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CHAPTER1: INTRODUCTION |1

1 General Introduction

1.1 Motivation
Current warming as threat for Central Asian water allocation

One of the majorecentproblems ofhuman population is the current global warming,
seriously impacting the environment, economy and also politics. A focal point is Central
Asia, rich in mineral resources but poor in sufficient water supply due to a semiarid to arid
climate. The basis of pnary care is irrigated agriculture, which exclusively relies on water
supply and, therefore, first notices the decreasing water availability during summer. The

origin of rivers in Central and High Asia |
Poko) with huge numbers of gl aciers, snowf i
the Tian Shan, Pamir, Karakor um, Hi mal aya
towers of Asiao. Since river pathwatey cr oss

already compete in water, energy (hydropower plants) and development. This issue needs
to be addressed soon to prevent potential conflicts in this region and their neighboring
countries. The understanding of responses of glacier runoff during suramahility of
precipitation and temperature extremes to climatic change is necessary to educate and
support political decisions. In this case, the policymaker relevant IPCC report 2013 predicts
At hat Northern Hemispher e simrthier2f cestunyoaw c ov e
gl obal mean surface temperature rises and
(Stocker et al. 2013)Climate change scenarios are still unreliable, with unknown total
changes in precipitation and temperature for Centraa,Alsut changes in precipitation
distribution and occurrence of weather extremes are already visible. To optimize future
climate predictions and possible environmental reactions globally and particularly in
Central Asia, longerm data from the past climatbanges, by proxy reconstruction using
high-resolution archives are essential.

The general warming trend in Central Asia with the retreat and shrinkage of glacier is
observed, but responses of catchments and lakes to changes remain Whodgsr
Shayesth et al. 2013)1t is supposed that areas influenced by glaciers show less seasonal
runoff variability than e.g. rivers without deglaciation influence. Large uncertainties still
exist about glacier changes and impact in the Tian Shan and Pamir moungais. rEme
decreasing summer runoff holds massive conflict potential for upstream and downstream
countries, which are using Tian Shan meltwgigorg et al. 2012)One example of
excessive irrigation plus reduced runoff is the progressive desiccationAfaih®ea since

the 1960gKarthe et al. 2015)
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Reconstruction of the Westerlies in Central Asia

A climate parametetightly connected to temperature is the precipitation, which could be
influenced in its amount and seasonal distribution. Climate models perform poorly at Tian
Shan and tend to overestimate precipita{dalomon et al. 2007 Precipitation in form of

rain or snow in the Tian Shan strongly depends on the strength and pathway of the Westerly
atmospheric circulation syste@hen et al. 2010)As this system naturally interplays with
Asian monsoons and the Siberian Anticyclone, changes in its source regibriolea
fluctuations and shifts in circulation pattern. The Atlantic Ocean is the primary moisture
source for the Westerlies, while the Pacific and Indian Ocean are sources for the East and
South Asian Monsoon, respectively. They further show ce¢aospheg teleconnections

e.g. North Atlantic Oscillation (NAO) and El Nino Southern Oscillation (ENSO), thus
influencing the intensity and dominance of the circulation syst@#usrell and Deser

2009) These factors hinder a precise climate prediction for CeAsa in a global
warming scenario. Moisture variability on short timescales is mainly determined by the
combination of North Atlantic sesurface temperatures (SSTs) and summer insolation;
however, impact of secondary feedback mechanisms possibly pldneamoportant role.

The midlatitude Westerlies bring moisture to lesser fraction directly from the North
Atlantic (13%), and a major fraction recycled via Af@aspian basin, eastern
Mediterranean and Black Seas @] to theeast(Aizen et al. 1997Aizen et al. 2006)

Most of the precipitation at the Tian Shan falls during late spring and summer, when low
pressure systems develop over the eastern Mediterréneabimtseva et al. 2005; Chen

et al. 2010) Total amounts are significantly lower comgarto the Indian Ocean Summer
Monsoon (1 OSM) resulting in the term AArid
delivery can be very heterogeneous at spatial and temporal scale. Water transport can reach
far east regions like the Mongolian and Tibetandla{Sato et al. 2007)so0 that the core

zone of the westerldominated climatic regime was defined betweeri 33°N and 50

90°E (Huang et al. 2015)It is even assumed that North Atlantic signal prominently
penetrated more eastwards during full glaciatigds, so reaching the Southern Tibetan
Plateau(Gunther et al. 2015and most western Chinese Loess Plateau, because of the
steeper meridional thermal gradieftandenberghe et al. 2006Additionally, also the
Siberian High became stronger in glaciaripes, due to enhanced surface cooling of
Eurasia. The westerly mean wind speeds were higher By iB0glacial times compared to
interglacial ones. The effective moisture in Arid Central Asia during the Holocene, the
subsequent period of the Last Glacisttemporally very inconsiste(figurel).



