BOE 100E 120E 140F
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Figure6.2: Differences in forest, shrubs, grass and total taigpa distribution between the land cover r
prescribed in the afforestation experiment (for)ttue deforestation experiment (gra) and the comtro
(ctrl). Values are given in fraction per grid-box.
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total grass sum per grid-box is scaled to 100% m@me Regions not containing grass
PFTs in the standard map are covered by 20% C3@#@ C4 grass south of 30°N and
80% C3 and 20% C4 grass north of 30°N.

The difference between the land cover in the a$tat@én or deforestation experiment and

the control run can be seen in Figure 6.2 for thgetation types forest, shrubs and grass.
The total change of vegetated area as well ashthege in fraction covered by shrubs is

identical for both experiments.

Each experiment spans 102 years to get significasults despite of the high natural

climate variability in the Asian monsoon systemnc®i carbon cycle dynamics are not
included and the vegetation distribution is prdseuli only the first two years of the

simulations are considered as spin-up time andudrd from the analysis. The presented
plots show results exceeding the 95%-significapegellof a standard student's T-Test.

6.3 Results

The period of a reversed upper-tropospheric tenyperagradient between 5°N and 30°N
Is often taken as a definition for the Asian momsgeason (Li and Yanai, 1996; Webster
et al., 1998; Ye and Wu, 1998). According to thidimition, the length of the monsoon

season in our experiments remains unaffected rlgardf which land cover is prescribed
(not shown). Based on the month of earliest simdlabnset and latest simulated
withdrawal in the Asian monsoon domain we thereftivédde our analyses period into two

different seasons. These are the monsoon seastimdldrom May to October) and the

dry/cold season (lasting from November to Aprillurthermore, we concentrate on
precipitation and near-surface air temperature l@s main parameters describing
monsoonal influenced climates. The results preseinteéhis study are based on 100year-
means, averaged over the respective season.

6.3.1 Effect of land cover change on precipitation

6.3.1.1 Afforestation experiment

The significant effect of a prescribed forest cower seasonal mean precipitation is
illustrated in Figure 6.3. The land cover changedpminantly has a local and only weak
effect on precipitation. Monsoon precipitationngreased particularly on the south-central
Tibetan Plateau (up to 0.77mm/day). In north-eas@ina (approx. 0.35mm/day) as well
as at the monsoon margin zone in Inner Mongolipr@p 0.17mm/day), precipitation is

also enhanced. In contrast, the western Tibetared&lareceives less precipitation (up to
0.26mm/day) in the afforestation experiment. At Wengtze delta and parts of the Great
Plain of China as well as in South India rainfallreduced by up to 0.35mm/day and
0.43mm/day, respectively.
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Figure6.3: Simulated precipitation change between the affatiest (for) or deforestation (gra) experim
and the control run (ctrl), averaged over thensoon season (left panel) and the dry/cold seésgint
panel). The monsoon season lasts from May to Octdhe dry/cold season contains the month f
November to April. Values are given in mm/day. Onalues exceeding the 95%-significance levetddt)
are shown.

In the dry/cold season, the land cover change saasggnificant increase of precipitation
on the Tibetan Plateau (ca.0.39mm/day) and in reattern China (ca.0.09 mm/day). Less
precipitation occurs in the region west and noftthe Tian Shan (up to 0.23mm/day).

6.3.1.2 Deforestation experiment

Complete grass cover in the Asian monsoon regicatead of present-day potential
vegetation leads to a decrease in monsoon pre@ypiten a broad band in South and East
Asia, including the Yangtze-Huanghe-plain, IndoehiBay of Bengal, parts of the Tibetan
Plateau and East India (Fig. 6.3). The maximum c&da in monsoon rainfall
(2.3mm/day) occurs on the south-eastern edge of Tibetan Plateau. In contrast,
monsoonal precipitation increases slightly, butnsigantly on the western Tibetan
Plateau, reaching 0.26mm/day at most.
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In the dry/cold season, the strong precipitatiauotion is confined to Eastern China (up
to 0.56mm/day) and the Indochinese Peninsula (uf.3mm/day). The central and
western Tibetan Plateau receives more precipitatiorparticular the western Himalaya
with up to 0.3mm/day.

6.3.2 Effect of land cover change on near-surface air temperature

6.3.2.1 Afforestation experiment

Figure 6.4 shows the significant effect of affoadisin on near-surface air temperature. In
the monsoon season, the regions north of 30°Netkiarience a strong afforestation reveal
a warmer climate. Temperature increases by up88KDin Inner Mongolia and north-

eastern China, by up to 0.4K on the eastern Tibetateau and by up to 0.65K southwest
of and on the western Tibetan Plateau. South dN38mperatures tend to decrease. The
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Figure6.4: Simulated neasurface air temperature (in 2m height) change betwke afforestation (for) «
deforestation (gra) experiment and the control(atrl), averaged over the msoon season (left panel) ¢
the dry/cold season (right panel). The monsoonosedasts from May to October, the dry/cold see
contains the month from November to April. Valuae given in K. Only values exceeding the 95%-
significance (T-test) are shown.
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land cover change leads to significant coolingams parts of the Indian West coast and
southeast of the Tibetan Plateau (up to -0.3K).

In the dry/cold season, 2m-temperature is partibulacreased in Northeast China (up to
2.2K) and on the southern flank of the Tibetan ddlat (up to 2.1K). Eastern China,
including the eastern Tibetan Plateau, North Indial the region north of the Arabian Sea
experience a warmer climate (up to 0.4K). Only dew grid-boxes southeast of the
Tibetan Plateau temperatures slightly decreaseplig £0.25K.

6.3.2.2 Deforestation experiment

In the deforestation experiment, monsoon seasomdratures are lower in Northeast
China (up to 0.35K), Inner Mongolia (ca. 0.2K) amthe Tibetan Plateau (up to 0.55K)
compared to the control run (Figure 6.4). In castirthe deforested regions south of 25°N
experience a warming. Temperatures increase by G®K in northern Thailand. Higher
temperatures are also found in eastern Chinacpéatly at and around the Great Plain (up
to 0.6K).

With prescribed grass cover, dry/cold season teatpeys are lower in whole eastern

China. The cooling is particularly pronounced imgioms, which experience a strong

deforestation, e.g. the Great Plain (ca. 0.7K). éMineless, the strongest temperature
decline occurs in Northeast China (up to -2.2K)m@ate becomes slightly warmer in the

north of India by up to 0.25K. At the deforesteditbern flank of the Tibetan Plateau,

near-surface air temperature decreases (ca. -0.8K).

