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Summary

Climate change has become a serious challenge to society in past decades. Changes in
atmospheric conditions combined with sea level rise are expected to affect changes in
economic wealth, modify the distribution of the earth’s most fertile land, and induce
major migration of populations. Future climate scenarios still suffer large uncertain-
ties. This is due to disagreement in climate models results, uncertainties in 21st century
greenhouse gas emissions and discrepancy in paleoclimate reconstructions used to cali-
brate climate models. Nevertheless, model runs and observation clearly suggest that 20th

century warming is human induced and can be attributed to the additional forcing of
anthropogenic emissions. However, climate change has strong regional expression. More
and more paleoclimate reconstructions aim to capture regional signals in order to place
these recent climate changes in a long-term context. Regional estimates of the Medieval
Warm Period (MWP) are still insufficient mostly due to limited data prior the Little Ice
Age (LIA) and poor regional coverage. In this study the region of interest is continen-
tal Asia, more specificly the Altai mountain range located between the Siberian forest
and the deserts of Central Asia. In recent decades this part of the globe experienced
enhanced warming. Together with the Arctic it belongs to most affected regions of cur-
rent climate change. The internal climate variability of this part of Central Asia still
lacks understanding. For example changes in the Siberian High intensity, located above
the Altai during wintertime have been associated to Eurasian climate. Current Central
Asian climate reconstructions are strongly biased towards tree-ring chronologies.
The initial goals of this study was to extend paleoclimate records derived from the
Belukha ice core located on the north slope of the Altai, and to test the identified
correlation between solar forcing and temperature in the Altai region for a warm climate
interval such as the MWP. Here we present the results of a newly collected ice core from
the Tsambagarav massif located on the southern slope of the Altai. A strong northwest
to southeast precipitation gradient in the Altai suggest longer climate archives in the
Mongolian Altai. The new record was assumed to provide additional regional paleo-
climate records for improved understanding of the regional climate. The dating of the
Tsambagarav ice core allowed studying Holocene glacier fluctuations and reconstruction
of accumulation rates. Biogenic species measured in the ice core reflect temperature
changes of the Siberian forests. The Tsambagarav paleoclimate records combined with
climate reconstructions of the Belukha ice core, drilled during summer 2001 and located
350 km northwest of the Tsambagarav massif, enabled to investigate the spatial repre-
sentativeness of the proxies.

The Tsambagarav ice core was dated with a variety of methods, including identifica-
tion of reference horizons, annual layer counting, nuclear dating with 210Pb, 3H, and a
novel 14C technique. This gives confidence in the obtained chronology. The upper 36 m
weq embody 200 years of climate information, suitable for climate reconstruction with
annual resolution. Strong annual layer thinning characterizes the lower 20 m weq. To
obtain a continuous age-depth profile, an empirical equation was implemented, linking
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the upper and lower part of the ice core. The accumulation reconstruction indicates
changes in the precipitation pattern over the last 6000 years. The most recent 200 years
are influenced by relative humid conditions, preceded by an arid period beginning around
5000 years BP. During the build-up phase of the glacier around 6000 years BP, the de-
rived accumulation suggests an increase in precipitation. This is in agreement with other
reconstructions, pointing to a consistent precipitation evolution for the Altai region.
As dating of the basal ice revealed a build-up of the glacier at roughly 6000 years BP, this
suggests complete glacier disappearance during the Holocene Climate Optimum (HCO)
as observed in various other places of the globe. The waxing of the glacier provides
benchmarks for the end of the HCO and the onset of the Neoglaciation at around 6000
years BP. The total glacier disappearance indicates higher temperatures at that time
compared to present, especially since the period preceding the Neoglaciation experienced
humid climatic conditions. High accumulation during the build-up of the glacier com-
bined with decreasing temperatures is a plausible hypothesis for the onset of the glaciers
in the Tsambagarav mountain range. For complete melting of the glacier in the Tsamba-
garav massif a minimal ELA-shift of 430 m is required. Extrapolated to the surrounding
glaciated areas it can be assumed that most Mongolian Altai glaciers disappeared as
well. Accordingly, most glaciers in the Mongolian Altai are not remnants from the Last
Glacial Maximum, but instead they were formed during the second part of the Holocene.
This provides new insight into the glaciation/deglaciation process of the Mongolian Altai.

Based on the dating of the Tsambagarav ice core, mid-Holocene climate records are
available from the Altai region. The water stable isotope record is controlled by temper-
ature and atmospheric moisture source signals. Therefore we excluded the δ18O records
as temperature proxy. However, concentrations of biogenic species measured in the ice
core were used to reconstruct a 3200 year long temperature record. Similar to an ice
core study from tropical South America, we argue that sources of those biogenic species
are emissions from soil and vegetation in the Siberian plains and are controlled by tem-
perature variations. This novel temperature record of the Siberian forests together with
two independent records located north and south on the Asian continent suggests ele-
vated temperature at the start of the current era. This period can be assigned to the
Roman Warm Period (RWP). The occurrence within individual records considered for
comparison differ in time and in magnitude yet all show the same pattern. We argue
that Siberia experienced a pronounced RWP. The agreement with other Asian records
indicates a pronounced continental occurrence. The rapid transition to colder climate
is consistent with the Migration period. Due to resolution issues and boundary effects
comparison to present warming is difficult. On a long-term perspective (100 years) cur-
rent temperatures in Siberia are at least as warm as any time during the past 3200 years.

Paleoclimate reconstructions derived from two ice cores located in the Altai mountain
range (Belukha and Tsambagarav) provide the unique opportunity to test their spatial
representativeness. Regarding melt rates, long-term trends are similar for the north and
south side of the Altai. Increased melting in recent decades affected the glacier’s mass
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balance independent of their geographical location in the mountain range. Differences on
smaller timescale can partly be attributed to dating uncertainties, concentration of the
accumulation period during summer months in the Mongolian Altai and local geomet-
ric influences. The Mongolian melt record reflects anthropogenically modified radiation
changes attributed to ’dimming’ and ’brightening’ of the atmosphere. SO4

2- and NO3
-

concentrations in both ice cores follow anthropogenic Eastern European emission esti-
mates of SO2 and NOx. This further supports the hypothesis of a radiation controlled
surface melting in the Altai. Biogenic emissions and forest fires reconstruction in both ice
cores have identical trends, suggesting large-scale phenomena. The agreement of most
proxies, particularly on decadal resolution, between two 350 km distant sites demon-
strates the strength of ice-core based climate proxies. This motivates investigation of
new sites to aid the regional climate reconstruction.

The initial goal to extend the paleoclimate reconstructions derived from the Belukha
ice core succeeded, since the Tsambagarav ice core contains 6000 years of climate infor-
mation. The strong thinning of the annual layer combined with reduced accumulation
rates affected the resolution of the reconstructions. A 3200 year temperature reconstruc-
tion was based on 20-year time-steps. Nevertheless, the two precisely dated ice cores
improved our understanding of past climate conditions in the Altai and can be used for
further regional climate reconstructions.
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1 Introduction

Global warming has been largely discussed during past decades. At first the essential
question was if current warming is human induced or related to natural variability. To
answer this question, scientists searched for the longest available instrumental records in
order to have a long-term perspective. It was rapidly recognized that instrumental mea-
surements covered too short time periods. The longest quasi-global temperature record
starts 1850. Thus other methods would be required to investigate the climate history and
its interaction with human activities on centennial or millennial timescales. A variety of
climate archives were identified and new methods developed to introduce further prox-
ies. With ongoing research anthropogenic induced global warming has been generally
accepted. The remaining open questions are: What share of current warming can be
attributed to anthropogenic activities? What is the role of internal climate variability?
How important are external forcing factors such as the sun? Additionally, climate change
has a strong regional expression, which requires regionally resolved paleoclimate records.

1.1 Outline of the thesis

The aim of this thesis is to reconstruct past climate conditions from an ice core drilled dur-
ing summer 2009 in the Mongolian Altai. The work is subdivided in 8 parts. Chapter 1
introduces the concept of climate change and the general role of paleoclimatology. The
importance of regional climate archives is presented together with the current state of ice
core science. The chapter ends with the goal and motivation of this thesis. In Chapter 2
two field campaigns conducted in 2009 and 2011 are presented. Second the Altai and
Western Mongolia is introduced with a separate part discussing the climate and the
weather in the Altai. Finally, available paleoclimate records of the region are summa-
rized. In Chapter 3 the different methods and instruments applied in this thesis are
introduced, from the sample preparation to the dating methods and the climate proxies.
Chapter 4 describes the dating of the Tsambagarav ice core together with Holocene glacier
fluctuations and reconstructed accumulation rates. Chapter 5 presents a long-term tem-
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1 Introduction

perature reconstruction based on biogenic species measured in the ice core. This record
suggests that the Roman Warm Period was regionally and temporally pronounced in
Siberia. The observation of recent warming in Siberia, which is not seen in other climate
archives, makes it a valuable contribution in understanding regional climate. Chapter 6
compares two ice cores 350 km distant. Differences and similarities of various measured
species (geochemical and stable isotopes) are presented. Chapter 7 is a progress report
about 10Be measurement in the ice core. Chapter 8 finally gives an outlook in future
perspectives.

1.2 Paleoclimate perspective on climate change

The importance to understand earth climate was recognized from an early stage and
preceded the work of IPCC assessment reports (IPCC, 2007). However, their introduc-
tion accelerated the processes of understanding the earth climate and resulted in broader
public awareness. The increased atmospheric CO2 level has been used to demonstrate the
drastic changes the earth has undergone since the industrial period. Fig. 1.1 shows di-
rect atmospheric CO2 measurements1 initiated in 1960 by Keeling (1961) together with
atmospheric mixing ratio of CO2 of the past 800 kyr measured in Antarctic ice cores
(Lüthi et al., 2008).
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Figure 1.1: (left) Atmospheric CO2 concentrations measured at Mauna Loa (’Keeling curve’). (right)
Compilation of CO2 records and EPICA Dome C temperature anomaly over the past 800 kyr (from
Lüthi et al. 2008).

Comparing the two curves separately does not depict the ongoing changes in atmospheric
composition. However, combining those curves for the last 10 kyr illustrates clearly the

1http://keelingcurve.ucsd.edu

2

http://keelingcurve.ucsd.edu


1.2 Paleoclimate perspective on climate change

drastic increase in CO2 and other greenhouse gases (GHG) since the beginning of the
industrial era around AD 1800 (Fig. 1.2). Without the long-term perspective the actual

Figure 1.2: Atmospheric concentrations of CO2 (left), CH4 (middle) and N2O (right) over the last 10 kyr
(large panels) and since AD 1750 (inset panels). Measurements are shown from ice cores (symbols with
different colors for different studies) and atmospheric samples (red lines). The corresponding radiative
forcings are shown on the right hand axes of the large panels. Graph modified from IPCC (2007).

CO2 increase would not appear as severe. This demonstrates the importance of paleo-
climate archives to understand the earth climate and the changes it is undergoing. The
increase of GHG concentrations and their effect on the radiation balance of the globe is
shown in Fig. 1.2.
Two examples of direct observations of recent climate change are illustrated in Fig. 1.3.
The increase in temperature accelerated during recent decades (DelSole et al., 2011;
Rahmstorf et al., 2012; Wallace et al., 2012). Elevated temperatures are the main cause
of the sea level rise, due to thermal expansion of the water and melting of glaciers and
ice sheets (Rahmstorf, 2007; Grinsted et al., 2010; Radić and Hock, 2011). Shrinking
Northern hemisphere snow cover further supplements the picture of a changing climate
with the associated changes in the radiative feedback (Brown, 2000).