CHAPTER1: INTRODUCTION |3

{! sH
\ 2/

N
—

Westerlies

January 200

LYY

July 2009

A N

Figurel: Atmospheric circulation systems influencing Arid Central Asia liedTibetan Plateau in
summer (July) and winter (January) month and mean annual precipitation frorAR009
Precipitation data arprovided by CGIARCSI (http://www.cgiafcsi.org/data/uearu-ts-v3-10-01-
historicclimatedatabase). Palaeoenvironmental rdsoin Asia are marked with IDs and orange
circle: (1) Caspian Se@ychagov 1997)(2) Aral Sea(Sorrel et al. 2009)(3) Lake Balkash; (4)
this study, Lakeson Kaol; (5) this study, Lake Chatyr Kol; (6) Lake Issyk KRlcketts et al. 2001)

(7) Lake Kar&ul (Mischke et al. 2010)8) Kashga(Zhao et al. 2012)9) Lake Karakul{Aichner

et al. 2015) (10) Lake Sasi Ku(Lei et al. 2014)(11) Lake BosterfWinnemann et al. 2006)12)
Lake Sumxi CqVancampo and Gasse 199@8)3) Lake Bangong C@Gasse eal. 1996) (14) this
study, Lake Nam Co; (15) Lake QingHaister et al. 1991)(16) Lake Zhuyez¢Chen et al. 2006)
and (17) Lake Baika[Tarasov et al. 2009)White arrows indicate air masses (Indian Ocean
Summer Monsoon = IOSM; Siberian High = SH); area enclosed by the white dashed line is
Westerliesdominated arid Asi§Huang et al. 2015nd blue dashed line indicates the modern limit
of the summer monsodhen et al. 2008)
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The relative influence of the main moisture sources for Central Asia (Westerlies and Asian
Monsoon) has showed considerable variations in intensity and spatial extent in the past.
The international community debate about regional masthistory in ACA and
Monsoonal AsigHerzschuh 2006; Chen et al. 2008; Chen et al. 2010; Ran and Feng 2013)

i ndicating that (1) the fAHol ocene Ther mal
Plateau was reached in the Early Holocene and of Westerliegrnnéld nortklwestern

China during the MietHo | oc e n e ; (2) t he fAHol ocene Moi st
Plateau occurred during the Early Holocene, while in Xinjiang (reght China) at the

Late Holocene; (3) during the last 2000 years moisture showssewvetationship to
temperature in ACA. With these insights of asynchronous-megional and synchronous
intra|ACA moisture changes along a dry Earlg less dry Mid and moderately wet Late

Hol ocene, the effective moutefifplhras edv dlou tmomrs
Asia(Chen et al. 2008)

Climatic and environmental relevant proxies

To understand the seasonal impactlohate change on regional hydrology we have to reduce
the uncertainties in climate predictions. As already mentioned ,onoédgical data would
display the ultimate data source, however data collection before their installation in
1890AD and after breakdown of former Soviet Union in 1991 has become complicated

in Central Asia. Therefore, alternative letegm highresoluton archives like lacustrine
varved sediments, speleothems, {riegs, ice cores or loess can be utilized for this
purpose. Lacustrine sediments from numerous large lakes in the Tian Shan provide detailed
information of past changes in their organic matied mineral composition. Various
proxies, recording the relative climate signal have been investigated and successfully used
to reconstruct palaeoclimate.

Molecular organic geochemical proxies are increasingly being utilized reviewed by
Castaneda and Bouten (2011)with compounespecific isotope analysis using isotope
ratio mass spectrometry as one of the newly established methods. The use of leaf wax
biomarkers liken-alkanes, with a high chemical inertness, insolubility and resistance to
biodegradatin qualify them as excellent molecular fossil to be used for palaeoclimate
investigations. Their simple molecular structure strongly binds carbon and hydrogen atoms,
therefore keeping their isotopic content inviolate during time. Since it is known, that th
hydrogenisotopic compositiontD) of terrestrial and aquatiealkanes recosithe isotopic

signal of their environmental water, they gain increased importance as palaeoclimate proxy
(Sachse et al. 201.2Nevertheless, isotopic fractionation betweenrsewater and lipid
hydrogen is exposed to biochemical, physiological and environmental influences, which
has to be understood to clarify interpretations. Environmental factors like temperature,
amount and source of precipitation, evapotranspiration ativelhumidity clearly modify

the UD signal (Sachse et al. 2006; Hou et al. 2008; Polissar and Freeman. 2010)
contemplation of terrestrial and aquatic derived signals can qualify the ecosystem
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evapotranspiratioiSachse et al. 20063ince terrestrigblants use the meteoric water and
aquatic organism the lake water fealkane biosynthesis. Further investigations raise the
possibility to use the isotopic difference to estimate evaporation to inflow ratios and
reconstruct water balanc@duigler et al.2008) but still controversy exist about the type of
setting(Aichner et al. 2010b)