6.4 Discussion of Chapter 6

The land surface can force the atmosphere via hiysigal quantities snow cover, soil
moisture and vegetation (Yasunari, 2007). In thatext of this study, the effect of
vegetation change on climate is most importantugho vegetation change can also
indirectly influence the other parameters. The laoder controls the energy balance at the
surface via albedo and roughness length and infkenthe evapotranspiration.
Modifications of the energy fluxes can lead to afesin temperature, pressure field and
circulation (Pielke et al., 1998). Modifications tiie evaporation due to land cover
changes together with circulation changes affeetgiecipitation distribution. Therefore,
we start this chapter with a discussion of the gynend water balance change related to
the applied afforestation and deforestation.
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6.4.1 Change of circulation and water balance

6.4.1.1 Afforestation experiment

The Asian monsoon circulation is primarily driveg the seasonal differential heating
between the Asian continent and the Indian andfiea€icean. During the summer
monsoon season, a deep surface heat low coversdgiom between the Arabian Peninsula
and the Chinese East coast with lowest pressurdldrth India and Pakistan. In
consequence of the afforestation, the monsoon lralggpens by up to -120Pa in North
India (Figure 6.5c). Therefore, the Indian mons@oslightly strengthened, which at least
contributes to the enhanced precipitation overtsaat Himalaya.

In North and Northeast China, the precipitationréase coincides with an enhanced
cloudiness (up to 3%, Figure 6.5a) and an increasegoration (up to 0.56mm/day, see
Figure 6.5b), probably indicating an enhanced wegeycling in that region. The shift in

cloud cover from the Great Plain - Japan regioNaoth/Northeast China suggests a shift
of the East Asian summer monsoon rain band, irerth-westward extension or shift of
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Figure 6.5: Simulated change of different parameters influegdine precipitation change between
afforestation experiment (for) and the control (atrl), averaged over the monsoon season. ta) ttoud
cover in %; b) evaporation in mm/day; c) mean @l pressure in Pa, shaded, combined with 85
wind in m/s, vector; d) precipitatioevaporation in mm/day as approximation of the nuoéstonvergenct
Except for the wind-field, only values exceeding ®$b6%-significance level in a standard studenttsst-
are shown. Instead, wind-vectors are masked ounwtheir magnitude is smaller than oteeth of the
maximum vector length (here: 0.15 m/s).
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Figure6.6: Same as Figu&5, but for the dry/cold season.

the region influenced by the monsoon. This wouldoakxplain the reduction of
precipitation at the Great Plain and surroundingse approximation for the moisture
convergence (precipitation-evaporation (p-e), Feghubd) reveals a negative anomaly (i.e.,
a moisture source) in that region. The extensioth®imonsoon is consistent with the wind
field showing a slight enhancement of the East siammer monsoon flow.

During the dry/cold season, the high pressure systeNorth China is weakened by up to
-100Pa (Fig6.6¢c). Therefore, the strong southwlangd in eastern China characterising the
East Asian winter monsoon is also weakened. Thesspre anomaly induces an
anticyclonic wind anomaly with a core over the 6ell Sea which brings warm and wet
air-masses to Northeast China. This seems to teawte clouds and more precipitation in
that region.

The increase of precipitation on the Eastern Tibd&ateau coincides with an enhanced
cloudiness (up to 4%) and an increased evaporéijmo 0.38mm/day) as well as a mean
sea level low pressure anomaly (up to -220Pa).|&iter leads to a wind anomaly from the
Bay of Bengal to the continent, probably contribgtto the precipitation change.
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Figure 6.7: Simulated change of different parameters influegdine precipitation change between
deforestation xperiment (gra) and the control run (ctrl), avekhgeer the monsoon season. For fur
details see Figuré.5. Limit for wind-magnitude to be shown: 0.2m/s.

6.4.1.2 Deforestation experiment

Deforestation leads to an attenuation of the Indiath East Asian summer monsoon flows
(Figure 6.7c). This circulation change is assodiatéh a high pressure anomaly forming
in South and Central Asia, in particular on the efdm Plateau (up to 110Pa). High
pressure anomalies are often related to descenditign and thus indicate less favourable
conditions for the formation of precipitation. Asrasult, monsoon related convection,
precipitation and also evaporation in south/soutstern Asia is reduced (Figure 6.7).
Total cloud cover decreases by up to 5%, evaporatecreases by up to 0.78mm/day. In
contrast, the increase of precipitation on the aresfibetan Plateau is accompanied by
more evaporation (up to 0.3mm/day) and more clguggo 4.5%).

During the dry/cold season the moisture flux is endivergent in eastern China than in the
control experiment (Figure 6.8). In addition, eviagtion rate and cloud cover are reduced
by up to 0.52mm/day and up to 4%, respectively hBoticate a weaker local moisture
recycling and weaker moisture convergence beingoresible for the precipitation decline
in that area. The precipitation increase on thetevesTibetan Plateau is associated with
more clouds (2%) and moisture convergence.
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Figure 6.8: Same as Figuré.7, but for the dry/cold season. Limit for wintagnitude to be show

0.15m/s.

[ ) 4 ]
ol ., w o ‘
ONy 4% fe “Ahaa 45N TN 0
P ARTYPD
ONx A 237 A7 4 40N 1 %
ON- ‘.“":4 "A:': PA>WTN 44 ) gSN‘b
P> >, & 1
ONT* 250 ::“:f.::::. ! 25N 4 0
ON 1 . 20N+ %
EQP* Y tltkk'r:‘ }8” 1
ST maly  * o] ’
20W O 20E 40E 60E BOE 100E 120F 140E 160E 40E  60E BOE 100E 120E 140F
| = N | © o ©
o N = o 1 © ° e o &
g888°°888 ~y3eaR°h e

a) for—ctrl albedo [%]

4N DON

N ~2°

80E 100E 120E

Ly o D oo o

140E

py
(=]

60Nb) for—ctrl SWnet_surf [W/m*2]

4

0

N 2 °

80E 100E 120E 140E

T T T T T e

U T N N o
- N N o o .
S o 9w (&] o ©

d) for—ctrl sens. heat [W/m*2]

60N 60N
55N 1 4 55N 1
50N - 50N 1
45N - 0 45N -
40N-3/>‘5 % 40N
35N 35N 1
30N 30N 4
25N1 0 25N -
20N % 20N
13n- Yy
5N 4 0 5N 0
T T T Y T EQ T T T v T
40E 60E B8OE 100E 120E 140E 40E 60E B8OE 100E 120E 140F
[ T T T T
UL L o aN
S8aow® o ao

Figure 6.9: Simulated change of different parameters @fting the temperature change betwélee
afforestation experiment (for) and the control (ainl), averaged over the monsoon season. a) alinetg
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6.4.2 Change of albedo and turbulent heat fluxes

6.4.2.1 Afforestation experiment

In the monsoon season, afforestation leads to edee of albedo by up to 9.5% (Fig. 9a).
This results in an increase of the absorbed incgrahortwave radiation, which explains

the increase of near-surface air temperature inhidast China, Inner Mongolia as well as
in the region southwest of the Tibetan Plateau. dthditional shortwave radiation at the
surface is mainly transported to the atmospher¢hbysensible heat flux. The region of
decreased near-surface temperature southeast giliean Plateau is associated with a
region of less net shortwave radiation at the serfeca. 6.5W/m?2), which is probably

induced by more clouds (not significant) and algliglbedo increase in that region. At
least partly, the increased evaporation/latent-Haat(up to 5W/m?2) and the decrease of
sensible heat flux (up to 8.5 W/m?2) contribute davér temperatures in this region due to
an increase in evaporative cooling (Figure 6.9).

