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1 General Introduction 

1.1 Motivation  

Current warming as threat for Central Asian water allocation 

One of the major recent problems of human 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 primary 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 is the world third largest headwater area (ñThird 

Poleò) with huge numbers of glaciers, snowfields and lakes located in mountain ranges of 

the Tian Shan, Pamir, Karakorum, Himalaya and the Tibetan Plateau known as ñwater 

towers of Asiaò. Since river pathways cross borders of several Central Asian countries, they 

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 summer, variability 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 

ñthat Northern Hemisphere spring snow cover will decrease during the 21
st
 century as 

global mean surface temperature rises and global glacier volume will further decreaseò 

(Stocker et al. 2013). Climate change scenarios are still unreliable, with unknown total 

changes in precipitation and temperature for Central Asia, but 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, long-term data from the past climate changes, 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 unclear (Unger-

Shayesteh et al. 2013). It 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 mountain ranges. The 

decreasing summer runoff holds massive conflict potential for upstream and downstream 

countries, which are using Tian Shan meltwater (Sorg et al. 2012). One example of 

excessive irrigation plus reduced runoff is the progressive desiccation of the Aral Sea since 

the 1960s (Karthe et al. 2015).  
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Reconstruction of the Westerlies in Central Asia 

A climate parameter tightly 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 precipitation (Solomon 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 system (Chen et al. 2010). As this system naturally interplays with 

Asian monsoons and the Siberian Anticyclone, changes in its source region lead to 

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 ocean-atmospheric teleconnections 

e.g. North Atlantic Oscillation (NAO) and El Nino Southern Oscillation (ENSO), thus 

influencing the intensity and dominance of the circulation systems (Hurrell and Deser 

2009). These factors hinder a precise climate prediction for Central Asia in a global 

warming scenario. Moisture variability on short timescales is mainly determined by the 

combination of North Atlantic sea-surface temperatures (SSTs) and summer insolation; 

however, impact of secondary feedback mechanisms possibly play another important role.  

The mid-latitude Westerlies bring moisture to a lesser fraction directly from the North 

Atlantic (13 %), and a major fraction recycled via Aral-Caspian basin, eastern 

Mediterranean and Black Seas (87 %) to the east (Aizen et al. 1997; Aizen 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 Mediterranean (Lioubimtseva et al. 2005; Chen 

et al. 2010). Total amounts are significantly lower compared to the Indian Ocean Summer 

Monsoon (IOSM) resulting in the term ñArid Central Asiaò (ACA). However, regional 

delivery can be very heterogeneous at spatial and temporal scale. Water transport can reach 

far east regions like the Mongolian and Tibetan Plateau (Sato et al. 2007), so that the core 

zone of the westerly-dominated climatic regime was defined between 35°ï53°N and 50°ï

90°E (Huang et al. 2015). It is even assumed that North Atlantic signal prominently 

penetrated more eastwards during full glacial periods, so reaching the Southern Tibetan 

Plateau (Günther et al. 2015) and most western Chinese Loess Plateau, because of the 

steeper meridional thermal gradient (Vandenberghe et al. 2006). Additionally, also the 

Siberian High became stronger in glacial periods, due to enhanced surface cooling of 

Eurasia. The westerly mean wind speeds were higher by 60 % in glacial times compared to 

interglacial ones. The effective moisture in Arid Central Asia during the Holocene, the 

subsequent period of the Last Glacial, is temporally very inconsistent (Figure 1).  
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Figure 1: Atmospheric circulation systems influencing Arid Central Asia and the Tibetan Plateau in 

summer (July) and winter (January) month and mean annual precipitation from 2009 AD. 

Precipitation data are provided by CGIAR-CSI (http://www.cgiar-csi.org/data/uea-cru-ts-v3-10-01-

historic-climate-database). Palaeoenvironmental records in Asia are marked with IDs and orange 

circle: (1) Caspian Sea (Rychagov 1997); (2) Aral Sea (Sorrel et al. 2009); (3) Lake Balkash; (4) 

this study, Lake Son Kol; (5) this study, Lake Chatyr Kol; (6) Lake Issyk Kul (Ricketts et al. 2001); 

(7) Lake Karakul (Mischke et al. 2010); (8) Kashgar (Zhao et al. 2012); (9) Lake Karakuli (Aichner 

et al. 2015); (10) Lake Sasi Kul (Lei et al. 2014); (11) Lake Bosten (Wünnemann et al. 2006); (12) 