Additional information on past lake/sea surface temperature can be determined using the
unsaturation ketone inde% () from haptophytgroduced longchain alkenones (LCAS),

one of the oldest organic geochemical pr¢Byassell et al. 1986)The application of a
universal temperature calibration is possible in the marine séCtmmte et al. 2006)
whereas lacustrine set)s need individual calibrations due to unknown haptophyte
phylotypes and poor knowledge about how multiple species influence the alkenone
variability. Therefore, investigations of (1) the source of alkenones, (2) the proportion of
dominant species to tlekenone distribution and (3) the response of haptophyte species to
environmental parameters like temperature, salinity and nutrient availability are necessary
to create and understand lad@ecific LCA calibrations. Some studies reported better
correlatons of seasonal temperatures rather than mean annual tempefainkest al.

2001; Pearson et al. 2008yhich has to be investigated for individual sites with seasonal
climate. Since seasonal conditions in lake systems could lead to dramatic changes in
boundary conditions for haptophyte productivity and vitality, the preservation and stability
of alkenones could also be influeno@gbntani et al. 2013)Few palaeoclimate studies so

far investigated alkenones, and even less knowledge is available prehfzast periods of
degraded LCA signatures.

To optimize the palaeoenvironmental reconstruction using orgaspseific organic
compounds, since they are influenced by additional factors and processegroxyl@nd
interdisciplinary investigations shlou be applied. The additional acquisition of bulk
organic and inorganic carbon, oxygeand nitrogen elemental, isotopic and molecular
composition provide evidences of organic matter delivery and accumul@legers
2003) Catchment related minerogenicput to lake systems as well as lake internal
precipitation and redox processes inferred from bulknetgal compositions via -Xay
Fluorescence scanning (XRF) give further insight into factors influencing the sedimentary
record to decipher the limnologidaistory of a lake system. To overcome the problem that
certain proxies may record different information at different regions and even lakes, we
combined the supporting approach of mphbxy investigations with muHiocation
comparisons to strengthehet palaeoenvironmental and palaeoclimatic reconstruction in
the heterogeneous Tian Shan region.

Generally, still incomplete understanding exist about (a) the relative distribution of seasonal
precipitation (winter/summer) to the regional hydrology, (b)dbeeral role of glaciers to
environments and lake systems in case of runoff, water balance and buffering capacity, (c)
the teleconnection of dominant climate regimes and their variability in space and time, (d)
the past patterns of the Westerlies in ACAdahe interplay with Asian monsoons. To
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discover these topics lofigrm highresolution palaeoclimate records with transfer
functions linked to transect and process studies are essential.

1.2 Objectives

This thesis is part of the BMBF funded joint reseanchopj e ct CADY A Centr al
dynami cso within t he research program CAM
dynamics and gege c o sy st ems 0. This project aims to
variability and regional hydrology in Central Asia to provale overview of seasonality,

extreme climate events and teleconnections of Asian atmospheric circulation systems.

The aim of this thesis was to reconstruct and qualify the past changes in the seasonality and
isotopic composition of precipitation over thesiAn region using lake sediments from
Kyrgyzstan. Increasing the number of palaeoclimate records from Kyrgyzstan will help to
understand spatial patterns of precipitation and temperature dynamics over Central Asia
and neighboring regions like the TibetatatBau. Additional information are needed of

glacier responses to climate changes to better predict meltwater supply during the current
Nfgl obal warming scenari oo. Therefore, unde
conditions like Early Holocene avming or deglaciation at the end of the Last Glacial
Maximum (LGM) is essential.

| wanted to discuss the following research hypothesis:

1. Regional hydrology during the Holocene was strongly influenced by changes in the
intensity and spatial extent of thiéesterlies, Siberian High and Asian monsoon.

2. Climate change has strong impact on glaciation and runoff, which could influence
limnological and environmental conditions at related aquatic systems.