The strong warming in Northeast China and on theetBin Plateau in the dry/cold season
is induced by a strong albedo decrease (up to 20843&%, respectively, Figure 6.10a)

which leads to a strong increase of net shortwadetion at the surface (up to 18 W/m2
and 55 W/m?). These regions are covered by snowiriter, so that the snow-masking

effect of the additional forests might contributetlie strong albedo decrease.
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Figure6.10: Same as Figufe9, but for the dry/cold season.
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Figure 6.11: Simulated change of different parameters influegndime temperature change between
deforestation experiment (gra) and the control run (ctleraged over the monsoon season. For fL
details see Figuré.9.

In the region southeast of the Tibetan Plateautehmperature decrease coincides with less
net shortwave radiation at the surface (up to -6%)/mvhich probably results from an
enhanced cloud cover (up to 3 %).

6.4.2.2 Deforestation experiment

The replacement of forest with grass cover in tlsgaA monsoon domain increases the
albedo by up to 8% during the monsoon season (€i§urla). Nevertheless, near-surface
air temperatures in Southeast China and the regsongh of 25°N are higher in the

deforestation than in the control experiment. TlEsmainly a consequence of less
precipitation/evaporation and less cloud coverhat tregion (cf. Figure 6.7a,b) which

overcompensate the effect of increased albedoendhr-surface temperature.

The lower temperatures on the Tibetan Plateaunahéced by less net solar energy at the
surface (up to -11W/m?2), mainly due to more cloqas to 4.5%). Stronger evaporative

cooling contributes to the lower temperatures oa Western Himalaya. In Northeast

China, the temperature decrease results from be#ls, net shortwave radiation at the
surface (-6W/m2) due to an albedo increase of up%oas well as a higher evaporative
cooling.
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In the dry/cold season, deforestation leads topato 25% increase of albedo in the eastern
part of Northeast China (Figure 6.12), which resuitless net shortwave radiation at the
surface (up to -20W/m2). This part of China is dlyuaovered by more snow than the
other parts of the Asian monsoon domain. Theretbie)ack of snow-masking by trees as
well as a possibly enhanced snow-albedo feedbadkerdeforestation experiment may
play an important role in decreasing the near-sertr temperature in this region.
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Figure6.12: Same as Figufell, but for the dry/cold season.

6.4.3 Comparison to other model studies

The experimental design and research questionsuoftidy and previous studies that
analyse land cover changes in the Asian monsodorrégnd parts of it) strongly differ.
While previous studies mainly focus on the impattrecent anthropogenic land use
change on the regional climate in China our stusBesses the maximum effect of large-
scale forest cover change on the climate in the#eeAlsian monsoon domain. Our study
does not aim to represent the actual land covergehaf the past decades. It is a sensitivity
study on the general effect of large-scale defatiest and afforestation in the Asian
monsoon region on climate. Furthermore, in moghefprevious studies, regional climate
models were used. The Asian monsoon system is a@nplex and involves large-scale
circulation systems which strongly determine thecjpitation distribution. Regional
climate models cannot capture the impact of vemgetathanges on the large-scale
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circulation and, thus, may not capture the enfifece of vegetation on the regional climate
change.

So far, no other publications exist prescribing ptete forest or grass cover in the Asian
monsoon domain, but our results show similar cler&agnals received in previous studies
performing land cover change experiments. Like tudies with tropical deforestation,
precipitation in our simulation decreases when graesver is prescribed instead of
potential present-day vegetation (cf. e.g. Wertd Anissar, 2005a). These studies also
report that less forest cover in tropical regioeads to a warmer local climate (c.f. e.g.
Polcher and Laval, 1994). Increased near-surfademiperatures are also simulated in our
deforestation experiment in the regions with a eattnopical climate, i.e. the region ca.
south of approx. 26°N and Southeast China, in tbeasmon season. Outside of this area,
temperature decreases as a consequence of fossstTihis response is in line with
previous studies of extratropical deforestation (&a 2008). The results from our
afforestation experiment reveal a similar pattefprecipitation change as model studies
which analyse the effect of present-day land usagé in China. For instances, Gao et al.
(2007) have compared results from simulations wptitential vegetation cover and
observed land cover in China by using a regionatate model. Their results show that
the vegetation conversion from forest to farmlamdiuces summer precipitation in
northern and western China and enhance precipitaticGoutheast China. Similar results
were deduced by Zheng et al. (2002) by prescriBingultaneous vegetation degradation
in the northern Chinese prairies and the southerergeeen forests. Furthermore,
precipitation increases at the Indian East codst forest loss between our afforestation
experiment and the control run leads to a similacipitation change in the monsoon
season.

6.4.4 Remote effect on precipitation in North Africa and the Middle East

Rodwell and Hoskins (1996) showed in an idealisemtieh study that Asian monsoon
related diabatic heating can induce descent inhsaestern Asia, the Arabian Peninsula
and northern Africa via the initiation of Rossbywesa. Other studies emphasise the
important role of diabatic heating on the Tibetdatéau by forming desert climate in
North Africa, Central Asia and the Middle East (eYgg and Wu, 1998; Duan and Wu,
2005). As a consequence of this link, land covange in the Asian monsoon domain may
affect the climate in these regions as it has @ngtinfluence on the energy balance. We
address the possible remote effect of land covangh by analysing precipitation change
in the monsoon season.

Figure 6.3 already reveals that the land cover gharescribed in this model study has
predominantly a local and only weak influence oacppitation regarding the change of
absolute precipitation amount. But, when lookingle relative precipitation change the
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Figure6.13: Simulated change in monsoon season precipitatioghtesl by the precipitation of the cont
run in % (shaded) and simulated change in uppeesgheric velocity potential in km2/s (contour). L
panel: afforestation experiment (for) - control (gtrl); right panel: deforestation experiment {jgraontrol
run (ctrl). Values are averaged over the monsoas@e Precipitation differences areyoshown if they
exceed the 95%-significance level in a standardesitis T-test.

anomaly can be very large. Figure 6.13 illustratks change in monsoon season
precipitation rate weighted by the current (ctrieqpitation rate. Afforestation has a
strong influence on precipitation in North Arabiast Egypt and the region around the
Southern Caspian Sea. Precipitation is more tharethan a large area. In many places,
precipitation even decreases by 80-100%. The upppospheric velocity-potential

anomaly suggests that this change results from ramease in upper-level wind

convergence, enhancing the descending motion gnoresssing convective precipitation.
In contrast, no significant large-area precipitatichange occurs in the North African
monsoon region and the Sahara.