Lake Sumxi Co (Vancampo and Gasse 1993); (13) Lake Bangong Co (Gasse et al. 1996); (14) this 

study, Lake Nam Co; (15) Lake Qinghai (Lister et al. 1991); (16) Lake Zhuyeze (Chen et al. 2006) 

and (17) Lake Baikal (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 

Westerlies-dominated arid Asia (Huang et al. 2015) and blue dashed line indicates the modern limit 

of the summer monsoon (Chen 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 moisture history in ACA and 

Monsoonal Asia (Herzschuh 2006; Chen et al. 2008; Chen et al. 2010; Ran and Feng 2013) 

indicating that (1) the ñHolocene Thermal Optimumò of monsoonal influenced Tibetan 

Plateau was reached in the Early Holocene and of Westerlies influenced north-western 

China during the Mid-Holocene; (2) the ñHolocene Moisture Optimumò of the Tibetan 

Plateau occurred during the Early Holocene, while in Xinjiang (north-west China) at the 

Late Holocene; (3) during the last 2000 years moisture shows inverse relationship to 

temperature in ACA. With these insights of asynchronous inter-regional and synchronous 

intra-ACA moisture changes along a dry Early-, a less dry Mid- and moderately wet Late 

Holocene, the effective moisture evolution of ACA is seen as ñout-of-phaseò to monsoonal 

Asia (Chen et al. 2008). 

 

Climatic and environmental relevant proxies 

To understand the seasonal impact of climate change on regional hydrology we have to reduce 

the uncertainties in climate predictions. As already mentioned, meteorological data would 

display the ultimate data source, however data collection before their installation in 

1890 AD and after breakdown of former Soviet Union in 1991 AD has become complicated 

in Central Asia. Therefore, alternative long-term high-resolution archives like lacustrine 

varved sediments, speleothems, tree-rings, 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 matter and 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 Schouten (2011), with compound-specific isotope analysis using isotope 

ratio mass spectrometry as one of the newly established methods. The use of leaf wax 

biomarkers like n-alkanes, with a high chemical inertness, insolubility and resistance to 

biodegradation 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 the 

hydrogen-isotopic composition (ŭD) of terrestrial and aquatic n-alkanes records the isotopic 

signal of their environmental water, they gain increased importance as palaeoclimate proxy 

(Sachse et al. 2012). Nevertheless, isotopic fractionation between source water 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 or relative humidity clearly modify 

the ŭD signal (Sachse et al. 2006; Hou et al. 2008; Polissar and Freeman 2010). The 

contemplation of terrestrial and aquatic derived signals can qualify the ecosystem 
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evapotranspiration (Sachse et al. 2006), since terrestrial plants use the meteoric water and 

aquatic organism the lake water for n-alkane biosynthesis. Further investigations raise the 

possibility to use the isotopic difference to estimate evaporation to inflow ratios and 

reconstruct water balances (Mügler 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 index (5 ) from haptophyte-produced long-chain alkenones (LCAs), 

one of the oldest organic geochemical proxy (Brassell et al. 1986). The application of a 

universal temperature calibration is possible in the marine sector (Conte et al. 2006), 

whereas lacustrine settings 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 the alkenone distribution and (3) the response of haptophyte species to 

environmental parameters like temperature, salinity and nutrient availability are necessary 

to create and understand lake-specific LCA calibrations. Some studies reported better 

correlations of seasonal temperatures rather than mean annual temperatures (Zink et al. 

2001; Pearson et al. 2008), which 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 influenced (Rontani et al. 2013). Few palaeoclimate studies so 

far investigated alkenones, and even less knowledge is available to interpret past periods of 

degraded LCA signatures. 