3. Warming is causing changes in ocedmospheric teleconnectis and their
regional impact.

In detail, my specific objectives are:

1. Evaluate the current hydrological situation of two Kyrgyz lakes using stable
oxygen/hydrogen isotopic composition approach.

2. ldentify the biological source of lacustrine sedimentaplkanes as well as source
waters for their biosynthesis in Central Kyrgyzstan lake systems.

3. Undertake qualification of climate relevant parameters controlling isotopic
composition oin-alkanes based on meteorological data.

4. Investigate the applicability of letnones as palaeoclimate/limnology proxy in
Central Asian lakes.

5. Assess the impact of glacier to lacustrine systems and their water isotope
fractionation.

6. Identify changes in seasonality/intensity of precipitation with special focus on
summer/winter signate in stadial and intestadial periods.
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7. High resolution reconstruction of past changes in spatial and temporal
climate/hydrology variability during the Holocene using lacustrine sediments.
8. Identify spatial and temporal changes in past global telecoonscti

Therefore, an inventory of lake/catchment hydrology during -datamer was
accomplished at Lake Son Kol and Chatyr Kol inferred from-lakéow-, precipitation,

soil-, plant and compoundgpecific sedimentary hydrogen/oxygen isotopic compaosition
data (1). Comparison oh-alkane signatures from terrestrial and aquatic plants with
lacustrine sediments was carried out to decipher leedikane sources in the lake systems
(2). Subsequently, compouwsgpecific hydrogen isotopic composition from recemtface
sediments was directly compared with measured temperature and precipitation data from
local meteorological stations to qualify their impact on isotope fractionation (3). Detailed
investigations of temperatusensitive proxies have been performedharacterize their
application in continental lake sites (4). The relative influence of glaciers on lake systems
was investigated by comparing two lakes on different spatial and temporal scales (5).
Recently investigated climasensitive proxies were algd on Kyrgyz sedimentary
records spanning the Holocene period to reconstruct ancient climate variabBity (6

1.3 Thesis Organization

The thesis is organized inttO chapters. The following i@apter 2 explains the general
methods in all studiesnda detailed description of the sampling sites. Chapter 3 evaluates
the surface sediment compousgecific stable hydrogesotopecomposition fromKyrgyz
Lakes Son Kol and Chatyr Kol with modern observational climate data. Chaptepdes
reviewed pubkhed article in The Holoceneg(Lauterbach et al. 2014hvestigating the
climatic imprint of the midatitude Westerlies in Kyrgyzstan and local climate variability
during the last 6000 years inferred from Lake Son Kol sediments. Chapter 5 depicts the
entirely Holocene climate variabilittand consequences on glacier melt and lake level
changeasing Lake Chatyr Kol sedimenfBhe thesis ends wita synthesisn Chapter 6a
summary in Bglish (Chapter )Y and German (Chapter )8 The referencesare listed in
Chapter9. An additional manuscript, as part of the supplementary mat&iedpterlO) is
under revisionin the Journal of Paleolimnology(Witt et al. 2015)and additionally
discusses the influence of the Westerlies at the Tibetan Plateau during theldaat
Maximum using Lake Nam Co sediments.
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2 Study Sites and Methods

2.1 Study Sites
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Figure2: The study region.
Location of Lake Son Kol (C) and Chatyr K@D) within the Tian Shan mountain range in
Kyrgyzstan (B), Central Asia (A)lhe lakes include isobaths with corresponding water depth in m
below lake surface level after (Romanovsky 2007; Lauterbach et al. 2014). The topographic map of
Kyrgyzstan and nghboring countries is based on Digital Elevation Model provided by
HydroSHEDS (http://hydrosheds.cr.usgs.gov) (Lehner et al. 2006). Glaciers are marked as white
circles, while glaciers influencing the Chatyr Kol catchment are shown as white circles with
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specific IDs (Supp. Tablel). They are based on the World Glacier Inventory by WGMS and
NSIDC updated 2012. Meteorological stations provided égt@l Asia Database (CADJUniv. of

Idaho at www.sci.uidaho.edu/cae) are marked as orange circles. During field campaigns in
2011/12AD several plant soil (green circles) and meteoric water samples (blue circles) were
taken from the southern catchments. Lalkdase and profile water samples are indicated by blue
triangles. Sediment cores are marked by yellow stars.