Deforestation in the Asian monsoon region leada significant increase of precipitation
in large parts of North Africa. In the Sahel zomeqipitation amount rises by more than
10%, in the eastern Sahel even by more than 50% wist coastal regions receive more
than 25% more precipitation. In the central Sahaexipitation is more than doubled.
Besides, precipitation rate is increased in théhreastern Mediterranean by 20%-30%.
Figure 6.7 shows that the deforestation leads ltwgpressure anomaly of up to 33Pa in
Northern Africa. Therefore, the heat low in the &ahis expanded and deepened. This
induces an enhanced low-level flow from the oceanthie continent, bringing more
moisture to the Sahara and Sahel. Furthermore,daced convergence in the upper
troposphere above Africa and the MediterraneanufEig.13) facilitate the formation of
deep convection and precipitation.
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6.4.5 Effect of idealised forest-cover change on mid-Holocene climate

During mid-Holocene, large parts of the Asian mamsdomain were covered by more
forest and the forested and vegetated region exgabfudther inland compared to present-
day (e.g. Yu et al.,, 2000; Ren and Beug, 2002; R&Q0,7; Herzschuh et al., 2010a).
Pollen-based vegetation reconstructions revealdotead-cover degradation since that
period (e.g. Zhao et al. 2009). These changes féea celated to the decrease in Asian
monsoon strength (e.g. Fleitmann, 2003; Wang Y&l.et2005; Maher, 2008) entailing
shifts in precipitation pattern.

However, early human forest clearance might alsee himpacted the mid- to late-

Holocene climate and land cover change. Converskigate and land cover change could
strongly have influenced the development and deatihdifferent prehistoric cultures in

the Asian monsoon domain (cf. Fu, 2003; Clift arldnib, 2008). The linkage between
mid-Holocene climate, vegetation and human dynanmcdhe Asian monsoon region is
therefore a scientific question worth to investigat

As the Asian topography is very complex, the ret$i sparse-distributed reconstructions
cannot necessarily represent the land cover ierliee region. Numerical experiments, for
example conducted with the comprehensive Earthesyshodel ECHAM5/JSBACH-
MPIOM support the increase of vegetation and foireghe Asian monsoon domain under
6k climate conditions (Dallmeyer et al., 2010 angl B.4). But, compared to the available
pollen records, the magnitude of Holocene vegetatitange in these simulations seems to
be underestimated. A complete picture of the midbEkne land cover in the Asian
monsoon region and its change during the followmthennia thus cannot be derived yet,
neither from reconstructions nor from previous nigdsults.

To assess the biogeophysical impact of Holocend damer change on the Asian monsoon
climate we therefore chose an idealised approaah:ag¥éume that during mid-Holocene,
the entire Asian monsoon domain was covered bysfaad that mid- to late-Holocene
climate change as well as early human forest akearaave altered the vegetation up to its
present-day potential distribution. In other word®, repeat the afforestation and control
experiment with the same boundary conditions with éxception that we prescribed mid-
Holocene (6k = 6000yrs before present) insolatisfOR6k and CTRL6K). The
biogeophysical effect of the idealised Holocenallanver change is then defined as the
difference between the experiments 'FOR6k" and LGKR

Figure 6.14a depicts the summer monsoon relatedpiagion difference between the
afforestation and control experiment under 6k-atlebnditions. Overall, the amplitude of
monsoon precipitation change is similar as for @itq(cf. Fig 6.3, upper left panel), but
the pattern of change is different. Afforestatias lthe same effect on precipitation at the
south-central Tibetan Plateau (increase), the weskédetan Plateau (decrease) and in
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Northeast China (increase), regardless which alptescribed. However, under 6k-orbital

conditions, afforestation leads to more insteates$ precipitation in south-eastern China
(up to 0.2mm/day) and significantly more precipgatin north-western India (up to
0.25mm/day). Most striking is that precipitation sggnificantly increased by up to
0.45mm/day in the Shaanxi - Shandong region, wter@rehistoric cultures settled.

To better visualise the different effect of affdet®n under 6k- and Ok-orbital conditions,
Figure 6.14b illustrates the difference of the edftation-induced precipitation anomalies
(6k-0k). It emphasises that afforestation leadmtwe precipitation in south- and central-
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Figure 6.14: Simulated precipitation change [mm/day] betweeffied#t experiments, averaged over
monsoon season: a) significant (95%te$t) difference between the afforestation expanin(@r) and the
control run (ctrl) under mid-Holocene orbital cotimiis. b) difference of the afforestatiomduced climatt
signal (for-ctrl) between the simulations with nkidlocene (6k) and preseday (0k) orbital condition. ¢
significant (95%, T-test) difference between thatod run with midHolocene orbit and the control r
with present-day orbit prescribed. d) moisture @gence [mm/day] between for-ctrl under @it and
for-ctrl under Ok-orbit combined with the differenin 850hPawind [m/s]. Wind vectors with a magnitu
of less than 0.15m/s are not shown. Please notethkafigures on the right panel do not only st

significant values.

123



eastern China as well as in India when mid-Holocamsead of present-day orbit is
prescribed. These differences in the precipitas@nal can be related to a change in
circulation and moisture convergence (Figure 6.14With prescribed 6k-orbit,
afforestation leads to a stronger monsoon flow aigranto the continent than under Ok-
orbital conditions. Therefore, more moisture isigorted from the Pacific Ocean and Bay
of Bengal to East China and India.

Figure 6.14c shows the monsoon precipitation défiee associated with the pure orbital
forcing. Compared to this signal, the effect ofoaditation on monsoon precipitation is
weak. However, in the region with prehistoric ssttent in eastern China, the precipitation
change due to afforestation (6k) is approx. hallaage as the change induced by the
orbital forcing. Averaged over the region of apprd®9°E-120°E and 28°N-42°N,
afforestation leads to a precipitation increas8.@#fmm/day. The orbital forcing results in
0.25mm/day additional precipitation.

According to our model results, large-scale Holect@arest decline, regardless, whether it
has been climate- or human-induced, could thusiglychave contributed to the decrease
In summer monsoon precipitation reconstructed lier East Asian monsoon region (e.g.
Wang YJ. et al., 2005). However, the magnitudehefdassumed forest loss in our study is
intentionally exaggerated. The resulting climatgnal can only be interpreted as a
maximum effect. In comparison with the strong alytinduced climate signal,
prehistoric deforestation might have been of nosegunence. Nevertheless, according to
our model results, one can not exclude that delcrgdsrest cover in the Asian monsoon
region during the Holocene could have generateddalitional environmental pressure on
the Asian human civilisations by further reducingter availability.

6.5 Summary and conclusion of Chapter 6

This study highlights the effect large-scale laraver change in the Asian monsoon
domain could have on the regional and remote cémBy applying the general circulation
model ECHAMS5/JSBACH a set of numerical experimdrds been performed with either
complete forest cover or complete grass cover denp@al present-day vegetation
prescribed. Our analyses address the followingstipres: How do afforestation and
deforestation influence the local climate? How éaigjthe remote effect on precipitation in
North Africa and the Middle East? Could early- andl-Holocene land cover changes
have contributed to the decreasing Asian monsooacigtation known from
reconstructions?
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a.) Local effect:

The impact of land cover change on local precipitais most pronounced in the
monsoon season. During this time, deforestationisletm a broad reduction of
precipitation in the Asian monsoon domain. In casty the change of precipitation
resulting from afforestation is arranged in anrakiing pattern: rainfall is decreased
in South India and the Great Plain of China, wihiles increased in south-eastern
China, the southern part of the Tibetan PlateauNortheast China.

The precipitation signal can partly be related harges in humidity and moisture
convergence and is partly induced by a modificatibthe low level circulation and
vertical motion.