Paleoclimate records from different archives can be combined to compile global or hemi-
spheric reconstructions. Fig 1.4 shows 5 Northern Hemisphere temperature reconstruc-
tions for the last millennium (Jones et al., 1998; Mann et al., 1999; Briffa, 2000; Briffa
et al., 2001; Moberg et al., 2005). The records have large differences yet follow a similar
trend. Amplitude, duration and geographical extent remain largely uncertain. However,
three distinct phases are generally accepted for the past millennium. (i) Net warming
since AD 1850 (0.6◦C) shown by observation and proxy data (Jones et al., 2013). (ii)
The Little Ice Age (LIA, AD 1400-1700) when the Northern Hemisphere experienced
cold conditions (e.g., Fischer et al., 1998). (iii) The Medieval Warm Period (MWP, AD
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1 Introduction

Figure 1.3: (left) Annual global mean temperatures (black dots) with 90% error range (pale blue band).
Linear trends are shown for the last 25 (yellow), 50 (orange), 100 (purple) and 150 years (red). (right)
Annual averages of the global mean sea level based on reconstructed sea level fields since 1870 (red), tide
gauge measurements since 1950 (blue) and satellite altimetry since 1992 (black). Compiled from IPCC
(2007).

950 to 1250) for which most records show elevated temperature (Lamb, 1965). Absence
of precisely dated proxies, varying chronological precision, nonsteady proxy-temperature
relation and short calibration periods induce large reconstruction uncertainties especially
further back in time. Studying warm or cold intervals, such as the LIA or MWP are nec-
essary for understanding the mechanism driving the climate besides long-term trends.
This is especially true for present conditions. The question whether the MWP presented
warmer conditions than present has often been addressed. A recent study stipulates that
the MWP was characterized by warm conditions matching or exceeding the level of the
past decade in some regions, but falls well below global recent levels (Mann et al., 2009).
More work is required to confine the duration, magnitude and spatial extent of these
characteristic climate phases.

A good example to illustrate the difficulty of capturing the regional expression of these
events, is the discussion about the occurrence of the LIA in the Southern Hemisphere
(e.g., Thompson et al., 1986). Meanwhile various approaches such as lichenometry, lim-
nology or multiproxy reconstructions suggest a cold period in the Southern Hemisphere
during the last millennium (Jomelli et al., 2011; Neukom et al., 2011; Orsi et al., 2012).
Onset and duration are still debated. Fig. 1.5 shows the regional resolved temperature
evolution of the past 150 years. All the continents experienced warming in the 20th cen-
tury, which is very likely due to the observed increase in anthropogenic greenhouse gas
concentrations (Jones et al., 2013).

To separate human induced changes from natural climate variability on a continental
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1.2 Paleoclimate perspective on climate change

Figure 1.4: Large-scale temperature reconstructions scaled to the same mean and variance over the
common period 1000-1979 AD, and their arithmetic mean. The normalization highlights the similarity
between the records, but broadly ignores the differing calibration statistics with instrumental data, and
their particular ’shapes’ and distribution of variance, e.g. during the instrumental and pre-instrumental
periods. Graph modified from Esper et al. (2005).

scale, a combination of model runs and observations was considered. A first model
run was forced by measured atmospheric conditions, including anthropogenic influences
(yellow in Fig. 1.5), and a second neglected anthropogenic changes thus simulating an
undisturbed climate (blue in Fig. 1.5). The first model calculation reproduces precisely
the observation, whereas the second model run does not capture recent warming. The
difference between the two model outputs can be used to attribute anthropogenic emis-
sions as major driver of the current climate change. The continents have large differences
in model run quality (uncertainty), start and magnitude of the warming. Since past cli-
mate has a strong regional expression, there is no indication that future climate will not
as well. Regionally resolved observations are too short to capture the extent of the con-
tinental differences, especially for remote areas. This can be seen as further motivation
to create proxy records for local climate variation. The goal is to find and process global
and local climate proxies to provide past climate estimates capturing the spatial and
temporal differences with small uncertainties.
Studying climate evolution beyond the instrumental period is essential to improve cli-
mate predictability, especially for separating natural climate variability from human in-
duced changes. Chronologies of climate parameters, such as temperature or precipita-
tion, derived from natural archives provide the opportunity to investigate duration and
magnitude of natural climate variations (Crowley, 2000). A central concept of mod-
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1 Introduction

Figure 1.5: Global, land, ocean, and continental annual mean temperatures for CMIP3 and CMIP5
historical (red) and historicalNat (blue) MME and HadCRUT4 (black). Weighted model means shown
as thick dark lines and 5-95% ranges shown as shaded areas. Continental regions as defined in insert.
Temperatures shown with respect to 1880-1919 period apart for Antarctica, which is shown with respect
to the mean of the period 1951-1980. Graph modified from Jones et al. (2013).

ern climatology is to express climate states in spatio-temporal patterns, such as the
El Niño-Southern Oscillation (e.g., Trenberth and Hoar, 1997), the Pacific Decadal Os-
cillation (e.g., Mantua et al., 1997), the North Atlantic Oscillation (e.g., Hurrell, 1995)
or the Arctic Oscillation (e.g., Wallace and Gutzler, 1981). There is no indication that
past climate was not as well governed by such climatic patterns. Proper characterization
and interpretation of past climate variability therefore requires a dense network of pale-
oclimate proxy records. Well established archives to reconstruct past climate conditions
are: Tree rings, pollen, corals, lake and marine sediments, glacier ice, speleothems and
historical documents (Jones et al., 2009).
Most climate paleoclimate reconstructions suffer from marked losses of centennial and
multidecadal variations (von Storch et al., 2004). Comparison of large-scale temperature
reconstructions over the past millennium reveals agreement on major climatic episodes,
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1.3 Polar and alpine ice cores as paleoclimate archive

but substantial divergence in reconstructed (absolute) temperature amplitude (Esper
et al., 2005). The perfect paleoclimatic record does not exist. Long-term reconstructions
are in general affected by dating uncertainties. Tree-ring chronologies are assumed to
underestimate cooling effect of volcanic eruptions (Mann et al., 2012) and are subject to
spectral bias (Franke et al., 2013). Ice core based reconstructions mainly store climate
signals related to precipitation. Thinning of the annual layers affect the resolution and
are challenging for precise dating (Thompson et al., 1998). The origin of the data and the
method used to process the records have a substantial influence on the final climate re-
construction (Mann et al., 2007; Ammann and Wahl, 2007; Burger et al., 2006). For this
reason climate models are limited in precise projection, since the data used to calibrate
are affected by uncertainties. To improve the skills of models for better climate projec-
tion more accurate paleoclimate records are essential. Amplitudes, precise chronologies,
temporal and spatial resolution of past climate conditions are required (Hegerl et al.,
2006). With precise models it will be possible to further disentangle human induced
changes from internal climate variability in the earth system.

1.3 Polar and alpine ice cores as paleoclimate archive

The simplest way to investigate the impact of current atmospheric CO2 mixing ratio is to
study past intervals with similar concentrations. Paleoclimate reconstructions (Dowsett
et al., 2009) suggest that during the warm interglacials of the Pliocene epoch (∼5.3 to 2.6
Myr ago), global annual mean sea surface temperatures were 2 to 3◦C higher than the
pre-industrial era (Lunt et al., 2012). Estimates of former atmospheric CO2 concentra-
tions range between 280 and 450 ppmv (Seki et al., 2010; Pagani et al., 2010). However,
these estimates are based on proxies such as foraminifera or model calculations, which
are indirectly linked to atmospheric compositions. The direct reconstruction of the at-
mosphere is only possible through measuring the composition of air bubbles enclosed
in ice cores (e.g., Neftel et al., 1982; Chappellaz et al., 1990; Lorius et al., 1990; Petit
et al., 1999). Unfortunately Pliocene ice is not available for such measurements. For the
moment projects exist to find 1.5 Myr old ice in Antarctica (Fischer et al., 2013).

The recent North Greenland Eemian Ice Drilling (NEEM) project aimed to retrieve
Eemian interglacial (130 to 115 kyr ago) ice (Dahl-Jensen et al., 2013). It is expected
that the last interglacial experienced a climate warmer than present. North Greenland
surface temperatures after the onset of the Eemian (126 kyr ago) peaked at 8 ± 4◦C
above the mean of the past millennium (Dahl-Jensen et al., 2013). During this period
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the Greenland ice sheet was 130 ± 300 m lower than present. The exceptional heat of
July 2012 with extensive surface melt over the whole Greenlandic ice sheet may have
been typical Eemian summer conditions. With additional warming such surface melt
events might become more common (Dahl-Jensen et al., 2013). This is a good example
how using past warm conditions as example for future climate conditions to confine cli-
mate predictability. In general ice core records from Antarctica and Greenland provide
global climate reconstructions. Due to fast inter-hemispheric mixing of most GHG, ice
cores from the two major ice sheet covering long periods are the most appropriate to
reconstruct atmospheric composition. The majority of alpine ice cores do not cover a
period exceeding the Holocene. Exceptions are Colle Gniffeti in the Alps (Jenk et al.,
2009), Sajama and Illimani in the Bolivian Andeans (Thompson et al., 1998; Sigl et al.,
2009) and Dunde in the Tibetan Plateau (Thompson et al., 1989). However, strong
thinning of the annual layers prevent using the lowest part of the ice core for climate
reconstructions. While Greenland and Antarctica are sparsely or not at all populated,
alpine ice cores provide data directly from densely populated areas. Fig. 1.6 shows
available temperature sensitive paleoclimate archives with data back to AD 1000. There
is large potential for improvement in spatial coverage of past climate records. Current
millennial regional reconstructions for Asia are strongly biased towards tree-ring proxies
(PAGES2k-Consortium 2013, Fig. 1.7). Other archives must be included for a wholistic
reconstruction of past climate states. However, requirements for suitable ice core site,
such as flat bed topography, cold ice and undisturbed flow lines limit the potential drilling
sites.