To optimize the palaeoenvironmental reconstruction using organism-specific organic 

compounds, since they are influenced by additional factors and processes, multi-proxy and 

interdisciplinary investigations should be applied. The additional acquisition of bulk 

organic and inorganic carbon, oxygen- and nitrogen elemental, isotopic and molecular 

composition provide evidences of organic matter delivery and accumulation (Meyers 

2003). Catchment related minerogenic input to lake systems as well as lake internal 

precipitation and redox processes inferred from bulk elemental compositions via X-ray 

Fluorescence scanning (XRF) give further insight into factors influencing the sedimentary 

record to decipher the limnological history 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 multi-proxy investigations with multi-location 

comparisons to strengthen the 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) the general 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 ACA and the interplay with Asian monsoons. To 
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discover these topics long-term high-resolution 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 research project CADY ñCentral Asian climate 

dynamicsò within the research program CAME ñCentral Asia and Tibet: Monsoon 

dynamics and geo-ecosystemsò. This project aims to reconstruct the Holocene climate 

variability and regional hydrology in Central Asia to provide an 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 the Asian 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 Tibetan Plateau. Additional information are needed of 

glacier responses to climate changes to better predict meltwater supply during the current 

ñglobal warming scenarioò. Therefore, understanding of past time intervals with similar 

conditions like Early Holocene warming or deglaciation at the end of the Last Glacial 

Maximum (LGM) is essential. 

I 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 the Westerlies, 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 ocean-atmospheric teleconnections 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. Identify the biological source of lacustrine sedimentary n-alkanes as well as source 

waters for their biosynthesis in Central Kyrgyzstan lake systems. 

3. Undertake qualification of climate relevant parameters controlling isotopic 

composition of n-alkanes based on meteorological data. 

4. Investigate the applicability of alkenones 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 signature in stadial and inter-stadial 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 teleconnections. 

Therefore, an inventory of lake/catchment hydrology during late-summer was 

accomplished at Lake Son Kol and Chatyr Kol inferred from lake-, inflow-, precipitation-, 

soil-, plant- and compound-specific sedimentary hydrogen/oxygen isotopic composition 

data (1). Comparison of n-alkane signatures from terrestrial and aquatic plants with 

lacustrine sediments was carried out to decipher local n-alkane sources in the lake systems 

(2). Subsequently, compound-specific hydrogen isotopic composition from recent surface 

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 temperature-sensitive proxies have been performed to characterize 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 climate-sensitive proxies were applied on Kyrgyz sedimentary 

records spanning the Holocene period to reconstruct ancient climate variability (6ï8). 

 

1.3 Thesis Organization 

The thesis is organized into 10 chapters. The following Chapter 2 explains the general 

methods in all studies and a detailed description of the sampling sites. Chapter 3 evaluates 

the surface sediment compound-specific stable hydrogen isotope composition from Kyrgyz 

Lakes Son Kol and Chatyr Kol with modern observational climate data. Chapter 4 is a peer-

reviewed published article in The Holocene (Lauterbach et al. 2014) investigating the 

climatic imprint of the mid-latitude 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 variability and consequences on glacier melt and lake level 

changes using Lake Chatyr Kol sediments. The thesis ends with a synthesis in Chapter 6, a 

summary in English (Chapter 7) and German (Chapter 8). The references are listed in 

Chapter 9. An additional manuscript, as part of the supplementary material (Chapter 10) is 

under revision in the Journal of Paleolimnology (Witt et al. 2015) and additionally 

discusses the influence of the Westerlies at the Tibetan Plateau during the Last Glacial 

Maximum using Lake Nam Co sediments. 
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2 Study Sites and Methods 

2.1  Study Sites 

 

Figure 2: The study region. 

Location of Lake Son Kol (C) and Chatyr Kol (D) within the Tian Shan mountain range in 

Kyrgyzstan (B), Central Asia (A). The 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 neighboring 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. Table 1). They are based on the World Glacier Inventory by WGMS and 

NSIDC updated 2012. Meteorological stations provided by Central Asia Database (CAD) (Univ. of 

Idaho at www.sci.uidaho.edu/cae) are marked as orange circles. During field campaigns in 

2011/12 AD several plant-, soil- (green circles) and meteoric water samples (blue circles) were 

taken from the southern catchments. Lake surface- 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 (41Á45ô32ôôNï41Á55ô34ôôN, 75Á1ô7ôôEï75Á20ô10ôôE) is located at 3016 m 

above sea level (a.s.l.) in the Central Tian Shan of Kyrgyzstan, about 80 km northwest of 

the town Naryn (Figure 1B). The lake is at maximum ~29 km long and ~18 km wide 

(surface area ~283 km², maximum depth ~13 m) and occupies the central part of an about 

60 x 30 km large high-alpine valley (catchment area ~1116 km²). The resulting lake volume 

is 3.7-times larger for Chatyr Kol (2.28 x 10
9
 m³). The catchment is surrounded by the 

mountains of the Son Kol Range and Baidula Ranges in the north and the Baur-Alabas 

Range and Moldo Range in the south, reaching elevations of 3800 ï 4000 m a.s.l. 