The impact of land cover change on local near-serfair temperatures is most
pronounced in the dry/cold season. During this tideforestation leads to a cooling
and afforestation to a warming of the climate insmparts of the Asian monsoon
domain. In the monsoon season, the signal is olagirshape in the regions with a
rather temperate or cool climate, i.e. the northgarts. In the southern parts where
climate is tropical, afforestation (deforestatidepds to a temperature decrease
(increase) resulting from an enhanced (reduced)aasive cooling.

Most of the temperature signal can be explainedctyr by the change in surface
albedo due to the land cover change and the accoeatpalteration of the surface
energy balance.

b.) Remote effect:

Changes in the Asian monsoon system can affedlithate in North Africa and the
Middle East via the modification of the large-scaieculation. In our experiments,
the remote effect of land cover change in the Asiaonsoon domain on the
precipitation pattern in these regions is stronghwiespect to the relative
precipitation amount.

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

Afforestation has no significant influence on A&t climate, but reduces
precipitation in northern Arabia by up to 100%. Theeans, large-scale afforestation
in monsoonal Asia could lead to a complete cessaticcummer rainfall in northern
Arabia.
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c.) Role of Holocene land-cover change:

126

The amplitude of the climate signal induced by re#fétation does not change when
prescribing mid-Holocene instead of present-daytalriconditions, but the pattern
shifts, showing more precipitation in the regioors the Yellow River.

Compared to the climate change related to the arbotrcing, the overall climate

signal induced by the land cover change is smalloim model experiments.

However, in the settlement area of East Asian ptehc societies (mainly along the
Yellow River) the precipitation change associatdathwhe afforestation is half as
large as the orbitally-induced precipitation change other words: under the

assumption that the entire Asian monsoon regionasasred by forest in early- and
mid-Holocene, the loss of forest to the presentjatztgntial land cover is responsible
for more than one-third of the total mid- to latelétene precipitation change in the
settlement area of the major East Asian neolithitigations.

The here prescribed complete forest cover is definan exaggerated representation
of the mid-Holocene land cover in the Asian monsaegion. Therefore, the
amplitude of the climate signal is probably toohig

Our model results show that large-scale forestigeah East and South Asia leads to
heavy losses in regional precipitation. One canexatude that climate- or human-
induced land cover changes have contributed toddwine of major prehistoric
civilisations by amplifying the general orbital-uckd attenuating Asian summer
monsoon.



7. Summary and Conclusion

7.1 Summary and Conclusion

This study provides a detailed analysis of the rfodate Holocene climate and vegetation
change in the Asian monsoon region. The performasfcthe state-of-the-art general
circulation model ECHAM5/JSBACH(-MPIOM) is evaludtan several model setups
against present-day observations and reanalyglg éfsian monsoon climate (Chapter 2).
We compare results of high resolution climate mailulations with a standardised and
synchronised set of mid-Holocene climate reconsitns. We investigate in depth the
changes in the monsoon characteristics and the anerhs behind the Holocene
precipitation changes (Chapter 3). The total clenegsponse to the orbitally-induced
insolation difference between the mid-Holocene gnelsent-day is separated into the
direct response of the atmosphere and the pureilmatdn of ocean-atmosphere and
vegetation atmosphere interactions as well as tbgirergy. Herewith, the role of
vegetation and ocean feedbacks in the HolocenenAsiansoon climate change are
derived for the first time in a consistent set lifnate model simulations (Chapter 4). To
assess the performance of the model with respetheéoHolocene land cover change,
pollen-based vegetation reconstructions for difiedimate regions on the Tibetan Plateau
are compared with the simulated land cover trenmivele from a 6000yr-long transient
simulation (Chapter 5). Furthermore, the effectanfe-scale forest cover changes in the
Asian monsoon domain on regional and global climgtenvestigated for the mid-
Holocene and present-day (Chapter 6).

To conclude this study, we take up our researclstopres (Q) again and summarise the
main findings:

a.) Reproducibility of the present-day Asian monsoon climate (QI, Ql1):

The general circulation model ECHAM5/JSBACH is atdlecapture the pattern of mean
climate state in the Asian monsoon domain and eproduce the major characteristics of
the seasonal monsoon cycle. The model shows laisirsksimulating the observed
magnitude of temperature and precipitation and alsva large rainfall deficit in the
African and Indian monsoon domain in simulationghwhigh numerical resolutions.
Precipitation is better reproduced in coarse remwig, but this is caused by a stronger
numerical diffusion in coarse vertical resolutigR®eckner et al., 2006) and therefore only
an artificial effect. The near-surface air tempa@mtand monsoon dynamics are better
represented in model setups with a high horizoatad vertical resolution since the
regional topography is better resolved. The methfgatescribing sea surface temperatures
derived from coupled model simulations leads toitamithl biases in the model, but
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influences particularly the precipitation distrilmut above the ocean. Therefore, this
method has no negative consequences for the cammdudrawn in this thesis.

b.) Mean climate differences and fundamental processes of the climate change
between mid-Holocene and present-day (QI11-QV):

As response to the mid-Holocene insolation forcthg, model simulates a warmer climate
north of 20°N and a cooler climate south of 20°He Bummer monsoon is enhanced and
prolonged in most parts of the Asian monsoon doméus, ECHAM5/JSBACH shows a
similar tendency of mid-Holocene to present-daynale change as other climate models.
The comparison of the model results and climatensituctions reveals the added value of
using high numerical resolution in climate simwas for the Asian monsoon domain. The
reconstructions suggest a regionally inhomogenddakcene moisture change with
wetter mid-Holocene climate in the Indian monsooméin and a spatially varying signal
in the East Asian monsoon region. In the high wggmt simulation, the model is able to
reproduce this complex response to the insolatmntirig and the results are more
consistent with the reconstructions than other Eitmans, e.g. the simulations performed
within the Paleoclimate Modelling Intercomparisaject (Braconnot et al., 2007a).

The reconstructions and the model results revéfdrdnces in the response of the Indian
and East Asian monsoon to the insolation forcinlgisTcan be related to the different
character of the monsoon systems determined byriioreal thermal gradient in case of
the Indian monsoon and a zonal thermal gradiemmiase of the East Asian monsoon. In
addition, the East Asian monsoon domain is stroraffected by the mid-latitudinal
westerly wind circulation that leads to a differeetasonal precipitation cycle compared to
the Indian monsoon. Therefore, the behaviour ofrtfumsoon systems is different. The
increased annual precipitation change in the Inthansoon region during the Holocene is
determined solely by the intensification of the suen monsoon. In the East Asian
monsoon domain, the sign of the annual precipitatibange depends on the balance of
decreased pre-monsoon precipitation and increasas@on precipitation. This study
shows the importance to extend the analysis peasfochid-Holocene monsoon climate
change to other seasons. So far, most studiesneotiieir investigation to the summer
season (e.g. Wang T. et al., 2010).

c.) Role of ocean-atmospher e and vegetation-atmospher e feedbacks (QV1):

Most of the Holocene climate change can be relaidte direct atmospheric response to
the insolation forcing, but the ocean-atmospheteraction strongly modifies the signal.
Due to the larger heat capacity of the ocean, tteamic temperature response lags the
insolation forcing and leads to a cooling of themelte in spring and summer and a
warming of the climate in autumn and winter. Thgrehe ocean-atmosphere interaction
shifts the magnitude of the seasonal signal impdsedhe insolation forcing, i.e. the
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strongest temperature change in the Asian monsegiorr occurs in autumn and spring
and not in summer and winter.