2.1.1 Lake Son Kol

Lake Son Kol( 4 1 A454 32656613406 0iIN,5AD@E fodaed & 3016

above sea leveh(s.l) in the Central Tian Shan of Kyrgyzstan, aboutkB0northwest of

the town Naryn (Figure 1B). The lake is at maximum k&Blong and ~1&m wide
(surface area ~283n2, maximum depth ~18) and occupies the central part of an about
60x 30km large highalpine valley (catchment area ~11Ki6?). The resulting lake volume

is 3.7times larger for Chatyr Kol (2.28 x 10n3). The catchment is surrounded by the
mountains of the Son Kol Range and Baidula Ranges in the north and thé\&8zas
Range and Moldo Raegin the south, reaching elevations of 38CG00m a.s.l.
(Shnitnikov 1980) These mountain ranges are composed of Ca@bdovician,
Carboniferous and Permian granitoids, gabbros, metamorphites, and sedimentafp&ocks
Grave et al. 2011)while the exensive pastureovered plains around the lake mainly
consist of Quaternary eros@rmmaterial from the mountains. Besides receiving water from
groundwater inflow and precipitation on its surface, the lake is predominantly fed by
rainfall and snowmelt rurifh provided by several mostly perennial tributaries. The lake is
drained by a single outlet at its eastern end, which discharges into the Naryn River and
finally into the Syr Darya. The measured salinity in summer ZIl2vas low compared to
Chatyr Kol (034g I') declaring it as largest fresh water lake in Kyrgyzstan. The
heterogeneous spatial distribution of precipitation in the region is clearly displayed by
recent data: while at the Dolon stati@1°48dN, 75°48® E, 3 0 4 Oabout 5&m sast!| . ) ,
of Son Kol, the average annual precipitation amounts to 380mimDetween 1961 and
1990 AD (National Snow and Ice Data Center (NSID@)lliams and Konovalov 2008)t

is clearly higher at lake Son Kol itself (5@D0mm) (Academy of Science of the Kyrgyz
SSR 1987) Nevertheless, the lowest precipitation appears in DJF with onl§6505 the

mean annual total precipitatioRigure3). The highest amount of precipitation is falling in
July (21%) and generally in the summer month (MJJ) witi/@6Regional wateisotope
composi t 1% of precipiation i§ more entied in summer month confirmed by
Online Isotopes in Precipitation Calculator (OIPC) data from Dolon station and event
sampling in BishkeKMorris et al. 2006)The local highkalpine climate is characterized by
short temperate summers and severely coldensnivith snow cover between November
and April. The dominance of cold moist Westerlies air masses results in low mean annual
air temperatures 6fL..6+ 0.9°C at Dolon (196188 AD, NSIDC) and mean annual relative
humidity of 55.4+ 23% at Naryn station @72 80 AD, NOAA IGRA). Own temperature
measurements confrmmanuary and Jul y°CarediG respdctivedlyb o u t
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(Figure3). Lake watertemperature ranges between <06in summer andi® °C in winter

(ice cover usually between October and late April) with almost no vertical variations (<
2 °C) throughout the water columiFigure 5A). Since the surrounding ranges fall below
the present equilibrium line altitudéSLAS), no glaciers occur in the catchment.

Owing to the high altitude and the associated extreme climate conditions, the loca
vegetation is characterized by montane steppe and meadow communities, dominated by
Poaceae (e.grestucd, Artemisig and alpine elements (e@entiang. Resulting from high
grazing pressure, dwarfed individuals of most taxa and graesigtant specse (e.g.
Leontopodiufndominate. Local trestands (mainlyicea schrenkianaoccur only beyond

the surrounding mountain ranges up to altitudes of ~89@0s.l. Most of the shore areas

are covered by sedge marsh (maifQlgrex and Kobresig, and large partef the lake

bottom down to water depths of at leas8 m are covered by submerged macrophytes (e.qg.
Myriophyllum) and algae (e.@hara).
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Figure 3: (A) Seasonal variation in mean monthly precipitation amounts {B®64D) and
temperatures (19688AD) from t he meteorol ogical station A
by NSIDC. Black dashed line represents mean monthly air temperature values carriethout 2

above ground surface at a sshielded, north facing site at Son Koltlween Sep 2011 and July

2012AD. (B) Calculated mean moif©hl yDestahl eresbpbd
41°N, 75°E and 3545 m altitude provided by the OIPC.
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2.1.2 Lake Chatyr Kol

The closeebasinLake Chat yr Kol4 0(AMRAORDDDNES WBHBLBPH 38 s
located in the Southern Tian Shan Mountains of Kyrgyzstan (Central Asia) atr3845l.,

about 14km south of Lake Son KdFigure2B). Lake Chatyr Kol has a surface area of
159kmz2, an expansion of 1@2km wide and ~2&m length, a maximum depth of 20

but a more frequently depth of 4m. Thus the water volume is rath@mall with 0.61 x