(Shnitnikov 1980). These mountain ranges are composed of Cambro-Ordovician, 

Carboniferous and Permian granitoids, gabbros, metamorphites, and sedimentary rocks (De 

Grave et al. 2011), while the extensive pasture-covered plains around the lake mainly 

consist of Quaternary erosional material from the mountains. Besides receiving water from 

groundwater inflow and precipitation on its surface, the lake is predominantly fed by 

rainfall and snowmelt runoff, 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 2012 AD was low compared to 

Chatyr Kol (0.34 g l
-1

) 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 station (41°48ôN, 75°48ôE, 3040 m a.s.l.), about 50 km east 

of Son Kol, the average annual precipitation amounts to 380 ± 92 mm between 1961 and 

1990 AD (National Snow and Ice Data Center (NSIDC) (Williams and Konovalov 2008), it 

is clearly higher at lake Son Kol itself (500ï600 mm) (Academy of Science of the Kyrgyz 

SSR 1987). Nevertheless, the lowest precipitation appears in DJF with only 5.5 % of the 

mean annual total precipitation (Figure 3). The highest amount of precipitation is falling in 

July (21 %) and generally in the summer month (MJJ) with 56 %. Regional water isotope 

composition (ŭD, ŭ
18

O) of precipitation is more enriched in summer month confirmed by 

Online Isotopes in Precipitation Calculator (OIPC) data from Dolon station and event 

sampling in Bishkek (Morris et al. 2006). The local high-alpine climate is characterized by 

short temperate summers and severely cold winters with snow cover between November 

and April. The dominance of cold moist Westerlies air masses results in low mean annual 

air temperatures of -1.6 ± 0.9 °C at Dolon (1961ï88 AD, NSIDC) and mean annual relative 

humidity of 55.4 ± 23 % at Naryn station (1972ï80 AD, NOAA IGRA). Own temperature 

measurements confirm January and July means of about ī20 °C and 10 °C, respectively 
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(Figure 3). Lake water temperature ranges between ~16 °C in summer and 0ï2 °C in winter 

(ice cover usually between October and late April) with almost no vertical variations (< 

2 °C) throughout the water column (Figure 5A). Since the surrounding ranges fall below 

the present equilibrium line altitudes (ELAs), no glaciers occur in the catchment.  

Owing to the high altitude and the associated extreme climate conditions, the local 

vegetation is characterized by montane steppe and meadow communities, dominated by 

Poaceae (e.g. Festuca), Artemisia, and alpine elements (e.g. Gentiana). Resulting from high 

grazing pressure, dwarfed individuals of most taxa and grazing-resistant species (e.g. 

Leontopodium) dominate. Local tree-stands (mainly Picea schrenkiana) occur only beyond 

the surrounding mountain ranges up to altitudes of ~3000 m a.s.l. Most of the shore areas 

are covered by sedge marsh (mainly Carex and Kobresia), and large parts of the lake 

bottom down to water depths of at least 7ï8 m are covered by submerged macrophytes (e.g. 

Myriophyllum) and algae (e.g. Chara). 

 

Figure 3: (A) Seasonal variation in mean monthly precipitation amounts (1961ï90 AD) and 

temperatures (1961ï88 AD) from the meteorological station ñDolonò (41Á48ôN, 75Á48ôE) provided 

by NSIDC. Black dashed line represents mean monthly air temperature values carried out 2 m 

above ground surface at a sun-shielded, north facing site at Son Kol between Sep 2011 and July 

2012 AD. (B) Calculated mean monthly stable isotope composition (ŭ
18
O, ŭD) in precipitation at 

41°N, 75°E and 3545 m altitude provided by the OIPC.  
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2.1.2 Lake Chatyr Kol  

The closed-basin Lake Chatyr Kol (40Á34ô32ôôNï40Á42ô29ôôN, 75Á9ô33ôôEï75Á24ô4ôôE) is 

located in the Southern Tian Shan Mountains of Kyrgyzstan (Central Asia) at 3545 m a.s.l., 

about 140 km south of Lake Son Kol (Figure 2B). Lake Chatyr Kol has a surface area of 