Regarding precipitation, the ocean-atmosphere aotem, on average, amplifies the
atmospheric response to the insolation forcing. i6tedly, e.g. in India, the model
simulates a negative feedback. The pure contributiothe ocean-atmosphere interaction
leads to a wetter Holocene climate in the Indiamsoon region and a rather drier climate
in the East Asian monsoon region. Differences m blehaviour of the East Asian and
Indian monsoon, thus, are also visible in the axtgon of the atmosphere with the ocean.

The averaged contribution of the pure vegetatiomeaphere interaction is small with

respect to the Holocene Asian monsoon temperanaepeecipitation changes. However,

the simulated vegetation change in the Asian mamslmonain is also small and seems to
be underestimated compared to reconstructionse@oms showing strong land cover
changes like in the margins of the present-day Psieonsoon domain, the vegetation-
atmosphere interaction significantly affects thenate.

d.) Land cover change on the Tibetan Plateau (QVII,QVIII):

The reconstructed and simulated land cover trerelguaalitatively in agreement at most of
the here considered sites on the Tibetan Plateath #how a strong degradation of the
vegetation since the mid-Holocene that is partitylexpressed in a reduction of forested
area (decrease by 30% in the model). The resen®lainthe simulated and reconstructed
trend suggests a naturally and not anthropogewpiaatluced mid- to late-Holocene land

cover change on the Plateau. Besides changes irsaooal precipitation, the model

identifies variations in seasonal temperatures has rajor mechanisms driving the
Holocene vegetation trend. Temperature changes swadar, rarely been considered as
explanation for vegetation changes in regions #&éteby the Asian summer monsoon.

This study shows that ECHAM5/JSBACH is able to aaptiong-term vegetation trends.
The reproducibility of the reconstructed trend #émelanalysis options of the model results,
however, are limited by the coarse numerical régmiwf the model simulation that leads
to strong climatic biases in such an orographicatiynplex area as the Tibetan Plateau.
The vegetation on the Plateau is often living imakes near the limit of their bioclimatic
range. Therefore, biases in the simulated climatelead to large discrepancies between
the model results and reconstructions regardingitine: of vegetation. The dependence of
the simulated vegetation on fixed bioclimatic th@s makes the simulated vegetation on
the Tibetan Plateau highly sensitive to even suiatiate changes. As the Asian monsoon
climate is very complex, the vegetation changehenTibetan Plateau is not representative
for the entire monsoon domain. For a completedésite simulated vegetation change, a
detailed comparison of the model results and ctergisvegetation reconstructions
covering the entire Asian monsoon region is needed.
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e) Climate response to large-scale forest cover changes and implications for the
relation between Holocene climate, vegetation and neolithic cultures (QI X-XI):

This study reveals that large-scale land coveratégion in the Asian monsoon domain
can lead to a substantial decrease in regionaigiaeon and induces rainfall changes
even in remote areas. According to current estismatethe magnitude of the Holocene
vegetation change in the Asian monsoon regiontitilecene vegetation change, however,
seems to have only a weak influence on the largk2snonsoon system and precipitation
distribution. Our model reveals on the large-s@l®uch weaker precipitation change in
response to the idealised forest decrease thagsponse to the orbital forcing. However,
on regional scale, some areas exhibit a strongtsetysto the forest cover change. This
idealised experiment, thus, confirms the previoesults of a locally strong vegetation
feedback derived in Chapter 4. In the region altmg Yellow river, for instance, the
precipitation decrease related to the forest deabnhalf as large as the orbitally-induced
precipitation decrease. This region was the settfdrarea of the major neolithic cultures
in East Asia. According to our model simulationearan not exclude an impact of natural
or anthropogenic land cover changes on the Holocelimate development. One
furthermore can not exclude that large-scale Haledand cover changes have contributed
to the decline of major Asian neolithic civilisatidy further amplifying the decreasing
precipitation trend in the settlement area knovamfireconstructions.

7.2 Outlook

Improvement of the model: Our results show the added value of using higherigal
resolutions in climate modelling studies for theiahs monsoon domain. Compared to
observations, however, the model calculates mugzlittée precipitation in the African and
Indian monsoon domain in high resolution simulagios the model shows a good skill in
simulating the large-scale monsoon circulations ttainfall deficit could be related to
deficiencies in the model parameterisation. To hert improve the model, the
representation of the Asian monsoon climate in riedel should be tested e.g. with
respect to different cloud parameterisations anavection schemes. Furthermore, the
comparison of the simulated and reconstructed mikiie-Holocene temperature signal
suggests an overestimation of the evaporative mgah the model that may result from a
too strong evaporation in the tropics. This shaldb be tested in sensitivity studies.

Analysis of the Holocene climate variability of the East Asian and Indian monsoon:

The climate reconstructions of Wang et al. (201@) aur climate modelling results reveal
regional dissimilarities in the climatic responedtie mid-Holocene insolation forcing that
indicate a different character of the Indian andgtEssian monsoon system. An out-of-
phase temporal development of these two sub-systéthe Asian monsoon has also been
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suggested in previous paleo-reconstruction stu@es An et al, 2000; He et al., 2004;
Maher, 2008) identifying different timing of the mimum precipitation response to the
Holocene insolation forcing. The annual precipitatirend in the last decades reveals a
large spatial inhomogeneity (Ding et al., 2007;nberth et al.,, 2007). The East Asian
summer monsoon circulation seems to weaken, theleding to a dipole change in
precipitation with decreasing trend in North Chenad increasing trend in South China.
The Indian summer monsoon precipitation shows eadiron a large-scale in the last
century (Goswami et al. 2006). Locally increasingl alecreasing trends are observed
(Ghosh et al., 2009). However, the time intervadufor the calculation strongly affects
the sign of the calculated trend as the Asian momsexhibits a strong interdecadal
variability (Webster et al., 1998; Wang B., 2008he mechanisms causing the different
behaviour of the Asian monsoon are not yet undedstd detailed spatial and temporal
analysis of the Holocene monsoon variability (engransient climate simulations) and its
relationship to other large-scale climate phenonsertd as other monsoon systems, the El
Nino Southern Oscillation, the Indian Ocean Dipolethe North Atlantic Oscillation
during the Holocene will improve the understandofgteleconnections and the Asian
monsoon variability. Such a study will give newigig into the mechanisms leading to the
asynchronous response of the different Asian mansot-systems to external forcings
and will shed light on the processes characterigimgg inter- and counteraction of the
monsoon sub-systems. This will also help to imprthesfuture climate projections in the
Asian monsoon domain.