10° m3, compared to its area. It is surrounded by the At Bashy range (r9d8ahe north

and the Torgurat range @#800m) in the south (continuing norestward as Fergana
range). The closed Chatyr Kol catchment (area X083 is part of the meseenozoic Ak

Sai Basin(De Grave et al. 2011)Separated by postglacial formations it is enclosed by
basins of the Naryn River (flows into the Aral Sea) in the west and KokThaah (into

the Lopnor Lake) in the eagBhnitnikov et al. 188). The extensive plains around the lake,
which are covered by extensive pastures, are composed of Quaternary deposits, consisting
of eroded material from the mountain ranges. Lake Chatyr Kol is fed by several, partly
perennial, small tributaries and drad by one major inflow (Kekagyr River) at its nerth
eastern end deliver half of the annual inflow amount. In consideration of the shallow
ground in the east, it is clear that the Kekagyr Rippmotes the most allochthonous
material. After Romanovsky (207) this freshwater supplied area has a lower salinity
(0.24g I'") than the western deeper area (L1065g I*). The measured salinity in summer
2012AD in the western area was 1.49". The additional inflow is delivered by spring
melting of snow andgummer storm precipitation, while groundwater has an insignificant
proportion. A nomnegligible part is coming from the shaegrm summer thawing of

gl aciers as a key member of Chatyr Kol 6s
Torgurat range is310m, whereas at the northern At Bashy range it is lower at ~4010
(Koppes et al. 2008)Thus, modern glaciers of both ranges influences Chatyr Kol having
total areas between 0.1 and km? with mean elevations from 3910 to 4480(Supp.
Table2). Generally they are classified as Mountand Valley Glaciers with snow as their
source of nourishment. Due to the location east of the wee#tward Fegana range,
moisture delivered mainly by the midtitude is strongly blocked and results in very dry
conditions at Chatyr Kol. Therefore, the mean annual relative humidity is only
43.5+£21.6% (1971 2011AD, Kashi station, NOAA IGRA). The resulting novtlst to
southeast continentality gradient of decreasing precipitation rates and temperatures of
Kyrgyzstan makes Chatyr Kol catchment to one of the driest regions. By referring to the

met eorol ogi cal station (Chatyr K axipitation4 0 A3 6 6

amounts are 236586.9mm (196190AD, NSIDC). The general influence of the
Siberian Anticyclone in winter, which would decrease the amount of winter precipitation
like at the Northern Tian Shan ranges, is not effective at the southern tkegak Sai
Basin. Identical to Son Kol, the lowest precipitation appears in DJF with onfp B5the
mean annual total precipitatioRigure4A). The highest amount of precipitation is falling

in May, but generally in the summer month (JJA) with%4,7when unstable atmospheric
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stratifications increasgAizen et al. 1995)Regional vaterisotopec o mposi t ¥f@n (U D,
of precipitation is more enriched in summer month confirmed by OIPC datiéeofigure

4B). Thedominance of cal moist Westerlyair masses results in very low meamual air
temperatures df5.2+ 0.8°C at Chatyr Kol, with highest values in July and August (1961

88 AD, NSIDC). Nevertheless, warmer Midolocene conditions must have resulted in
higher precipitationand/or meltwater rising the lake level, supported by investigated
terraces of a height up to &2 (Shnitnikov et al. 1978)Lake surface is covered with ice
(thickness: 0.25 to 1.m) from October to April. Permafrost soils were found at depth
between 2d 3m (Shnitnikov et al. 1978)Thus the close timing of glacier accumulation in
spring/summer and the glacier ablation in summer characterize the glaciers in the Southern
Ti an Shan -aacsc ufivsud nanm(@getan and Higoiahidl984)The cold and dry
conditions as well as the high altitude at Chatyr Kol lead to smaller glacier area losses
compared to the Northern ranges under current rising temperatures, showing the regional
differences in glacier area changBsrama et al. 2010; Sorg et al. 2012)

Regonal climatic conditions and high altitudes determine the desert anddsseni
vegetation(Shnitnikov et al. 1978)Under the dominance of montane grassland no trees
can be foundTaft et al. 2011)PotamogetormandMyriophyllumare the most abundant lake
aquatic pants at southern lagoon withGs5m depth. Lake Chatyr Kol is not inhabited by
fish, because during winter thick ice cover caused oxygen deficich even is relatively

low in summer Figure 5B). Additional CO, and KBS degassing from groundwater and
sediment respectively prevent a fish stock. One side effect of missing fish is the large
number of amphipod&ammars alius sp. novnewly discovered at Chatyr K¢Sidorov