159 km², an expansion of 10ï12 km wide and ~23 km length, a maximum depth of 20 m 

but a more frequently depth of 1ï4 m. Thus the water volume is rather small with 0.61 x 

10
9
 m³, compared to its area. It is surrounded by the At Bashy range (~4600 m) in the north 

and the Torgurat range (> 4800 m) in the south (continuing north-westward as Fergana 

range). The closed Chatyr Kol catchment (area 1084 km²) is part of the meso-cenozoic 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 Kokshaal-Tarym (into 

the Lopnor Lake) in the east (Shnitnikov et al. 1978). 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 drained by one major inflow (Kekagyr River) at its north-

eastern end deliver half of the annual inflow amount. In consideration of the shallow 

ground in the east, it is clear that the Kekagyr River promotes the most allochthonous 

material. After Romanovsky (2007) this freshwater supplied area has a lower salinity 

(0.24 g l
-1

) than the western deeper area (1.06ï1.15 g l
-1

). The measured salinity in summer 

2012 AD in the western area was 1.19 g l
-1

. The additional inflow is delivered by spring 

melting of snow and summer storm precipitation, while groundwater has an insignificant 

proportion. A non-negligible part is coming from the short-term summer thawing of 

glaciers as a key member of Chatyr Kolôs water balance. The recent ELA of the southern 

Torgurat range is 4340 m, whereas at the northern At Bashy range it is lower at ~4010 m 

(Koppes et al. 2008). Thus, modern glaciers of both ranges influences Chatyr Kol having 

total areas between 0.1 and 1.4 km² with mean elevations from 3910 to 4430 m (Supp. 

Table 2). Generally they are classified as Mountain- and Valley Glaciers with snow as their 

source of nourishment. Due to the location east of the north-westward Fergana range, 

moisture delivered mainly by the mid-latitude is strongly blocked and results in very dry 

conditions at Chatyr Kol. Therefore, the mean annual relative humidity is only 

43.5 ± 21.6 % (1971ï2011 AD, Kashi station, NOAA IGRA). The resulting northwest 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 

meteorological station (Chatyr Kol, 40Á36óN, 75Á48óE) the mean annual precipitation 

amounts are 236.5 ± 86.9 mm (1961ï90 AD, 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 ranges like Ak Sai 

Basin. Identical to Son Kol, the lowest precipitation appears in DJF with only 5.5 % of the 

mean annual total precipitation (Figure 4A). The highest amount of precipitation is falling 

in May, but generally in the summer month (JJA) with 47 %, when unstable atmospheric 
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stratifications increase (Aizen et al. 1995). Regional water isotope composition (ŭD, ŭ
18

O) 

of precipitation is more enriched in summer month confirmed by OIPC data on site (Figure 

4B). The dominance of cold moist Westerly air masses results in very low mean annual air 

temperatures of ï5.2 ± 0.8 °C at Chatyr Kol, with highest values in July and August (1961ï

88 AD, NSIDC). Nevertheless, warmer Mid-Holocene conditions must have resulted in 

higher precipitation and/or meltwater rising the lake level, supported by investigated 

terraces of a height up to 32 m (Shnitnikov et al. 1978). Lake surface is covered with ice 

(thickness: 0.25 to 1.5 m) from October to April. Permafrost soils were found at depth 

between 2 to 3 m (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 

Tian Shan as ñsummer-accumulation typeò (Ageta and Higuchi 1984). 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 changes (Narama et al. 2010; Sorg et al. 2012). 

Regional climatic conditions and high altitudes determine the desert and semi-desert 

vegetation (Shnitnikov et al. 1978). Under the dominance of montane grassland no trees 

can be found (Taft et al. 2011). Potamogeton and Myriophyllum are the most abundant lake 

aquatic plants at southern lagoon with < 0.5 m depth. Lake Chatyr Kol is not inhabited by 

fish, because during winter thick ice cover caused oxygen deficit, which even is relatively 

low in summer (Figure 5B). Additional CO2 and H2S degassing from groundwater and 

sediment respectively prevent a fish stock. One side effect of missing fish is the large 

number of amphipoda Gammarus alius sp. nov. newly discovered at Chatyr Kol (Sidorov 

2012). 