Detailed spatial comparison with Holocene vegetation reconstructions: To represent
the Holocene vegetation change in such a topogralbhicomplex area as the Asian
monsoon region, well-dated and standardised higltitgjupollen records are needed for as
many sites as possible. So far, the pollen-basgeétaton reconstructions in the Asian
monsoon region are scarce and lack a consistetityguand age-control. Therefore, a
complete picture of the mid-Holocene vegetatiortriigtion and its temporal variation
cannot be provided by reconstructions yet. In aesurproject, all available fossil pollen
records for monsoonal central Asia are collectedised and synchronised (Herzschuh,
personal communication). Maps with vegetation diatrons at different time-slices (500-
year interval) covering the last 18000 years wélldvailable soon and can be compared to
results of coupled atmosphere-ocean-vegetation Imodéth this dataset, the performance
of the dynamic vegetation module in ECHAM5/JSBACkh de assessed in detail for the
Asian monsoon region. Furthermore, it will be wotthrepeat the idealised sensitivity
study on large-scale forest cover changes withcpitesd realistic (i.e. reconstructed)
Holocene vegetation change to derive the magnitfdéhe vegetation-induced climate
change and to strengthen our conclusions.
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Investigation of biogeochemical feedbacks resulting from land cover changes. In the
current study, we focus on the biogeophysical éftédand cover changes. Besides, land
cover changes also affect the climate via a maifo of the biogeochemical fluxes
between the land and the atmosphere such as #daseebr uptake of GOthat, in turn, has
an impact on the atmospheric &€ncentration and hence on the global climate. (e.g
Claussen et al.,, 2001). The strength and relatodde of the biogeochemical and
biogeophysical feedbacks is currently debated amdstigated. Both can be positive or
negative depending on region and time-scale (Céays009 and references therein) and
climate changes amplified by the one feedback aarcdmpensated by the other. To
investigate the contribution of the ‘full’ atmospheregetation interaction to the Holocene
climate change in the Asian monsoon region bothklldaeks should be accounted for in
future studies. In this context, the influence airlyy human land use change on
atmospheric greenhouse gas concentration is ats®oistied (e.g. Ruddiman, 2003, 2007,
Ruddiman and Ellis, 2009, Varvus et al., 2008; ktoet al., 2011). Early human societies
in China could have played a decisive role in alteatmospheric methane concentration
by irrigated rice farming, for instance (Ruddimaralke, 2008).
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Appendix A: Additional figures

A.l  Mapsof Central and Eastern Asia
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Figure A.1: The Asian monsoon region, only somemvare shown.
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Figure A.2: Land and sea-floor elevation, basedEGI©OPO5 (Data Announcement 88-MGG-02: Digital
relief of the Surface of the Earth. NOAA, Natioz¢ophysical Data Center, Boulder, Colorado, 1988).

A.ll Main features of the Asian monsoon climate
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Figure A.3: Sketch of the main mean sea-level piresand circulation systems (850hPa) affectingAian
monsoon region during winter, i.e. the Aleutian Léue), the Mascarene High and the Siberian High
(grey), the mid-latitudinal Westerlies (green), #guatorial Easterlies, the Indian winter monsaanar{ge,
IWM) and the East Asian winter monsoon (orange, BM\W
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Figure A.4: Sketch of the main mean sea-level piresand circulation systems (850hPa) affectingAbian
monsoon region during summer, i.e. the Westernfieg&ubtropical High (grey), the Mascarene Highefgr
and the Monsoon trough (blue), the Westerlies (@rethe Indian summer monsoon (orange, ISM) and the
East Asian summer monsoon (orange, EASM).
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Figure A.5: The Asian monsoon in its planetary eahtSynthesis of the boreal summer divergent v
circulation, heat sinks (bluish colour) and heat saaifcedish) for the atmosphere based on NCEP resis
outgoing longwave radiation (1979-1995, Kalnay let #996; more redish = stronger heat source, n
bluish = stronger heat sink. (Modified from Webstenl. 1998)
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A.lll Detailed overview on the factors contributing to the mid-to late-
Holocene climate change
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Figure A.6: Factors contributing to the seasonalpterature change [K] between mid-Holocene and ptese
day climate for six regions in the area of the Agi@onsoon. Depicted are seasonal averages fo2@ly@ar
periods as well as the 600-year mean. Light bluetoaphere-only run (direct response of atmospheric
dynamics (A) to changes in insolation). Dark blaentribution of ocean-atmosphere-interaction (Qkeéda:
contribution of vegetation-atmosphere interacti®f). (Yellow: contribution of the synergy (S) between
atmosphere - ocean and atmosphere - vegetatiogadtitsns. Please note the change in scales.
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Figure A.7: Same as Figure A.6, but for precipitafmm/day]. Please note the different scales.
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A.lV Simulated summer circulation in an ECHAMYS5 (atmosphere-only) run
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Figure A.8: Summer mean sea level pressure (shfited]) and wind in 850hPa (vector, [m/s]) as skted

by the atmosphere-only run for present-day orlsibaditions.
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Appendix B: Additional tables
B.I  Significance-test of the simulated vegetation trend

To test the significance of the simulated vegetatiends, we applied a simple statistical
test: We calculated the standard deviation of ithe-series€) and the difference between
the mean value of the first 500years and the l@8y&ars of the time-serieAdov_frac).
We assume a significant land cover trend\dolv_frac| > 2&.

Results of this test can be seen in Table B.1. Aliog to this test, the simulated land
cover trend on the north-eastern Tibetan Plateasigsificant. For the south-eastern
Tibetan Plateau, only the simulated grass covemwsha non-significant trend. The

simulated land cover change on the central TibBfateau has no trend. On the central-
western Tibetan Plateau the shrub cover trend tisigaificant, but the desert, grass and
forest fraction show a significant trend.

North Eastern Tibetan Plateau South Eastern Tibetan Plateau

desert grass shrubs forest desert grass shrubsest for

2*c 0.040 0.132 0.073 0.148 0.003 0.024 0.420 0410
Acov_frac  -0.052 0.175 0.087 -0.210 0.004 -0.014 8®.5 -0.575

Central Tibetan Plateau Central Western Tibetan Plateau

desert grass shrubs forest desert grass shrubsest for

2*c 0.034 0.034 0.000 0.000 0.106 0.033 0.026 0.084
Acov_frac 0.028 -0.028 0.000 0.000 0.156 -0.038 08®.0-0.115

Table B.1: Simple statistical significance test lué simulated land cover trend at each area on ithetah
Plateaus: standard deviation of the entire time-senegv_frac: difference between the mean land cover of
the first 500years and last 500years of the timese

155



B.Il  Assignment of the pollen-taxa to the major vegetation typesin the model

forest shrub steppe/meadow desert
Alnus 1 0 0 0
Betula 1 0 0 0
Juniperus 1 0 0 0
Picea 1 0 0 0
Pinus 1 0 0 0
Quercus 1 1 0 0
Salix 1 1 0 0
Thalictrum 1 1 0 0
Rubiaceae 1 1 1 0
Berberis 0 1 0 0
Hippophaé 0 1 0 0
Rhododendron 0 1 0 0
Fabaceae 0 1 0 0
Potentillatype 0 1 0 0
Spiraea 0 1 0 0
Apiaceae 0 0 1 0
Bupleurumtype 0 0 1 0
Artemisia 0 0 1 0
Chichorioideae 0 0 1 0
Crassulaceae 0 0 1 0
Cyperaceae 0 0 1 0
Gentianaceae 0 0 1 0
Lamiaceae 0 0 1 0
Liliaceae 0 0 1 0
Poaceae 0 0 1 0
Rumex/Rheum 0 0 1 0
Polygonum bistortaype 0 0 1 0
Aconitum 0 0 1 0
Ranunculus acrisype 0 0 1 0
Trollius type 0 0 1 0
Stellera 0 0 1 0
Anthemidype 0 0 1 1
Astertype 0 0 1 1
Saussurea 0 0 1 1
Papaveraceae 0 0 1 1
Brassicaceae 0 0 0 1
Caryophyllaceae 0 0 0 1
Chenopodiaceae 0 0 0 1
Ephedra distachyéype 0 0 0 1
Ephedra fragiliatype 0 0 0 1
Calligonum 0 0 0 1
Tamarix 0 0 0 1
Nitraria 0 0 0 1