Figure 1.6: Locations of temperature-sensitive proxy records with data back to AD 1000, tree rings:
brown triangles; ice core/ice boreholes: blue stars; other records including low-resolution records: purple
squares. Graph modified from IPCC 2007.
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1.3 Polar and alpine ice cores as paleoclimate archive

For the mid-latitudes and the Polar Regions an often-used indicator of unprecedented
warming is the vanishing of the glaciers. The retreat of glaciers can be related to ris-
ing temperature from local to global scale (Oerlemans, 2005; Zemp et al., 2006; Fischer,
2010). Because of potential contribution to future sea-level rise and their impact on
water resources, the volume and melt rate of glaciers under changing climate condi-
tions has been discussed in details (e.g., Yao et al., 2004; Chevallier et al., 2011; Radić
and Hock, 2011; Giesen and Oerlemans, 2013). Rapid disintegration of glaciers such
as the Columbia glacier in Alaska, is often used as examples of global warming. The
physics of such tidewater glacier are in general complex and require a thoughtful anal-
ysis. The retreat is generally not solely temperature driven but related to complicated
interactions between the ocean water temperature and glaciological flow laws (Paterson
and Waddington, 1984; Colgan et al., 2012). However, current glacier retreat uncov-
ers ancient embedded organic particles (Miller et al., 2012), wood fragments (Ivy-Ochs
et al., 2009), or archeological remnants (Baroni and Orombelli, 1996; Grosjean et al.,
2007; Nesje et al., 2012). These artifacts exposed at the front of the glacier tongues can
be dated and allow for reconstructing glacier fluctuation chronologies. Results suggest
present glacier extensions in the Alpine region being similar to Mid-Holocene conditions
5 kyr ago. While during the Mid-Holocene warm conditions were caused by strong solar
insulation (Wanner et al., 2008), present glacier retreat is rather attributed to human
induced warming. Chapter 4 (Herren et al. 2013) of this work illustrates the unique pos-
sibility of alpine ice cores to contribute in determining minimal glacier extent. Through
dating of glacier ice frozen to the bedrock the timing of glacier formation can be deter-
mined. The approach allowed suggesting total glacier disappearance in the Mongolian
Altai Mountains during the Mid-Holocene. This result puts present glacier extent into
perspective. Numerous open questions remain regarding the climate-glacier interaction.
A well known example is the debate about the age of the Kilimanjaro ice (Kaser et al.,
2004; Thompson and Mosley-Thompson, 2011). Well-dated ice cores can provide precise
dates of minimum glacier extent.
Alpine ice cores have been used to derive either directly climate parameters like temper-
ature or precipitation (e.g., Kellerhals et al., 2010; Herren et al., 2013), past atmospheric
composition (e.g., Schwikowski et al., 1999; Kaspari et al., 2009) or to investigate climate
states such as the Monsoon or the El-Niño-Oscillation (Kaspari et al., 2007; Thompson
et al., 2013).
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1.4 Motivation of this study

The initial goal to retrieve and analyze a second ice core in the Altai was to extend the
climate record from the Belukha ice core further back in time. Especially the interaction
between solar forcing and temperature identified for the period AD 1250 to 1850 should
be further investigated (Eichler et al., 2009). The question if a warm period such as the
MWP was as well driven by the variability in solar forcing was of the upmost importance
for improving our understanding in past Siberian climate fluctuations. The strong north-
west to southeast precipitation gradient in the Altai suggests longer climate archives in
the Mongolian Altai. A 3,200 year temperature record for Siberia is presented based on
biogenic species measured in the ice core. The approach is similar to Kellerhals et al.
(2010). Biogenic emissions in the Siberian forests seem to be controlled by temperature
variations.
Additional motivation is to provide regional paleoclimate records for improved under-
standing of the regional climate. Having two ice core archives from such a remote place
like the Altai provides the unique opportunity to reconstruct regional climate. Similar-
ities or differences between the Siberian and Mongolian Altai can be used to identify
spatial extent of climate states with its according variability. The aim is to provide
past regional climate information, especially since current Central Asian climate recon-
structions are strongly biased towards tree-ring proxies (PAGES2k-Consortium, 2013).

Figure 1.7: Boxes show the continental-scale regions used in this study. The pie charts represent
the fraction of proxy data types used for each regional reconstruction. Graph taken from PAGES2k-
Consortium (2013).
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2 Regional setting

The aim of this chapter is to put the results of this study in a geographical and scientific
context and to address open questions of the current understanding of the regional cli-
mate. Topics treated in this chapter are directly or indirectly related to ice core science.
The Altai stretches over four countries (China, Kazakhstan, Mongolia and Russia, Fig.
2.1), which render a comprehensive and overall investigation difficult, because crossing
the borders involves major administrative efforts, especially while travelling with equip-
ment required for fieldwork. During the existence of the U.S.S.R. most of the studies
have been published in Russian, limiting the access to their results. Thus, some incom-
pleteness or biased explanation may occur.
This chapter is separated in four parts. First, two field campaigns conducted within
this project are presented. Second, the geography, including some simplified geology, the
present glacier extent, and the hydrology is introduced. The third part discusses the cli-
mate and the weather system affecting the Altai. The fourth part summarizes available
paleoclimate records of the Altai and the surrounding mountain ranges.

2.1 Drilling expedition

A reconnaissance expedition to drill a shallow ice core was planned for summer 2008.
The goal was to clarify open questions prior to carrying out a deep drilling campaign in
such a remote area. The open questions were:

• Can a glacier suitable for ice core reconstruction be found?

• Is the geometry of the glacier suitable for ice core drilling?

• What is the ice thickness?

• Are the geochemical species and stable isotopes preserved in the ice?

• Does the logistics allow transport of the ice frozen from the glacier to the PSI?
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2 Regional setting

ferent geomorphologic process regions and vegetation
units in Central Asia.

2 The study area

The study area includes the Russian, Mongolian,
and Chinese Altai and the western part of the Khangay
Mountains (Fig. 1). The investigations concentrate first
on the entire Altai, and second on the Khangay be-
tween 82° and 102°E, and 46° to 52°N. The Altai
Mountains are located south of the West-Siberian low-
lands and north of the Dzungarian and the Gobi
deserts. In the northeast, the Altai Mountains are link-
ing to the Sayan Mountains, and in the southeastern
part they extend into the Gobi Altai. The dry basin of
the “Valley of Great Lakes” is located in western Mon-
golia between the Altai in the west and the Khangay in
the east. The rivers of the western and northern parts
of the Altai Mountains (Russian Altai) drain towards
the Arctic Ocean by the rivers Irtysch, Ob, and Jenissei.
In contrast, the eastern and southern parts (Mongolian

Altai) have internal drainage systems towards the basins
of Central Asia. The southern side of east-west trend-
ing Khangay Mountains drains to the endorëic basins
of the Gobi Desert. At the northern side the Selenga
and Orchon Rivers flow into the Lake Baikal. This area
has a connection to the Arctic Ocean via the Angara
and Jenissei Rivers.

The mountain ranges rise from 2,000 m in the north-
western Altai to elevations of more than 4,500 m in the
Central part of the Russian Altai (Belucha). However,
the Mongolian Altai only reaches lower elevations. The
highest summit is the Tavan Bogd with 4,370 m at the
boundary of the four countries China, Mongolia,
Kazakhstan and Russia. The western forelands of the
Russian Altai are below 200 m, whereas the lowermost
intramontane basin in western Mongolia, the Uvs Nuur
Basin, has an elevation of about 760 m. The western
Khangay Mountains are about 3,500 to 3,700 m and
reach their highest elevation at the Otgon-Tengor Uul
with an altitude of 3,905 m.

The main geological structures in the Altai trend 
in N-S, WNW-ESE, and NW-SE directions. However, in
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Fig. 1: The investigation area of the Altai and Khangay Mountains in northern Central Asia.
Das Untersuchungsgebiet im nördlichen Zentralasien.
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Figure 2.1: Location of the different mountain ranges, countries and rivers of Central Asia mentioned
in the text (map composed with http://www.geomapapp.org).

Due to logistical problems the reconnaissance study had to be cancelled. Nevertheless, the
plan for a deep-drilling campaign was maintained for the summer 2009. Thus potential
drill sites had to be pre-selected and rated with maps and satellite-images (Fig. 2.2 &
2.3). It was planned to take the final decision in the field. Tsambagarav massif was
pre-selected due to a study conducted in 1991, showing preserved water stable isotope
records at Tsast Uul (Schotterer et al., 1997), the highest point of the massif. Flat-top
mountains, high elevation of glaciers and suitable geometry (Tsutomu and Davaa, 2007)
makes this region interesting for ice core drilling.

2.1.1 Deep drilling campaign in 2009

The deep drilling campaign was conducted between the 20th of June and the 14th of July
2009. The expedition members were flown from Barnaul to the Tsambagarav massif with
a stopover in Aktash. During the overflight of the massif, the glaciation of the Tsast Uul
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2.1 Drilling expedition

ice cap (highest point of the massif) appeared less suitable for drilling. It is strongly
asymmetric with a steep ice face directly north of the summit. Additionally, poor vis-
ibility hampered the access to the summit with the helicopter. Preliminary radio echo
sounding on Khukh Nuru Uul, the second highest ice cap in the Tsambagarav massive,
provided a glacier depth of 70 m. On the basis of those parameters it was decided to
drill at Khukh Nuru Uul (48◦39.34 N, 90◦50.83 E, 4130 m asl). From the 3th to 10th

July 2009, a 72 m surface-to-bedrock ice core and a 52 m parallel core were drilled with
the Fast Electromechanical Lightweight Ice Coring System (FELICS, Ginot et al. 2002).
The parallel core did not reach bedrock because of time constraints. Additionally, a snow
pit and two snowfall-events were sampled (Table 9.2). Simultaneous to the drilling ice
thickness measurements were performed with radio echo soundings (Mal̊a Ground Pen-
etrating Radar (GPR) system with 100 and 200 MHz unshielded antennas), combined
with a GPS survey. In total 2030 m of radar profiles were measured with roughly half
of the profiles located on the summit of Khukh Nuru Uul to construct a detailed map
of the bed topography around the drill site (Fig. 4.2). Details of the glaciological sur-
vey are described in Section 4.3.2. After drilling, a thermistor chain was lowered in the
borehole for 24 hours to measure ice temperature at different depths (Fig. 4.3). The ice
was then transported frozen to PSI via Barnaul. In the remainder of this thesis the term
Tsambagarav ice core is used when referring to the ice core from Khukh Nuru Uul glacier.

2.1.2 Reconnaissance expedition 2011

The dating of the 2009 Tsambagarav ice core revealed strong thinning and consequently
prevented very high-resolution reconstruction in the deepest part. For higher resolved
records, the idea of a second ice core from a thicker Mongolian Altai glacier arised.
Additionally, cross validation of the first record and investigation of further climate driven
processes, e.g. reconstruction of desertification history, would allow for new and unique
scientific perspectives in this remote area.
A joint Russian-Swiss expedition was planned for June 2011. The fieldwork had two
distinct goals: First, investigating the suitability of the Sutai Uul Mountain (46◦37 N,
93◦36 E, 4210 m asl, 2.3) for deep drilling, and second re-measure the 2009 borehole
temperature and determine accumulation in 2010 on Tsambagarav glacier. The Sutai
Uul located north-west of the Gobi desert with presumably lower accumulation rates
than Tsambagarav glacier was considered as an ideal site for ice core based climate
reconstruction. The aim was to assess the thickness and the topography of the ice
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Figure 2.2: Landsat images with SRTM DHM elevations (solid lines 100 m intervals, top) and U.S.S.R.
maps (bottom) of the Tsambagarav massif. 1 - 3 : pre-selected sites for potential deep drilling. 1 Tsast
Uul summit, 2 Khukh Nuru Uul, 3 unnamed summit.

cap with GPR. Snow pit data should provide estimates of annual accumulation and
abundance of surface melting on the glacier. Because the GPR devices arrived with a
delay of six weeks they could not be deployed during the expedition and the glaciology
survey had to be cancelled. Nevertheless, a snow pit was dug on the summit of Sutai

22



2.2 Geography of the Altai Mountains

Uul and the samples were analyzed (Table 9.3). The topography of the summit was
confirmed to be excellent for drilling. The summit of Sutai Uul is a concentrical ice
cap. Estimation of ice thickness ranges between 80 to 120 m. The assumption of lower
annual accumulation rates is supported by higher concentrations of major ions in the
snow pit compared to the last 10 years at Tsambagarav. The depth (60 cm) of the snow
pit neither allows for counting annual layers nor confirms a preserved climate signal.
Referring to Chapter 4 the Sutai Uul most probably melted completely during the HCO,
thus the climate record would not be longer but rather higher resolved compared to the
Tsambagarav ice core (Herren et al., 2013). Massive ice lenses were found in the snow
pit, preventing sampling of the deeper snow. The melt features are stronger than on the
more northerly located Tsambagarav, and probably alter the chronological storage of the
climate signal. Finally, logistics are challenging in this area: GPR and GPS arrived with
a large delay and roads in western Mongolia are not suitable for the transport of ice cores.
Helicopter support from Russia would be a prerequisite for a potential drilling expedition.
However, Sutai Uul is located further away from the Russian border making it difficult
and expensive to organize helicopter flights. The delayed delivery of the GPR affected
the schedule of the expedition. Thus the re-measurement of the borehole temperature
and determination of 2010 accumulation at Tsambagarav had to be cancelled as well.