 

Figure 4: (A) Seasonal variation in mean monthly precipitation amounts (1961ï90 AD) and 

temperatures (1961ï88 AD) from the meteorological station ñChatyr Kolò (40Á36ôN, 75Á48ôE) 

provided by NSIDC. (B) Calculated mean monthly stable isotope composition (ŭ
18
O, ŭD) in 

precipitation at 40°N, 75°E and 3545 m altitude provided by the OIPC. 
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Figure 5: Point measurements of (A) water temperature, (B) water oxygen saturation and (C) water 

specific conductivity. Data collection was carried out at 23
rd
 July 2012 AD at Chatyr Kol coring site 

ñChak12_comp2ò as well as at 31
st
 July 2012 AD at Son Kol coring site D across the water column 

by using YSI 6600 V2 and YSI Cast Away CTD multi-parameter water probes. 

Table 1: 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 3016a

Lake area [km²] 159 283

Catchment area [km²] 1084 1116

Lake/catchment ratio 1 : 6.8 1 : 3.9

Glacier influence yes no

Max depth [m] 20 13a

Volume [m³] 0.61 x 109 2.28 x 109

Mean residence time [a]b
2.4 5.3

Mean annual temperature [°C] -5.2 ± 0.8c     (Chatyr Kol) -1.6 ± 0.9c       (Dolon)

Mean annual precipitation [mm] 236.5 ± 86.9d (Chatyr Kol) 382.9 ± 92.35d (Dolon)

Mean annual relative humidity [%] 43.5 ± 21.6e   (Kashi) 55.4 ± 23.1f       (Naryn)

Specific conductivity [µS cm-1]g 1860 530

Salinity [g l-1] 1.19 0.34
a (Lauterbach et al., 2014).
b (Gibson et al., 2002).
c (1961-88 AD; NSIDC) Chatyr Kol (40°36'N, 75°48'E), Dolon (41°48'N, 75°48'E).
d (1961-90 AD; NSIDC) Chatyr Kol (40°36'N, 75°48'E), Dolon (41°48'N, 75°48'E).
e (1971-2011 AD; NOAA IGRA) Kashi (39°28'12''N, 75°58'48''E).
f  (1972-80 AD; NOAA IGRA) Naryn (41°25'48''N, 76°E).
g 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 sediments (0ï5 cm) were collected from 10.5 m water depth (ñSK_S1ò; 41Á47ô39ôôN, 

75Á11ô49ôôE) at Lake Son Kol and from 20.5 m water depth (ñCK_S1ò; 40Á36ô22ôôN, 

75Á14ô1ôôE), 20.2 m water depth (ñCK_S2ò; 40Á36ô15ôôN, 75Á13ô46ôôE) and 15.4 m water depth 

(ñCK_S3ò; 40Á36ô47ôôN, 75Á16ô22ôôE) at Chatyr Kol using a 90-mm UWITEC gravity corer. 

Each sample of 1-cm was sliced and packed in plastic bags. For following investigations all 

sediment samples were freeze dried (P25, Piatkowski, Munich, Germany) and coarse vegetation 

pieces were removed. 

2.2.1.2 Composite profiles from Son Kol 

Five gravity cores of about 120ï165 cm length were obtained in August 2011 AD from three 

different sites in the eastern part of Son Kol (D: 41Á47ô38ôôN, 75Á11ô49ôôE, 10.5 m water depth; 

E: 41Á47ô4ôôN, 75Á11ô4ôôE, 11.5 m water depth; F: 41Á49ô31ôôN, 75Á12ô03ôôE, 12.5 m water 

depth; (Figure 2) by using a 90-mm UWITEC gravity corer with additional 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 

(Figure 6a). As the two cores from site D (SONK_11_D1 and SONK_11_D2), which is located 

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

Figure 2C), contained the longest sediment sequence, a ~175-cm-long composite profile 

(SONK_11_D1/2) was constructed from these cores by correlating them via distinct lithological 

marker layers (Figure 6b). Following core opening, photographing, and lithostratigraphical 

description, one half of the composite profile was kept for non-destructive core-scanning 

analyses, while the second was subsampled for sedimentological, isotopic, (bio)-geochemical, 

and micro-palaeontological analyses as well as for radiocarbon dating. 
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Figure 6: Sediment lithology from Son Kol. 

(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 lithostratigraphical 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 Composite profiles from Chatyr Kol  

Four overlapping 60 mm piston cores of 6-m length from 20 m water depth were taken in 

July/August 2012 AD from the deepest south-western part of Chatyr Kol (40Á36.37ôN, 

75Á14.02ôE). For determination of the deepest lake position an echo-sounder was used. 