Table B.2: Assignment of the pollen-taxa to the maggetation types in the model, this table wapared
by U.Herzschuh.
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Appendix C: Summary of the simulated climate and
land cover change on the Tibetan Plateau

The simulated change in summer and winter temperatsi well as the change in annual
precipitation at each site of the Tibetan Platsashown in Fig. C.1-C.4. In all regions, the
model calculates a decreasing Holocene precipitdatend that is probably related to the
generall weakening of the Asian summer monsoonesthe early- and mid-Holocene
reported also in vegetation-independent reconsbmgt such as cave records (e.g.
Fleitmann, 2003; Wang et al. 2005; or Maher, 2008je to the increasing solar radiation
on the northern hemisphere in winter, the simulatear-surface air temperature increases
from mid-Holocene to present-day at all sites. Sembtemperatures show a decreasing
Holocene trend on the north-eastern Tibetan Plad@aduan increasing trend on the south-
eastern and central-western Tibetan Plateau. Ttierehices in temperature trend can
probably be attributed to the decreasing precipitatind the accompanying decrease in
evaporative cooling at the latter sites that cowaatis the temperature-decline resulting
from the decreasing solar insolation from mid-Heloe to present-day in the summer
season of the northern hemisphere.

simulated climate and land cover change NETP

temp2 JUA [C] temp2 DJF [C] ann. precip [mm/year] veg.frac
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Figure C.1: Simulated change in summer (JJA) andewi(DJF) temperature [°C], annual precipitation
[mm/year] and land cover [fraction per grid-box] tive north-eastern Tibetan Plateau (NETP). Values a
averaged over 20 years, covering the last 6000yfears mid-Holocene to present-day. The red solig li
shows the 100yr-running-mean. Land cover is divided forest (dark green), shrubs (green), grag$t(l
green) and non-vegetated area (orange).
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simulated climate and land cover change SETP

temp2 JJA [C] temp2 DJUF [C] ann. precip [mm/year] veg.frac
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Figure C.2: Same as Figure C.1, but for the souttega3ibetan Plateau (SETP).

simulated climate and land cover change CTP
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Figure C.3: Same as Figure C.1, but for the cenilatan Plateau (CTP).

158



simulated climate and land cover change CWTP
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Figure C.4: Same as Figure C.1, but for the centestern Tibetan Plateau (CWTP).

The simulated change in the bioclimatic relevantapeeters and the net primary
productivity (NPP) is displayed in Fig. C.5-C.8.€Thioclimate and NPP determine the
distribution of the different plant functional typ&PFTs) in the model. Whereas the
bioclimate defines the grid-boxes where the PFTs geow, the NPP controls the
competition of the woody PFTs. In a favourable bioate, the woody PFT with the
highest NPP is the dominant vegetation-type inghd-box. The bioclimate indicator in
Fig. C.5-C.8 quantifies how suitable the simulatéichate in the different region on the
Tibetan Plateau is. On the north-eastern Tibetate®U bioclimatic conditions allow the
growing of extratropical trees, cold shrubs and @ass only. For these PFTs, the
bioclimate is more favourable during mid-Holocehart at present-day. This is related to
the bioclimatic limit of growing degree days thatiot permanently exceeded any more in
the colder present-day climate on the north-easkdratan Plateau. On the south-eastern
Tibetan Plateau, simulated bioclimatic conditionse gerfect for the growing of
extratropical trees and C3 grass during mid-Holecasmwell as present-day. For raingreen
shrubs, the bioclimatic conditions become more @ia&ble in the course of the Holocene,
since frost-events occur less often at presentittay at mid-Holocene (T4). The
simulated climate on the central Tibetan Plateatoascold to allow the establishment of
woody PFTs in the model. C3 grass is the only P&t tan survive. On the central-
western Tibetan Plateau, the growing of extratralpicces and C3 grass is not limited by
the simulated bioclimate during the entire simwolatiThe establishment of shrubs is partly
limited by frost. The decreasing precipitation le&ol a halving of the simulated NPP from
mid-Holocene to present-day.

159



bioclimatic indicator NPP [mol(C)/m*2(Can.)] Tc_min [C] GDD5 [C]

S T e R : ==
14 - - S - e .. 45 40 - s i3 . ?
. ® o . i A0 @ 5 8= e ¥ e s s i e . . =l .
3 R A R A S bk EE o N EEmEn 801" o= 801 ! & =
[N O A Ble e - S | et |
B8 8 & 8 3 i 2 T A 709 - =y 704 - ; : LS
(R R R R = T B 30 PO R 3 AR
. . : ! PrY (PP DU T O I 60 - - o= 60 - Co :
e o S D Rl ol Sl i ;0 e T
0 e Boolonbsh el ool B
: : ’ : : : ] 201 - : 1 : ! : 50: : 50 : ._§
I T N N S B 154 " S R T (3 4
ol I8 1 U DS DO T T T | 4 ! v . 3 40 40 C
: 0 G==fenbesl e s @uugond . ; i
i 3 30 30 2 &
0{e -e - - e 51 o L 4 -
: oL 20 - - 20 : ’é‘iﬁ
1 2 3 4 5 8 7 8 1.2 3 4 5 6 7 8 :
10 10 > i ‘
e0k  ®6k o L= L= |
-21 -18 -15-12 -21-18 -15-12 200 300 400 500 200 300 400 500

Figure C.5: Simulated change in bioclimatic condii@nd the net primary productivity (NPP) on thetmo
eastern Tibetan Plateau for all simulated planctional types (PFT, see Tab. 5.1). These are: dabpi
evergreen trees (1), tropical deciduous treese@yatropical evergreen trees (3), extratropicalidleous
trees (4), raingreen shrubs (5), cold shrubs (6),g@3s (7) and C4 grass (8). The bioclimatic ingicat
ranges from 0 (climate unfavourable) to 1 (clim&teourable) and indicates if the bioclimatic coratis
allow the establishment of the PFT. The lowest meanperature of the coldest month {fE and the
growing degree days (GDD5) are based on the firdtast 100years of the transient simulation, regméng
the mid-Holocene and present-day climate, respagtivBlack lines mark the nearest threshold (here:
GDD5=350, limit for extratropical trees).
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Figure C.6: Same as Figure C.5, but for the souttega3ibetan Plateau.
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Figure C.7: Same as Figure C.5, but for the ceniladt@n Plateau.
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