2012)
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Figure 4: (A) Seasonal variation in mean monthly precipitation amounts {B®64D) and
temperatures (19688AD) from the meteor ol ofgdiocAa3l6 6Nt at7i50A4 ¢
provided by NSIDC.( B) Cal cul ated mean mont htqg, stDblien i
precipitation at 40°N, 75°E and 35#baltitude provided by the OIPC.
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Figure5: Point measurements of (A) water temperafyB) water oxygen saturation and (C) water
specific conductivityData collectionvascarried out at 23July 2012AD at Chatyr Kol coring site
iChak12 _ comp2 0™Jalys2012D latlSonaKsl caairtg sité D across the water column
by using YSI 6600 V2 and YSI Cast Away CTD myddrameter water probes.

Tablel: Main physical and climatological characteristics of Lake Chatyr Kol and Son Kol.

Chatyr Kol Son Kol
Location 40°37'42"N, 75°17'30"E 41°50'41"N, 75°9'21"E
Altitude [m a.s.l.] 3545 3016°
Lake area [km? 159 283
Catchment area [km?] 1084 1116
Lake/catchment ratio 1:6.8 1:39
Glacier influence yes no
Max depth [m] 20 132
Volume [m3] 0.61 x 10° 2.28 x 10°
Mean residence time [a]® 2.4 5.3
Mean annual temperature [°C] 5.2+ 0.8° (Chatyr Kol) -1.6+0.9° (Dolon)
Mean annual precipitation [mm] 236.5 + 86.9% (Chatyr Kol) 382.9 + 92.35" (Dolon)
Mean annual relative humidity [%] 43.5+ 21.6° (Kashi) 55.4 +23.1"  (Naryn)
Specific conductivity [uS cm™]¢ 1860 530
Salinity [g 1] 1.19 0.34

2 (Lauterbach et al., 2014).
P (Gibson et al., 2002).

° (1961-88 AD; NSIDC) Chatyr Kol (40°36'N, 75°48E), Dolon (41°48N, 75°48'E).
9 (1961-90 AD; NSIDC) Chatyr Kol (40°36'N, 75°48'E), Dolon (41°48N, 75°48'E).
© (1971-2011 AD; NOAA IGRA) Kashi (39°28'12"N, 75°58'48"E).
" (1972-80 AD; NOAA IGRA) Naryn (41°25'48'N, 76°E).

9 Measured in July/August 2012 AD.
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2.2 Materials and Methods
2.2.1 Fieldwork and Sampling
2.2.1.1 Surface Sediments

Surface sedimentsi(®cm) were collected from 106 wat er depth (ASK_S10
75A1106490606E) at Lakem Swat eKoldegnd f(ricCiK_8D0
75A14061m0Bat e20d2pth (ACK_S20; 4MWARebdpth50606N,
(ACK_S30; 40A360647060N, 75 A-int &WIZECGREYity carér. Ch at
Each sample of-tm was sliced and packed in plastic bags. For following investigations all
sediment samples were freeze dried (P25, Piatkowski, Munich, Germarggaasel vegetation

pieces were removed.

2.2.1.2 Composite profiles from Son Kol

Five gravity cores of about 12065cm length were obtained in August 204 from three

di fferent sites in the eastern pmawaterdepth, Son k
E: 41A47064606Nm WaAPRTo6doedmpE,h; 11F.:5 41 M4naitér3 16 6 N,
depth; (Figure 2) by using a 99nm UWITEC gravity corer withadditional hammer weight.

Despite the large distances between the sites and likely associated spatial differences in sediment
distribution within the lake basin, all cores reveal a generally similar sediment composition
(Figure6a). As the two cores from site D (SONK_11 D1 and SONK_11 D2), which is located

~2km off a large fluvial fan at the southern lake shore (

Figure 2C), contained the longest sediment sequence, a-criirféding composite profile
(SONK_11 D1/2) was constructed from these cores by correlating them via distinct lithological
marker &yers Figure 6b). Following core opening, photographing, and lithostratigraphical
description, one half of the composite profile was kept for-destuctive corescanning
analyses, while the second was subsampled for sedimentological, isotopigedoio@mical,

and micrepalaeontological analyses as well as for radiocarbon dating.
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Figure6: Sediment lithology from SoKol.