2.2 Geography of the Altai Mountains

The Altai Mountain system is located in the northern part of Central Asia, a geographical
vast region, which covers a variety of mountain systems such as the Himalayas, Tibetan
Plateau, Altai, Tien Shan, Pamir and Karakoram (Fig. 2.1). The mountain ranges
experience diverse climatic conditions ranging from intense monsoon rainfall in the Hi-
malayas, extreme dryness in the Karakoram, to pronounced continental conditions with
seasonal differences of 40◦C in the Altai (Rupper et al., 2009; Bolch et al., 2012). Despite
the distance and the different weather conditions all these ranges contain glaciated areas
even though in different extent. These glaciers respond differently to climatic changes
such as variation in radiation, and changes in precipitation as well as temperature. Ac-
cordingly ice core based paleoclimatic investigations will aim for different objectives given
by the study site selected. While the Himalayas and the Tibetan Plateau can be used
to investigate changes in the northward intrusion and intensity of the monsoon (Kas-
pari et al., 2007; Thompson, 2000), studies in the Tien Shan Mountains reconstruct past
synoptic conditions and air pollution based on different geochemical species (Kreutz and
Sholkovitz, 2000). Of all these mountain ranges the Altai is least known and experienced
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2 Regional setting

limited scientific attention.
The different mountain ranges building the Altai stretch over approximately 1200 km
(Fig. 2.3). The range is in general classified in three parts, the western Russian Altai,
the southern Chinese Altai and the eastern Mongolian Altai (Lehmkuhl et al., 2011). To
the north are the large Siberian forest planes, to the south the Gobi and Dzungarian
desert. The northeast foothills of the Russian Altai are linked to the Sayan Mountains,
whereas the southeast part extents into the Gobi Altai. To the east the so-called Valley
of the Great Lakes leads over to the Khangay Mountains (Fig. 2.3).

ferent geomorphologic process regions and vegetation
units in Central Asia.

2 The study area
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Central part of the Russian Altai (Belucha). However,
the Mongolian Altai only reaches lower elevations. The
highest summit is the Tavan Bogd with 4,370 m at the
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Kazakhstan and Russia. The western forelands of the
Russian Altai are below 200 m, whereas the lowermost
intramontane basin in western Mongolia, the Uvs Nuur
Basin, has an elevation of about 760 m. The western
Khangay Mountains are about 3,500 to 3,700 m and
reach their highest elevation at the Otgon-Tengor Uul
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Fig. 1: The investigation area of the Altai and Khangay Mountains in northern Central Asia.
Das Untersuchungsgebiet im nördlichen Zentralasien.
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Figure 2.3: Location of the different sites mentioned in the text. 1 Tsambagarav, 2 Belukha, 3
Sutai Uul, 4 Lake Hoton Nuur, 5 Lake Akkol & Lake Grusha, 6 Lake Uzunkol & Lake Kendegelukol,
7 Lake Telmen, 8 Uvs Nuur, 9 Lake Teletskoye, 10 Tarvagatay, 11 Sol Dav. Map modified from
Klinge (2001).

V-shaped valleys dominate the relief in the Russian and the northern Chinese Altai. The
highest elevations of the Altai are located in this part, with the summits of Belukha
and Tavan Bogd, having altitudes of 4506 and 4374 m asl, respectively. Moving east to-
wards Mongolia, the landscape changes into vast plains interrupted by isolated mountain
systems separated by glacial cirques and U-shaped troughs. The altitude of the plains
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2.2 Geography of the Altai Mountains

ranges approximately from 1400 to 2500 m asl, while the mountain tops reach up to 4000
m asl. Their foothills are in general wide with gently inclined ridges. Due to the rather
dry climate with relatively warm summers the climatic snow line is located at high ele-
vations of 3500 to 3900 m asl. In general glaciation in the Altai is confined to the highest
elevations and includes Plateau glaciers, cirque glaciers, isolated ice patches and several
smaller valley glaciers. The current status of the glaciers in the Altai has been discussed
in various publications (e.g., Klinge et al., 2003; Klinge, 2001). For the Russian Altai the
glaciated area is greater than 900 km2 (Bussemer, 2001), approximately 300 km2 in the
Chinese Altai (Shi, 1992) and between 500 and 850 km2 in the Mongolian Altai (Klinge,
2001; Arendt et al., 2012). The current ELA varies strongly depending on precipitation
and location of the glaciers. Table 2.1 summarizes different ELA estimations in the Altai.

Table 2.1: Estimation of ELA for the Russian (1), Mongolian (2-5) and Chinese Altai (7) together with
Khangay Mountains (6) from Lehmkuhl et al. (2011).

Mountain massif Peak Elevation [m asl] Ice margin [m asl] ELA [m asl]

1. Chuja Mountains 3936 2350-2700 3150-3300
2. Ikh-Türgen 4029 3100 3500
3. Türgen Khairkhan 3966 2900-3200 3500
4. Tsambagarav Uul 4208 3300-3600 3700
5. Munk Khairkhan 4204 3300-3500 >3700
6. Otgon Tenger (Khangay) 3905 3400-3600 3750
7. Tavan Bogd (Chinese Altai) 4374 2416 3300

Glacier fluctuation studies in this region are mainly limited to the Pleistocene and de-
scribe the Last Glacial Maximum (LGM) (Lehmkuhl, 1998; Lehmkuhl et al., 2011). For
the Mongolian Altai the understanding of Holocene glacier variations and their future evo-
lution in a changing climate is still incomplete (Lehmkuhl, 2012; Komatsu et al., 2000).
Agatova et al. (2012) presents to our knowledge the only study describing Holocene
glacier fluctuation in the Russian Altai and refutes the hypothesis of continuous glacier
shrinkage since the LGM. The work is based on lichenometry, geomorphological methods
and radiocarbon dates of formerly buried wood pieces. Reconstructed timberline in cur-
rently glaciated area indicates substantial glacier retreat or even complete deglaciation
during the Holocene Climate Optimum (HCO), a warm interval ∼ 8 kyr ago. A study
described later in this work (Herren et al. (2013), see Chapter 4) stipulates total glacier
disappearance in the majority of the Mongolian Altai during the HCO succeeded by an
advance 6 kyr ago.
Studies describing the present glaciological situation are rare and generally concentrate
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2 Regional setting

on single glaciers rather than a mountain system. The extreme continental climate of
Siberia results in low winter precipitation (Section 2.3). Since glaciers in the Mongolian
Altai are located at high elevations they are supposed to receive considerable accumu-
lation during summer, i.e. the time of the year where most of the precipitation falls,
leading to simultaneous occurrence of the accumulation and ablation period (Dyurgerov
and Meier, 1999). The sensitivity of such glaciers to climate warming is debated. Obser-
vations suggested that these glaciers are controlled by summer melt making them very
vulnerable to temperature increase (Fujita and Ageta, 2000), whereas model studies pre-
dict smaller temperature dependence (Braithwaite et al., 2002). In the recent decades
the investigations are in general constrained to the Russian Altai, with detailed mass
balance observations of individual glaciers (Pattyn et al., 2003), or glacier change assess-
ment for larger regions by means of satellite images and maps (Shahgedanova et al., 2010;
Surazakov et al., 2007). Glaciers in this area, like most glaciers on Earth, have retreated
significantly over the last century (Dyurgerov and Meier, 2000). It has been shown that
they respond strongly to increased summer temperature and thus the remaining cold
glaciers may change their regime from cold glaciers to a polythermal glaciers (Pattyn
et al., 2003). This transition is of major importance regarding ice core science since a
polythermal glacier may not preserve the climate signal and thus loses its suitability as
climate archive. However, depending on the region the glaciers seem to respond in differ-
ent ways to global warming. A further study based on satellite images and historical maps
demonstrates diverging shrinkage rates between the Mongolian and the Russian/Chinese
Altai for the period 1940 to 2000. While the Mongolian glaciers showed no or little
shrinkage, the region north and west experienced steady shrinkage (Tsutomu and Davaa,
2007). However, the number and thickness of ice lenses identified in the Tsambagarav
ice core increased during the last decades (see Chapter 6). This indicates changes in the
mass balance of the glacier. Although, these changes cannot be directly linked to glacier
variation and extrapolated to all Mongolian glaciers, they still suggest shrinkage of the
glacier as observed for most of the glaciers on earth (Oerlemans, 2005). A comprehensive
description of the current status of Altai glaciers and their changes in a future warmer
climate, requires additional investigations, especially for the Chinese and Mongolian part
of the mountain system.

During the melt season glaciers provide a permanent supply of fresh water. This is
particularly important for the arid Mongolian Altai. The mountain range in its entirety
acts as a watershed. In the Russian Altai the major rivers are Irtysch, Ob and Jenissei
(Fig. 2.1). These very large rivers drain into the Arctic Ocean. The Irtysch flows into
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2.3 Climate of the Altai

the Ob in Chanty-Mansijsk, together they are among the longest rivers on earth. The
annual discharge at the estuary is 12,759 m3/s (Yang et al., 2004). Although they collect
water from different areas, their springs are located in the Altai. This makes the Altai
the moated castle for a large part of Siberia and underlines the importance of the Altai
glaciers on large areas thousands kilometers distant (Yang et al., 2004). In contrast, the
Mongolian Altai has internal drainage systems into huge shallow lakes such as Uvs Nuur
and Hyargas Nuur, located in western Mongolia (Fig. 2.3). The permanent supply of
fresh water is very important in this arid climate. Lakes with no discharge are salty (e.g.
Uvs Nuur, Hyargas Nuur) whereas others are freshwater reservoirs. The surroundings
are often protected sites due to the occurrence of rare wildlife1. These lakes provide the
opportunity to extract paleoclimatic information through lake sediments as discussed in
Section 2.4.