After correlating distinct lithological marker layers of piston cores, the 623.5-cm long 

composite profile ñChak12_comp2ò consisting of eight sub-cores (B2o, B2u, A3o, A3u, 

B1o, A4o, A2o and A2u) was constructed. 

 

 

Figure 7: Construction of composite profile ñChak12_Comp2ò obtained from Chatyr Kol. Dashed 

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 the lake sediments, 

several samples of terrestrial and aquatic plants, algae, and dung from different herbivores, 

representing the digested residue of terrestrial plant material, were collected from the lake 

and its catchment during field campaigns in summer 2011 and 2012 AD. In addition, 

several samples of catchment soils were taken from different depth intervals. All samples 

were air-dried in the field, and soil samples were additionally sieved at 2 mm mesh size. 

 

2.2.1.5 Water  

To investigate isotopic composition of different water sources we collected roots, leaves 

and soil for water extraction in July/August 2012 AD as well as lake surface water, lake 

profile water, river water and precipitation from rainfall events in August 2011 AD and 

July/August 2012 AD mainly from Lake Chatyr Kol and Son Kol. Regional water samples 

from Lake Ak Kol (77 km west of Son Kol), Lake Aram Kol, Lake Irik Kol, Lake Kyle 

Kol, Lake Sary Chelek and River Arkit (270 km west of Son Kol) as well as River Arabel 

(210 km east of Son Kol) were collected in June 2012 AD (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 in 30-ml screw cap vials (PE) separately and 

sealed with plastic paraffin film. The ambient soil at 0ï5 and 5ï10 cm depth was sieved at 

2-mm mesh size, enclosed in 30-ml vials and tightly sealed. River-, lake water and 

precipitation were directly filled in 30-ml vials and sealed without having air bubbles on 

top. 

 

2.2.2 Radiometric dating 

2.2.2.1 Composite profile ñSonk11_D1/2ò 

In order to establish a chronology for the composite profile from Son Kol, 28 samples of 

organic material (plant macrofossils, shells, bulk sediment) collected from the sediments as 

well as from recent algae ( 

Table 2) were dated by accelerator mass spectrometry (AMS) 
14
C dating at the PoznaŒ 

Radiocarbon Laboratory. The resulting conventional radiocarbon ages were calibrated 

using OxCal 4.1 (Ramsey 1995, 2001; Ramsey 2009) with the IntCal09 calibration data set 

(Reimer et al. 2009). To further constrain the chronology, activity measurements for the 

short-lived radionuclides 
137

Cs and 
241

Am were carried out on dried and homogenized 

sediment samples, taken continuously at 0.5-cm-steps from the uppermost 10 cm of the 

sediment core. Measurements were conducted by gamma spectrometry using a high-

efficiency, low-background well-type germanium detector (Canberra Industries GWC 

2522-7500 SL) and processed with the software GENIE 2000 3.0. Counting statistics were 
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better than 5 % for 
137

Cs (661 keV) and better than 20 % for 
241

Am (59.5 keV), except for 

samples with very low activities (< 0.002 Bq g
-1

 
241

Am). The measurement accuracy was 

validated using the standard reference materials IAEA-384 and IAEA-385, and a correction 

was applied for filling height (1.3ï2.7 cm) and sample weight (0.8ï2.0 g). The resulting 

mean sediment accumulation rate is 0.2 mm yr
-1

 (1 cm = ~41 yr). 

 

 

Figure 8: Age model of composite profile SONK_11_D1/2. 

Results derived from the P_Sequence depositional model (model parameter k = 2) implemented in 

OxCal 4.1 (Ramsey 1995, 2001; Ramsey 2008). The solid line between individual radiocarbon 

dates represents the age model and the grey shading represents the 2ů probability range. Individual 

AMS 
14

C dates obtained from bulk sediment OM, Pisidium nitidum shells and terrestrial plant 

remains are displayed as calibrated 2ů probability functions. Aquatic samples with asterisks were 

corrected for the hardwater effect prior to calibration and italicized samples were omitted from the 

age modelling procedure. The inset shows results of 
137

Cs and 
241

Am activity measurements on the 

uppermost 10 cm of the composite profile. 

 
























































































































































































































































