(a) General correlation between the five sediment cores obtained from Son Kol. Solid lines indicate
boundaries of major lithostratigraphical units, dashed lines further correlation layers. (b) Schematic
lithological profile and corresponding lithodigraphical units of the composite profile
SONK_11 D1/2. Detail photographs of the two sediment cores SONK_11 D1 and SONK_11 D2
illustrate the close agreement between both cores and the correlation through distinct lithological

marker layers.
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2.2.1.3 Compositeprofiles from Chatyr Kol

Four overlapping 6@nm piston cores of-én length from 20n water depth were taken in
July/August 201D from the deepest sdutvestern part of Chatyr Kol4(0 A3 Bl,. 37 6

7 5 A 1 B). frdetermination of the deepest lake positioneanesounder was used.

After correlating distinct lithological marker layers of piston cores, the &28.9ong
composite profile @AChak12corexn(B2o,2B8u, A30,MA3Uj St i n
Blo, Ado, A20 and A2u) was constructed.
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Figure7: Construction of composite profile fAiChak12
lines indicate connection points between gravity cores (dark grey).
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2.2.1.4 Organic matter

To identify the imprint of different types of organic matter (OM) in thke sediments,
several samples of terrestrial and aquatic plants, algae, and dung from different herbivores,
representing the digested residchfeterrestrial plant materialvere collected from the lake

and its catchment during field campaigns in sum@2@tl and 2012D. In addition,
several samples of catchment soils were tdkem different depth intervalsAll samples

were airdried in the field, and soil samples were additionally sieved@atin2mesh size.

2.2.1.5 Water

To investigate isotopic compositiorf different water sources we collected roots, leaves
and soil for water extraction in July/August 204R as well as lake surface water, lake
profile water, river water and precipitation from rainfall events in August 2@ &nd
July/August 2012AD mainly from Lake Chatyr Kol and Son Kol. Regional water samples
from Lake Ak Kol (77km west of Son Kol), Lake Aram Kol, Lake Irik Kol, Lake Kyle

Kol, Lake Sary Chelek and River Arkit (2k@n west of Son Kol) as well as River Arabel
(210km east of Son Kol) wereollected in June 2012D (Figure 2B). Note that these
sampling sides are located on the same latitude like Son Kol. Plant compartments like roots
and leaves were collected at early afternoon by sampling different individuals of a species.
After cutting with scissors they were enclosed inndGcrew cap vials (PE) separately and
sealed with plastic paraffin film. The ambient soil 86 @&nd $10cm depth was sieved at
2-mm mesh size, enclosed in-80 vials and tightly sealed. Riverlake water and
precipitation were directly filled in 36nl vials and sealed without having air bubbles on
top.

2.2.2 Radiometric dating
2221Composite profile ASonkl1l1l D1/ 20

In order to establish a chronology for the composite profile from Son Kol, 28 samples of
organic material (plant macrofossils, shells, bulk sedimeiigated from the sediments as
well as from recenglgae (

Table 2) were dated by accelerator mass spectrometry (AMS) dati ng at t he
Radiocarlon Laboratory. The resulting conventional radiocarbon ages were calibrated
using OxCal 4.XRamsey 1995, 2001; Ramsey 2008 the IntCal09 calibration data set

(Reimer et al. 2009)To further constrain the chronology, activity measurements for the
shot-lived radionuclides®*'Cs and®*’Am were carried out on dried and homogenized
sediment samples, taken continuously atdksteps from the uppermost &t of the

sediment core. Measurements were conducted by gamma spectrometry using a high
efficiency, lowbackground weltype germanium etector (Canberra Industries GWC
25227500 SL) and processed with the software GENIE 2000 3.0. Counting statistics were
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better than 346 for **'Cs (661keV) and better than 2 for **’Am (59.5keV), except for
samples with very low activities (< 0.0 g* **’Am). The measurement accuracy was
validated using the standard reference materials lBBAand IAEA385, and a correction
was applied for filling height (1i2.7cm) and sample weight (G.8.0g). The resulting
mean sediment accumulation rate i yr* (1 cm=~41yr).

Figure8: Age model ofcomposite profile SONK_11 D1/2.
Resultsderived from the P_Sequendepositional model (model parameter R) implemented in
OxCal 4.1 (Ramsey 1995, 2001; Ramsey 2008). The solid line between individual radiocarbon

dates represents the age model and the grey sh:
AMS 'C dates obtained from bulk sediment OM, Pisidium nitidum shells and terrestrial plant
remains are displayed as calibrated 20 probabi

corrected for the hardwater effect prior to calibration and italicizetbks were omitted from the
age modelling procedure. The inset shows resultf@$ andAm activity measurements on the
uppermost 1@m of the composite profile.




































































































































































































































































































































































































