2.3 Climate of the Altai

The Altai experiences a continental climate with cold and dry winters and relative warm
summers. Temperature differences between the two seasons are up to 40◦C. The Siberian
High (SH) is an anticyclone centered over Eurasia (40-65◦N, 80-120◦E) (Sahsamanoglou
et al., 1991) and controls the winter weather in the Altai (Klinge et al., 2003). The SH
is maintained by radiative cooling over snow-covered Asia, associated with large-scale
descending motion (Ding and Krishnamurti, 1987). The anticyclone prevents winter
precipitation in the Mongolian Altai, whereas few intrusions of Westerlies can result in
precipitation in the Russian Altai (Klinge et al., 2003). Most of the precipitation occurs
during summer.
The Altai acts as barrier for most of the humid air masses transported by the Westerlies,
resulting in a strong northwest to southeast precipitation gradient (Klinge et al., 2003).
Comparing weather station values (Fig. 2.4) and vegetation types on both sides of the
mountain range illustrates this strong gradient.
In Barnaul on the northern side of the Altai annual precipitation is around 450 mm,
whereas in Khovd only 120 mm are measured. In extreme cases the northwestern part
receives more than 800 mm precipitation per year, whereas the driest part southeast
(The Valley of the Great Lakes) receives less than 50 mm (Klinge et al., 2003). Accord-
ing to seasonal temperatures, winters in Western Mongolia are more rigorous than in the
Siberian plains.
The mountain range acts as a watershed between the north and the south. This causes

1http://whc.unesco.org/en/list/769

27

http://whc.unesco.org/en/list/769


2 Regional setting
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Figure 2.4: Climograph with temperature (red) and precipitation (blue bars) of the the weather station
Barnaul (1850-2000, left) and Khovd (1959-2008, right). Their locations are indicated in Fig.2.3.

the transition from the Siberian forest to the steppe-desert vegetation. Detailed compar-
ison of water stable isotopes (δ18O and δD) of a shallow ice core from the Belukha saddle
with synoptic weather conditions allowed to attribute the origin of the air masses (Aizen
et al., 2005). The degree of δD-excess and the δ18O measured in the ice, were used for
tracing the origin of the moisture. Thus the weather systems driving the precipitation
in the Russian Altai could be attributed. Two thirds of the accumulation is of oceanic
origin. More than 75% can be attributed to the Atlantic, whereas the remaining 25% are
subdivided into Arctic and Pacific origins. The internal moisture component corresponds
to one third and is related to the Aral-Caspian moisture basin (Aizen et al., 2005). On
seasonal scale the contribution of the different sources varies. Summer precipitation is
significantly correlated to stationary cyclones, which transport moisture from the Pacific
Ocean to the Altai. The input of internal moisture sources such as the Caspian Sea
increases during summer months. Fig. 2.5 illustrates the different trajectories of the
moisture sources reaching the Altai (apart from the Indian Ocean).
The Mongolian Altai is located lee of the main moisture transport route (Fig. 2.5),
thus precipitation attribution for the Russian Altai cannot be directly transferred. Ad-
ditionally the seasonal distribution of precipitation is different between the northern and
southern side of the Altai. In Khovd 70% of the precipitation is concentrated during the
month June-July-August, whereas in Barnaul it is 37% (Fig. 2.4). A combined study
using an isotope transport model and observations stipulates that the regions contribut-
ing to precipitation in Mongolia are central Asia and western Siberia (Sato et al., 2007),
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corroborating findings of Aizen et al. (2005). The study excludes a monsoon influence on
the water stable isotope signal in Mongolia. Compared to an intensively investigated area
such as the Alps, where the origin of precipitation between the north and the south is still
not fully understood (Sodemann and Zubler, 2009), the understanding of the synoptic
systems controlling precipitation in the Mongolian Altai appears even more incomplete.
Additional investigations are needed to understand the weather system in this region.
An elaborate interpretation of the water stable isotopes from the Tsambagarav ice core
might provide some further insights.

air temperatures and precipitation at referenced stations
with mean altitudinal gradients (Table 2).

To describe atmospheric circulation patterns that influ-
ence regional precipitation regimes at seasonal timescales,
we used monthly data on the frequency of synoptic patterns
observed over the southwestern Siberian Altai and the central
Tien Shan, developed by Bugaev and others (1957), Popova
(1972), Narojniy and others (1993) and Subbotina (1995) and
partially presented in the Central Asia Data Base which is
completed and maintained by the authors at the University of
Idaho (UI). A brief description of synoptic pattern classifica-
tions over Siberia and central Asia is presented in Aizen and
others (2004, 2005). The prevailing synoptic patterns associ-
ated with precipitation are listed in Table 3.

2.2. Climatic regime

All the study locations exhibit maximum temperature and
precipitation during the summer months. Two of these, Tien
Shan in central Asia and Altai in the Siberian mountains, are
distinguished by a continental climate with significant
annual air-temperature variation, up to 208C at the Tien
Shan and 168C at the Altai drilling sites (Fig. 2b). These

glaciers store records of the advection of fresh water
transferred from the Atlantic, Pacific and Arctic Oceans
(Aizen and others, 2004, 2005) (Fig. 1). The firn records from
the Tien Shan and Altai glaciers can be directly associated
with one of the world’s largest internal water systems, i.e. the
Aral–Caspian and Tarim.

The third studied region is the Bomi glacial massif located
in the Hengduan range of southeastern Tibet, along the
windward slope of the southwest monsoon. Annual air-
temperature variation is significantly less (138C) in southeast
Tibet than at the central Asian drilling sites (Fig. 2b). Under
the influence of the monsoon, the heaviest amounts of
precipitation occur at the Tibetan study location (Fig. 2a).

3. MEASUREMENTS, PROCESSING AND ANALYSES

3.1. Field sampling and measurements

The firn-/ice-core, snow-pit and fresh-snow samples ob-
tained during field seasons 1998–2003 were collected using
established sampling techniques for isotope/geochemical
analysis (Kreutz and others, 2001, 2003; Aizen and others,
2004, 2005). Core dimensions and weight were measured,

Fig. 1. Study locations at the northern and southern periphery of the Asian mountain system, with the main trajectories of air masses that
bring moisture to them.

Table 1. Brief description of ice cores and their records that were used in current research

Region Obtained ice cores Period of years from available records

Shallow Deep d18O dD Major ions Dust particles

Depth Period Depth Approx. period

m years m

Siberian Altai 21 17 175 1500–2000 17 17 17 17
Central Tien Shan 16 8 165 300–500 5–8 5 8
Southeast Tibet 16 4–5 4–5 4–5
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Figure 2.5: (left) Frequency plot of seven-day back trajectories for June, July, and August during the
period 1991-2000 using HYSPLIT and the NCEP reanalysis data. Back trajectories were run every 6
hours. (right) Map of Central Asia with main trajectories of air masses bringing moisture to the Altai
(apart from the Indian Ocean). Black points symbolize ice-coring sites. Graph from Aizen et al. (2006).
Red stars symbolize the location of the Tsambagarav drill site.

2.4 Paleoclimatic studies from the Altai

The first scientific publications describing the formation of the Altai were geological
studies to investigate mineral resources (Nechoroschew, 1966). In the following a variety
of work has been published on Pleistocene glaciation especially related to the LGM in
the Altai plus glacial lake outbursts or paleoshoreline fluctuations (e.g., Lehmkuhl et al.,
2011; Rudoy, 2002; Komatsu et al., 2000). In this section the focus is on paleoclimate
reconstructions dealing with the Holocene. Details of the different studies are presented in
the references cited hereinafter. Three categories are introduced: Ice cores, lake sediment
records, and tree-ring climate reconstructions.
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2.4.1 Ice core

To our knowledge four ice cores have been retrieved in the Altai. At the Belukha moun-
tain two ice cores have been drilled, the first in 2001 (hereinafter referred as BK01) at
the saddle between the two summits (49◦48’N, 86◦34’E; 4062 m asl) (Olivier et al., 2003),
the second in 2003 (hereinafter referred as BK03) at the West Plateau (49◦49’N, 86◦34’E;
4100 m asl) (Okamoto et al. (2011), Fig. 2.3). In 2008 a Chinese expedition drilled an
ice core of 40.2 m in the Mongolian Altai (48◦38’N, 90◦58’E, H. Shugui personal commu-
nication2). The fourth ice core was collected during 2009 in the Tsambagarv massif and
is the subject of this work.
Three temperature reconstructions have been proposed based on the two Belukha ice
cores. Two are based on melt feature stratigraphy of the ice cores BK01 (AD 1815 to
2001) and BK03 (20th century, Henderson et al. (2006); Okamoto et al. (2011)). The
comparison between the two ice cores shows high agreement in melt feature stratigra-
phy and confirms the representativeness of the melt features as temperature proxy in an
ice core. Henderson et al. (2006) combined a δ18O-record and the annual melt to show
strong warming for the period AD 1816-2001. The third temperature reconstruction uses
δ18O as proxy (Eichler et al., 2009a). The study shows that there is a high correlation
between δ18O and solar forcing and suggests that the latter is a main driver for temper-
ature variations during the period AD 1250-1850 (Fig. 2.6). For the industrial period
this correlation holds no longer, indicating anthropogenically induced warming for this
region.
The geochemical records of BK01 have been used to investigate past air composition,
source variations and emission rates. The anthropogenic contribution to changes in air
composition was reconstructed for the past centuries (Olivier et al., 2006; Eichler et al.,
2009b). Emitted biogenic species are precursors of aerosols, which can significantly alter
the regional radiation balance. Ice core records reconstructing aerosol composition be-
yond the observational period provide additional information to reduce uncertainties in
the interaction between the climate and the different radiative forcing factors.
Ice core based reconstruction (BK01) of forest fire activity is a novel approach conducted
by Eichler et al. (2011). With vast Siberian forest being located close to the drilling site,
the geographical arrangement is appropriate for such reconstruction. A combination of
geochemical records (K+ & NO3

-), pollen analysis and charcoal measurements were used
to reconstruct the forest fire history of this region. A pronounced dry period (AD 1540-
1600) preceded an interval of exceptionally high forest fire frequency (AD 1600-1689).

2http://news.xinhuanet.com/english/2008-08/28/content_9725932.htm
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Figure 2.6: Comparison between reconstructed temperature from Belukha ice core (red) and solar
modulation as proxy for solar activity inferred from 10Be (grey) and 14C (green) modified from Eichler
et al. (2009a).

A teleconnection with the Pacific Decadal Oscillation (PDO) was suggested as trigger
of this unprecedented combination. During the last 750 years the fire regime has been
precipitation controlled and current global warming may affect this equilibrium (Eichler
et al., 2011).
The reconstruction of mercury mining in Aktash was the initial motivation for the
Belukha 2001 ice core project (Baeyens et al., 2003; Eyrikh et al., 2003). During the
18th century the Altai was the biggest silver supplier worldwide. The October Revolution
1917 and the subsequent U.S.S.R. initiated mining of Pb, Zn, Cu and Au (Nechoroschew,
1966). With the economic crisis towards the end of the U.S.S.R. the mining in the Russian
Altai decreased substantially. With the collapse of the U.S.S.R., records of the history
and quantity of extracted elements were lost. To investigate the magnitude of local for-
mer soil pollution environmental archives are required. A Pb concentration record from
the BK01 for the period AD 1680-1995 is assumed to reflect Eastern European emissions
(Eichler et al., 2012). The record shows an enhanced signal for AD 1935-1995 due to Pb
additives in the gasoline. The subsequent decline was rather attributed to the economic
crisis of the U.S.S.R. than a phase-out of the leaded gasoline. This record allowed to
attribute 40% of the regional atmospheric Pb to the Rudny Altai mining (Eichler et al.,
2012).
Several studies investigating biological parameters such as pollens, yeast or algae were
conducted on the BK03 ice core. A method using small sample volume (10 ml) to analyze
pollen species proved to be useful for dating by means of annual layer counting (ALC)
(Nakazawa et al., 2004). The different species allow for precise separation of the sea-
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sonal signal, facilitating the identification of the accumulation period (Nakazawa et al.,
2011). DNA analysis of Pinus pollen deposited on the glacier demonstrate that they
have the same origin as Pinus found in the immediate surroundings (Nakazawa et al.,
2013). Yeast and algae on glacier surfaces may alter the radiative balance of the surface.
Understanding the conditions facilitating their growth is crucial under current chang-
ing climate condition. Results from Uetake et al. (2011) suggest that surface melting
is a major factor influencing yeast propagation. Detailed analysis of the alkanes allow
to separate the different species in anthropogenic and biogenic sources (Miyake et al.,
2006). Biological activity on the glacier surface is of major importance regarding the
radiocarbon dating of the ice. As long as confined to the surface it will not alter the
results, thereby an understanding of the processes is of the utmost importance.
Additionally, several shallow ice cores have been drilled on Belukha to test the suitabil-
ity of the sites. Some have been used to derive the moisture source of the glaciers (see
Section 2.3).
A shallow ice core was recovered at the summit of Tsast Uul (Fig. 2.2 and Fig. 2.3)
during summer 1991 to investigate the isotopic composition of Mongolian glaciers (Schot-
terer et al., 1997). The study indicated that summer precipitation in the Mongolian Altai
has a more important contribution of re-evaporated continental moisture sources than
the Siberian Altai. This study and the work of Aizen et al. (2005) suggest that the
water stable isotope signal bears hydrometeorological information that can be used to
investigate the source of the atmospheric moisture.

2.4.2 Lake sediments

A variety of lakes have been cored in the surroundings of the Altai to examine their
suitability for paleoclimate reconstruction. Lakes located within a reasonable perimeter
of the Altai are presented together with their paleoclimatic interpretation. The focus is
set on quantitative Holocene reconstructions. Pleistocene reconstructions such as from
Lake Baikal (Prokopenko et al., 2006) are out of scope. The reconstructions are classified
in two geographical regions, the Altai Mountains and the Northern Mongolian plateau
(Wang and Feng, 2013).

Altai Mountains

The Holocene composite-lake-sediment-humidity record exhibits three phases: First rapid
increase in humidity around 10 cal kyr BP, followed by wet conditions for four millennia.
The third period (6 cal kyr BP to present) shows gradual decrease in humidity (Fig.
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2.7, Wang and Feng 2013). The phases one and two give strong evidence through small
uncertainties in the reconstruction. The records used to build this composite are briefly
introduced in the following.

(i.e., upper panel in Fig. 7) suggests that a mid-Holocene dry phase oc-
curred between ~8.0 and 4.0 cal. kyr BP. The mid-Holocene dry phase
was chronologically corresponding with the warm and humid
mid-Holocene (mainly warm-season) in the Southern Siberia to the
north (Demske et al., 2005) and also with the warm and humid
mid-Holocene (mainly warm-season) in monsoonal China to the
south (Shi et al., 1993), suggesting that the mid-Holocene dry phase
in the arid and semiarid portions of the Mongolian Plateau was most
likely the result of high warm-season temperatures during the
mid-Holocene (Bush, 2005; Wang et al., 2011). That is, the evaporation
increase resulted from rising temperature might have exceeded the
precipitation increase (if any) in the arid and semiarid portions of the
Mongolian Plateau, resulting in the aridity increase. The relativewet cli-
mates in the arid and semiarid portions of theMongolian Plateau before
and after the mid-Holocene dry phase were most likely the results of
relatively low warm-season temperatures.

5. Concluding remarks

(1) The Holocene moisture history in the summer monsoon-
influenced semiarid belt has been broadly in phase with the syn-
thesized history of the East Asian Monsoon strength, the latter
being the delayed response to the Western Tropical Pacific SST
that directly followed the trend of N.H. summer insolation.

(2) The Holocene moisture history in southern Siberia seems to be a
part of the moisture history of the entire middle strip of Eurasia
where the westerlies system contributes to the major portion of
the warm-season precipitation.

(3) The reconstructed increasing trend of Holocene moisture in
northern Xinjiang may be related to the increasing trend of
cold-season temperature in northern Europe that was in turn re-
lated to the climbing trend of Holocene winter insolation.

(4) The chronological correspondences between dry phases and
warm intervals in the northern Mongolian Plateau within
Mongolia and southern Mongolian Plateau within China lend a
support to the proposal that the mid-Holocene dry phase was
most likely the result of mid-Holocene high warm-season
temperatures. The relative wet climates before and after the
mid-Holocene dry phase were likely the results of relatively
low warm-season temperatures.
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Fig. 8. RA-moisture indices and the comparison with the associated climate systems.
Notes: (1) the index from the summer monsoon influenced semiarid belt is compared with the synthesized East Asian Monsoon (ESM) Strength index (Zhao et al., 2009), Mean
Effective Moisture Index of monsoonal China (Herzschuh, 2006), West Tropical Pacific SST (Stott et al., 2004) and the Northern Hemispheric Summer Insolation Anomaly (COHMAP
members, 1988; Berger and Loutre, 1991); (2) the index from southern Siberian is compared with warm-season temperature and annual precipitation from Russian Plain (Velichko
et al., 2002), the temperature of Greenland (Stuiver et al., 1995); and (3) the index from the northern part of Xinjiang is compared with the average moisture index of Asian Central
Area (ACA) by Chen et al. (2008) and Mean Effective Moisture index by Herzschuh (2006), the cold-season temperature deviation in northern Europe (Davis et al., 2003), and the
northern hemispheric winter insolation (Berger and Loutre, 1991).
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Figure 2.7: Moisture composite record from lake sediments in the Altai Mountains (left) and the
Northern Mongolian Plateau (right). High moisture index corresponds to high moisture. Modified from
Wang and Feng (2013).

Hoton-Nur (48◦41’N, 88◦19’E, 2083 m asl) is a freshwater lake in the Mongolian Altai
(Fig. 2.3), covering an area of 50.1 km2 with an average depth of 26.6 m (Tarasov
et al., 1994). A first core from 1980 analyzed with a coarse resolution suggests a warmer
regional climate in the early-mid-Holocene followed by a shift towards drier environments
during the late Holocene (Tarasov et al., 2000). A second core was retrieved during
summer 2004 for fine-resolution palynological and diatom analyses to allow quantitative
reconstructions of the Holocene lacustrine environments, vegetation and climate (Rudaya
et al., 2009). The reconstruction suggests noticeable increase in precipitation from 200-
250 mm/yr to 450-550 mm/yr at about 10 kyr BP. After 5 kyr BP precipitation decreased
to 250-300 mm/yr. These findings agree well with the accumulation reconstruction from
the Tsambagarav ice core (see Section 4.6). According to the two reconstructions the
Mongolian Altai experienced relative wet conditions during the early Holocene (5-10 kyr
BP), followed by dry conditions in the late Holocene (5 kyr to present). This trend
coincides with a suggested shift of the intertropical convergence zone (ITCZ) during the
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transition period (Wanner et al. (2008), Fig. 2.8).

5.2. Lacustrine environments

The lower part of the Hoton-Nur core consists of gray-blue clay
usually associated with the deep and cold-water oligotrophic lake
(Tarasov et al., 1994). Prior to 11.5 kyr BP diatom concentrations are
relatively low and the lake is dominated by planktonic Cyclotella
and small Fragilariaceae, suggesting a deep and oligotrophic/
mesotrophic lake. Small Fragilariaceae species (e.g. S. pinnata) are
commonly found in disturbed glacial and/or arctic environments
(Haworth, 1976; Anderson, 2000). The high abundance of S. pinnata
from the beginning of the record until 10.7 kyr BP might imply
intensified erosion processes in the catchment and this corre-
sponds well with the presence of scarce and dry vegetation and the
generally arid climate during this period. The boundaries of the first
two pollen and diatom zones coincide, suggesting the lake
ecosystem responded quickly to the changes in the catchment.

From about 10.7 kyr BP, more planktonic diatom taxa appeared
and increased in abundance, indicating that the lake diatom flora
became more established and diverse. The abundance of small
mesotrophic Cyclotella taxa also increased. The lake became more
productive as diatom concentration increased. This change corre-
lates well with the development of boreal woodland in the catch-
ment (Fig 6). The decrease in precipitation and changes in the
catchment vegetation towards drier steppe are reflected by the
rapid increase in A. distans from about 5 kyr BP. The ecology of A.
distans is not entirely clear; it is likely that A. distans is either
a planktonic or meroplanktonic species, i.e. it spends at least part of
its life-cycle in the water column (Turkia and Lepisto, 1999). The
increase in A. distans coincides with the development of a steppe
landscape that is more open and drier than before. Relatively heavy,
silicified A. distans thrive in lakes with wind-induced turbulence
(Rühland et al., 2003), which is greater in open country than in
woodland.

Floristically, the Hoton-Nur Aulacoseira/Cyclotella/Fragilariaceae
dominated diatom assemblages are close to deep oligo/

mesotrophic lakes located in remote arctic, subarctic and alpine
areas of Canada (Rühland et al., 2003; Smol et al., 2005), Scandi-
navia (Sorvari et al., 2002), and Spain (Catalan et al., 2002). It is
likely that the late-Holocene increase in A. distans in the lake can be
linked to changes in the ice-cover regime as well as the increase in
wind-induced turbulence due to the vegetation changes in the
catchment. The increase in C. ocellata in early- to mid-Holocene
might also be partially linked to the change in the lake ice-cover
regime (e.g. shortening of the ice-cover season) due to the
increased humidity. Similar changes in the arctic Scandinavian and
Canadian lakes during the 20th century have been attributed to the
shortening of the ice cover due to global climate warming (Sorvari
et al., 2002; Smol et al., 2005).

Pollen data suggest the late Holocene change in the vegetation
cover towards a more open landscape, causing an intensification of
the wind and water erosion and a higher risk of wild or anthro-
pogenic fires. Neither diatom nor non-pollen macrofossil analysis of
the Hoton-Nur sediment cores provide evidence of significant
human impact on the regional environments. Eggs of Macrobiotus,
recorded from 8 kyr BP onward, usually indicate unpolluted eco-
topes (Jankovska, 1991). Glomus spores, often reported as an indi-
cator of human-influenced soil erosion in the catchment of the lake
(van Geel et al., 2003), are found in the Hoton-2 sediment at
extremely low levels of abundance.

5.3. Climate dynamics

Pollen and diatom data from Hoton-Nur demonstrate changes in
the vegetation and algal communities, which can be interpreted in
terms of the past climate dynamics. Both climate-based vegetation
modeling (Prentice et al., 1992) and biogeographical studies on the
modern vegetation (Gunin et al., 1999) suggest that Tc, a and Pann
are the most relevant climatic parameters for defining boundaries
between the principal vegetation types in Mongolia. For example,
Tc ¼ "35 #C separates cold deciduous forest dominated by Betula

0

1

2

3

4

5

6

7

8

9

10

11

10 15 200 5 0 5 10 15 20

Pollen-derived
biome scores,
Hoton-1 core

Pollen-derived
biome cores,
Hoton-2 core

(boreal woodland)

Dominant biome
(vegetation type),

Hoton-Nur

Cool grass/shrub

(cool steppe)

Cool grass/shrub
(cool steppe)

arbitrary units arbitrary units mm/yr

Hoton-1

Pollen-derived
annual precipitation,

Hoton-Nur

500300100

Hoton-2

Cool grass/shrub
& taiga

ba c d

Ag
e,

 c
al

. k
yr

 B
P

Fig. 5. Numerical scores of the dominant biomes (circles ¼ taiga, and squares ¼ steppe) reconstructed from the Hoton-1 (a) and Hoton-2 (b) pollen records used for the recon-
struction of changes in vegetation (c) and annual precipitation (d).

N. Rudaya et al. / Quaternary Science Reviews 28 (2009) 540–554548

5.2. Lacustrine environments
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and small Fragilariaceae, suggesting a deep and oligotrophic/
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landscape that is more open and drier than before. Relatively heavy,
silicified A. distans thrive in lakes with wind-induced turbulence
(Rühland et al., 2003), which is greater in open country than in
woodland.

Floristically, the Hoton-Nur Aulacoseira/Cyclotella/Fragilariaceae
dominated diatom assemblages are close to deep oligo/

mesotrophic lakes located in remote arctic, subarctic and alpine
areas of Canada (Rühland et al., 2003; Smol et al., 2005), Scandi-
navia (Sorvari et al., 2002), and Spain (Catalan et al., 2002). It is
likely that the late-Holocene increase in A. distans in the lake can be
linked to changes in the ice-cover regime as well as the increase in
wind-induced turbulence due to the vegetation changes in the
catchment. The increase in C. ocellata in early- to mid-Holocene
might also be partially linked to the change in the lake ice-cover
regime (e.g. shortening of the ice-cover season) due to the
increased humidity. Similar changes in the arctic Scandinavian and
Canadian lakes during the 20th century have been attributed to the
shortening of the ice cover due to global climate warming (Sorvari
et al., 2002; Smol et al., 2005).

Pollen data suggest the late Holocene change in the vegetation
cover towards a more open landscape, causing an intensification of
the wind and water erosion and a higher risk of wild or anthro-
pogenic fires. Neither diatom nor non-pollen macrofossil analysis of
the Hoton-Nur sediment cores provide evidence of significant
human impact on the regional environments. Eggs of Macrobiotus,
recorded from 8 kyr BP onward, usually indicate unpolluted eco-
topes (Jankovska, 1991). Glomus spores, often reported as an indi-
cator of human-influenced soil erosion in the catchment of the lake
(van Geel et al., 2003), are found in the Hoton-2 sediment at
extremely low levels of abundance.

5.3. Climate dynamics

Pollen and diatom data from Hoton-Nur demonstrate changes in
the vegetation and algal communities, which can be interpreted in
terms of the past climate dynamics. Both climate-based vegetation
modeling (Prentice et al., 1992) and biogeographical studies on the
modern vegetation (Gunin et al., 1999) suggest that Tc, a and Pann
are the most relevant climatic parameters for defining boundaries
between the principal vegetation types in Mongolia. For example,
Tc ¼ "35 #C separates cold deciduous forest dominated by Betula
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Figure 2.8: (left) Reconstruction of annual precipitation from pollen records of Hoton-Nuur (modified
from Rudaya et al. 2009. (right) Global climate change for the preindustrial period (AD 1700) compared
to the Mid Holocene (6 cal kyr BP) and suggested ITCZ-shift (modified from Wanner et al. 2008).

Akkol (50.25◦N 89.62◦E, 2204 m asl) and Grusha (50.38◦N 89.42◦E, 2413 m asl): The
two lakes are less than 10 km apart (Fig. 2.3). Both are small lakes with areas smaller
than 2 km2. In the early Holocene (12 cal kyr BP) the pollen diagram of Lake Grusha
suggests a dry and warm climate. This is supported with Lake Akkol being dry. At
around 11 cal kyr BP both lakes show an increase in humidity. From 6 cal kyr BP
onwards a cold and arid climate was dominating (Blyakharchuk et al., 2007).
Uzunkol (50.48◦N 87.10◦E, 1985 m asl) and Kendegelukol (50.50◦N 87.63◦E, 2050 m
asl): The lakes are situated in the Russian Altai (Fig. 2.3). Coring was conducted during
summer AD 2000. Based on pollen analysis the beginning of the Holocene (11 cal kyr
BP) experiences a warm and wet climate. Changing pollen composition indicates a shift
towards a cooler and drier climate from about 7.5 cal kyr BP onwards (Blyakharchuk
et al., 2004).

Northern Mongolian Plateau

The composite lake sediment record compiled from sources from the Mongolian plateau,
shows that both, the early Holocene and the late Holocene are characterized by relatively
wet (and also probably cool) climates (Wang and Feng (2013), Fig. 2.7). The humidity
trends are different from the Altai data. This illustrates the heterogeneity of the regional
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climate and calls for additional data for a comprehensive understanding of the precipi-
tation driving forces in Mongolia. For this region only the Lake Telmen record is further
discussed, the other reconstructions being located far of the Altai Mountains.
Lake Telmen (48.83◦N 97.33◦E, 1789 m asl) has an average water depth of 13 m and a
surface of 194 km2 (Fig. 2.3). Palynological and sedimentological data allow a qualitative
reconstruction of moisture changes for the mid to the late Holocene. The climate of the
period 7.5-4.5 kyr ago was relatively arid. Maximum humidity is recorded between 4.5
and 1.6 cal kyr BP. The reconstruction suggests additional humid intervals during the
Medieval Warm Period (AD 1000-1300) and the Little Ice Age (AD 1500-1900) (Fowell
et al., 2003). Sedimentological and geomorphical evidence confirm those reconstructions
(Peck et al., 2002).

Various records

Two additional records not considered in the composite record by Wang and Feng (2013)
are discussed in the following. Uvs Nuur Lake (50.38◦N 92.20◦E, 759 m asl) is mentioned
in this chapter because it is the largest lake of Mongolia. No sediment core is available
from this shallow salty lake. Instead, shoreline fluctuations indicate changes in precipita-
tion. Mid-Holocene shoreline elevation suggest a humid climate, falling lake levels during
the second half of the Holocene point to lower temperatures and less precipitation from
5 ka BP onward (Grunert et al., 2000).
Lake Teletskoye is located in the Russian Altai (Fig. 2.3). With an average depth of 174
m (330 m at the deepest point), a length of 78 km and a width of only 3-5 km its prop-
erties are very different to the shallow Mongolian Altai lakes. Two cores were collected
the first in 2001 and the second in 2002 from the deepest part of the lake. Using X-ray
fluorescence and X-ray density, 800-year temperature and precipitation reconstructions
were presented. These annual records show trends in climatic variability over the past
800 years similar to Northern hemispheric reconstructions (Kalugin et al., 2007). Pollen
analysis of the same core documents climate-related vegetation history for the past mil-
lennium. Around AD 1020 climate conditions were similar to modern, followed by a
short dry period with increased fire activity (AD 1100 to 1200). Climate became more
humid with probably higher temperatures than present until AD 1410. Pollens suggest
a decrease in precipitation for the period AD 1410 to 1560. During the Little Ice Age
(AD 1560 and 1820) a cold and arid climate prevailed. From AD 1840 the pollen data is
consistent with the instrumental data from the Barnaul meteorological station (Andreev
et al., 2007).
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2.4.3 Tree-rings

Tree-ring based paleoclimatic reconstructions have annual resolution and are therefore
often used to extend instrumental data. For this reason they provide useful informa-
tion for a region with temporally limited and spatially sparse instrumental data, such as
Mongolia. The Mongolian American Tree Ring Project (MATRIP) is collecting tree-ring
samples since 1995 and accelerated the paleoclimatic investigation in Mongolia. Different
available reconstructions are presented in the following.
A tree-ring temperature chronology near Tarvagatay-Pass, Mongolia (48.29◦N 98.93◦E,
2450 m asl, Fig. 2.3) for the past 450 years shows strong temperature increase for recent
decades (Jacoby et al., 1996). Relative to the past 450 years actual temperature evolution
is unprecedented. This initial study demonstrated that annual ring width of trees in this
region is sensitive to temperature variation and paved the way for further temperature
reconstructions. A 1738 years-long temperature record inferred from tree-ring widths at
Solongotyn Davaa (Sol Dav, 2420 m asl), suggests the warmest conditions of the past
millennium during the recent decades; whereas the most severe cold occurred in the 19th

century (D’Arrigo et al., 2001). A preliminary study for the Sayan-Altai Mountains con-
tains the period AD 78 to 2006 (Myglan et al., 2008). The record is illustrated with the
Sol Dav chronology in Fig. 2.9. The records are very similar, resulting in a coherent
temperature reconstruction. The LIA appears temporally more extended but the tem-
perature deficit is less pronounced than in the Sol Dav chronology. The cold interval
around AD 540 is identifiable in both long-term records, indicating a severe cooling with
regional effects. A regional-scale composite of four tree-ring width records from alpine
sites in Mongolia for the period AD 1450 to 1998, confirms the accelerated warming in
recent decades and corroborates indications of unusual warming during the twentieth
century (D’Arrigo et al., 2000).
A drought reconstruction for Mongolia reveals the main summer moisture patterns of the
past 470 years (Davi et al., 2010). The record is composed of chronologies, representing
the different regions of the country. Actual measured droughts at the end of the 20th

century are extreme relative to the past several hundred years, as shown by the Palmer
Drought Severity Index (PDSI) reconstruction (Fig. 2.9). This drought reconstruction
can be used to better understand climate variability in Mongolia and identify the major
forcings of the climate.
Mongolian combined with North American tree-ring chronologies have been used to in-
vestigate the long-term variability of the Siberian High (D’Arrigo et al., 2005). The
Siberian High (SH) index for the period AD 1599-1980 confirms the decline identified in
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ring measurements were dated using a combination of 

the graphical cross-dating technique (Douglass, 1919) 

and cross-correlation analysis with the software for 

dendrochronological studies – DPL (Holmes, 1983) and 

TSAP V3.5 (Rinn, 1996). In order to preserve long-term 

variability, the age trend in individual time series was 

removed using the classical technique (Fritts, 1976) with 

the help of negative exponential curve or linear regression 

in ARSTAN software (Cook, Krusic, 2008).

The quality of the resulting master (site) chronology was 

evaluated on the basis of traditional dendrochronological 

indices. The standard deviation characterizes the 

amplitude of inter-annual changes in tree growth; EPS 

characterizes changes in chronology in response to 

external factors (it shows how the population signal is 

reÀ ected in the chronology); rbar represents the mean 

inter-series correlation (Wigley, Briffa, Jones, 1984; 

Cook, Kairiukstis, 1990). 

Dendroclimatic correlation analysis of the obtained 

tree-ring width chronology was based on monthly 

measurements of surface temperature and precipitation 

from the following nearest meteorological stations 

(Fig. 1): Ak-Kem (49º 58ƍ N, 86º 42ƍ E; 2050 m asl; 1961–

1995); Kyzyl (51º 45ƍ N, 94º 25ƍ E; 634 m asl; 1944–1986); 

Ulangom (49º 48ƍ N, 92º 05ƍ E; 934 m asl; 1943–1983); 

Uighi (48º 58ƍ N, 89º 58ƍ E; 1715 m asl; 1959–1991). Data 

from the Climatic Research Unit (CRU) data set (0.5º 

by 0.5º coordinate grid, (Mitchell, Jones, 2005)) for the 

period 1901–2002 were also used. Data were calculated 

for the area between 88º 00ƍ N and 90º 50ƍ N and between 

50º 00ƍ E and 51º 00ƍ E. For the comparative analysis of 

the tree-ring width chronology in the Altai-Sayan region 

we used standardized tree-ring chronologies generated 

for Northern Mongolia (Khalzan Khamar and Solongotun 

Davaa) (Jacoby et al., 2008) and Gorny Altai (Ovchinikov, 

Panyushkina, Adamrenko, 2002). 

Results and discussion

A 1929 year-long chronology spanning the period from 

AD 78 to AD 2006 (Fig. 3) was built based on 98 dated 

samples including 20 samples of living trees and 78 of 

dry wood. 

Fig. 3. Tree-ring chronological sequence for Mongun-Taiga spanning the period from AD 78–

2006 (the grey curve shows annual À uctuations of growth indices; the black curve shows the 

same changes graduated through a 42-year low-frequency ¿ lter; the horizontal line represents the 

arithmetic mean) (a); distribution of sampling trees with respect to the beginning of growth (b);

number of trees for each interval under analysis (c).
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of chronologies that cover the longer time span. Nests that
were tested to extend the model past the year 1520 failed
calibration and verification statistics and therefore were not
included.
[19] A forward nest, using all tree ring chronologies that

extend to 2001, was performed. Although the forward nest
model captured the general year‐to‐year variation of the
PDSI and correlated quite high (R = 0.88) we chose not to
include it because the tree ring estimates underestimate the
actual 1999–2000 PDSI values (Figure 4). The actual mean
summer PDSI value for 2000 is −5.14 and estimates from
tree rings are −1.87 (Figure 4). Mongolian tree ring chro-
nologies that extend into 2001 (Table 1) and are located
within the region that shows most extreme drought (auxiliary
material Figure S1), have very narrow rings from 1999 to
2002.1 This result demonstrates that the trees located in the
driest regions during that time were in fact sensitive to these

droughts, although this effect is somewhat diluted in the
large‐scale average.
[20] A forward nest model (1994–2000) that includes tree

rings that extend to 2001 and are located in the most
drought‐affected regions (auxiliary material Figure S1)
captured the severity of the recent droughts more accurately
than the large‐scale average (actual PDSI value for 2000 is
−5.14, estimated from tree ring = −4.27) (Figure 4, red line)
and shows that the 2000 droughts were severe in the context
of the past several hundred years. However, because this
drought is captured by a subset of tree ring chronologies we
have decided not to include it in the PDSI model. Instead,
we have included the actual average JJA PDSI data (of the
44 grid cells used for modeling) from 1994 to 2005 with the
reconstruction in order to add context to the 2000 droughts
(Figure 3).

3.2. Spectral Analysis
[21] The PDSI reconstruction (1703–1993) shows signif-

icant periodicities at 2.8 (99%), 6.4–7.2 (95%), 11.6 (95%),
19.3 −25 (99%) and 40 years (90%) (Figure 5). All three

Figure 3. Summer (JJA) PDSI reconstruction based on tree rings (1520–1993) with the actual JJA PDSI
values from 1994 to 2005 attached for context. The red line shows the data smoothed by using an adja-
cent‐averaging method with an 11 year window. Also shown are the time‐varying number of predictors,
calibration r square for nested full period reconstruction, and the statistics of correlation (r), reduction of
error (RE), and coefficient of efficiency (CE) for calibration and verification of the split periods (1951–
1971 and 1972–1993).

1Auxiliary materials are available in the HTML. doi:10.1029/
2010JD013907.
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reliability of the RBAR decrease as sample size diminishes. 
Also, RBAR values early in the record may be somewhat 
inflated due to a higher percentage of correlations being 
computed from within the same trees (Figure 2). We thus 
consider this chronology to be most reliable over the past 
1150 years (AD 850-1999). However, the EPS remains >0.85 
for some intervals prior to AD 850, indicating that there is 
still reasonable agreement with the population chronology and 
useful climatic information. The lower EPS and RBAR values 
ca. 1100 (Figure 2) seem to result from suppressed growth 
during this cool period in more mature trees and somewhat 
erratic juvenile growth in trees entering the chronology about 
this time. Since resolution of low-frequency information may 
be limited by the length of individual segments [Cook et al., 
1985], care was taken to balance sample size with segment 
length in chronology development. Average segment length is 
341 years, with a standard deviation of 110 years. 

3. Climate Analyses 
There are very few meteorological stations in the general 

vicinity of the Sol Dav site, and these are only several decades 
in length [Jacoby et al, 1996; Jacoby et al., 1999]. At six 
hundred kilometers distance and at much lower elevation (470 
m), the station record for Irkutsk, Russia (Figure 1) is the 
longest such series available for the vicinity of Sol Dav. The 
Irkutsk annual temperature record shows an overall steady 
rise over its length with the highest levels in the 1990s, as in 
the annual Northern Hemisphere average. Gridded 
temperatures overlapping the Sol Dav site (45-50øN, 95- 
100øE; P. Jones, pers. comm.) are almost entirely based on the 
Irkutsk record. As in Jacoby et al. [1996], the strongest 
correlations were found between annual ring-width indices 
and prior August through current July temperatures from 
1882-1993 (r = 0.44). Averaged over four years (using tree 
growth in year t to estimate temperature averaged over years 

t-3 to t), this model accounts for 33% of the variance, adjusted 
for degrees of freedom. This finding reflects the fact that tree 
physiology can integrate response to an impulse several years 
after the event [Fritts, 1976; Kramer and Kozlowski, 1979; 
Cook, 1985]. Despite this climate/growth relationship we do 
not consider this model sufficient for development of a 
verifiable reconstruction [ Fritts 1976]. 

The Sol Dav chronology allows the 20th century warming 
to be placed in context with the past 1738 years. Focusing on 
the past millennium, the highest 20, 50 and 100-year growth 
intervals all fall within the 20th century (1980-99, 1950-99 
and 1900-99). The 20-year interval from 1942-1961 is the 
next highest on record; it approximates the highest growth 
level found in the shorter version of this series [dacoby et al., 
1996]. Living trees were cored in late August of 1999, when 
perhaps a few weeks of the growing season still remained, 
evidenced by various stages of latewood formation. Despite 
not being complete, the 1999 value is 1.678, over 3 standard 
deviations above the long-term mean of 1.0. This is the 
highest value in the past thousand years, and the second 
highest in the entire series. Further, eight of the ten highest 
growth years in the past millennium are since 1950. 

Other notable periods of comparable warmth are inferred 
around AD 800 (the year 816, the highest in the entire record, 
has a value of 1.729), in the early 1400s, and at the end of the 
18th century (Figure 2). The two earlier intervals bracket the 
"Medieval Warm Epoch" (MWE), interpreted to have 
occurred sometime within the 9th-14th centuries [Lamb, 
1965]. However, there are also periods of inferred cold (e.g., 
around 1100), supporting evidence that the MWE was not a 
global phenomenon of synchronous, sustained warmth [e.g., 
Hughes and Diaz, 1994; Overpeck et al., 1997]. The MWE 
may thus not be a valid analog for the global warming of the 
20th century and its association with anthropogenic 
influences. 

The most pronounced, sustained cooling at Sol Dav is in 
the 1800s, during the "Little Ice Age" [Grove, 1988] (Figure 
2). The lowest 20, 50 and 100-yr intervals over the past 
millennium are all in the 19th century. Although there is 
considerable variation in the phasing of relative cold and 
warmth during the Little Ice Age, depending on location, the 
early to middle 1800s may be the most spatially coherent 
period of Little Ice Age cooling within the Northern 
Hemisphere [Grove, 1988]. Solar effects, volcanism, and 
atmosphere-ocean dynamics may all be possible causes for 
the cold conditions at this time [e.g., Jones et al., 1996]. 

Samples were inspected for frost damage [LaMarche and 
Hirschboeck, 1984] and wood breakage which can signify 
unusual high-frequency events (e.g., cold surges, related to 
the East Asian monsoon; Zhang et al., 1996) in the 
continental Mongolian landscape. One of the most notable 
frost ring occurrences is in AD 536 [D91rrigo et al., in press, 
a], which shows visible frost damage in the latewood and 
signals the onset of an unusually cold decade (AD 536-545). 
The mean ring-width index for this decade is 0.670, with a 
minimum value of 0.37 in AD 543 (Figure 2). 

There are other indications of unusual conditions at this 
time. Chinese historical records document dim sun, summer 
frosts, and famine in AD 536 [Baillie, 199.9]. AD 540 is one 
of the narrowest rings in the first millennium AD in Irish oaks 
[Baillie, 1999], and AD 536 is the second coldest summer in 
1500 years in a tree-ring temperature record from 
Fennoscandia [Briffa et al., 1992]. There is also reduced 
growth from AD 536-545 in other European chronologies 

Figure 2.9: (top) Tree-ring chronology from the Sayan-Altai region: annual (grey) low-frequency
smoothed (black) (modified from Myglan et al. 2008). (middle) Sol Dav record (modified from D’Arrigo
et al. (2001)). (bottom) PDSI reconstruction of Mongolia based on tree rings combined with actual values
(modified from Davi et al. 2010).

the instrumental SH index since the late 1970s, related to Eurasian warming. Teleconnec-
tions with different atmospheric features such as East Asian winter monsoon (EAWM)
and the North Atlantic Oscillation (NAO) are expected but additional investigations are
required for a complete understanding of the interactions.
Although a variety of records are available, a consistent understanding of the factors
driving the climate of the Altai on the long-term is still missing. Asian temperature re-
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constructions for the past two millennia are biased towards tree-ring widths (PAGES2k-
Consortium, 2013). Additional studies can improve our understanding of the regional
climate and help to put recent warming in a long-term perspective. This study is a step
in this direction.
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3 Methods

In general the methods used for this thesis can be separated in two categories. The first
category involves techniques needed to assign an age to a certain depth, so called dating
methods. The second category is used to reconstruct past climatic conditions. To date
the Tsambagarav ice core the following parameters were analyzed: Tritium (3H), 210Pb
and radiocarbon (14C). For climate reconstruction the concentration of major ions, the
stable isotope composition (δ18O) and 10Be were measured. Diatom and pollen analyses
were as well performed for the period ranging from AD 1934 to 2009. This is an ongoing
project of Elena Mitrofanova (IWEP, SB RAS, Barnaul, Russia) and is not included in
this work.
This chapter introduces the different methods and instruments applied in this project.
First, the sample preparation is described in detail. This is followed by dating methods
chronologically ordered by the the half-lifes of the respective isotopes. At the end the
climate proxy methods are introduced. A summary of the species analyzed in this project
is given in Table 3.1. Indication of time resolution is only reasonable for species not
analyzed close to bedrock, since strong thinning induces a very large time span (for
details see Chapter 4).

Table 3.1: Species, number of samples and mean resolution in cm of the Tsambagarav ice core. The
two values in the 3H row correspond to two different measurement batch (for details see section 3.2). (∗)
close to bedrock strong thinning of annual layers induce very large time span, thus no range is indicated.
(†) on going project, more samples will be processed.

Species Number of samples Depth-resolution [cm] time-resolution [year]
3H 20 & 21 66.7 & 22 1.45 & 0.48
210Pb 38 132 6.33
14C 19 15 ∗
major ions 2944 2.25 ∗
δ18O 2944 2.25 ∗
10Be 130† † †
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3.1 Sample processing

The 72 meter surface-to-bedrock ice core was drilled in summer 2009 with the electrome-
chanical drill FELICS, resulting in 112 segments of 70 cm length with diameter of 8.25
cm. On site the 112 segments were packed in polyethylene bags and transported frozen
to the PSI, where they were processed in the cold room (-20◦C). Prior to cutting, each
ice segment was backlit and photographed to establish a precise stratigraphy. Features
observed were: dust layers, single large particles and melt layers (they appear bright and
bubble-free when backlit). Samples for analysis of contamination sensitive species were
collected from the inner part of the core (e.g. major ion). For species less sensitive to
contamination (e.g. 210Pb) the outer part of the core was used. The ice was processed
using a band saw with a Teflon coated tabletop according to the procedure described
in Eichler et al. (2000). Fig. 3.1 illustrates the cutting scheme, showing the attribution
of the ice to the different analysis. All the handling and cutting of the ice cores was
performed wearing polyethylene gloves to avoid contamination.

Figure 3.1: (left) Cross-section of the Tsambagarav ice core with cutting scheme. (a) was used for pollen
and diatom measurements. (b) and (c) for major ion analyses. Section (d) for tritium measurements.
The 10Be samples were taken from (e). The slice (f) was used for 210Pb analysis. The remaining part (g)
was used for discrete 14C analysis or few selected segments and still available or partly used to complete
measurements.
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3.2 Liquid scintillation counting (3H)

The isotope tritium (3H) has a half-life of 12.3 years and is the third frequent natural
isotope of hydrogen (MacMahon, 2006). It is a low-energy β-emitter (Emax = 18.6 keV)
and decays to 3He. The natural background of 3H is produced through bombardment of
14N by fast neutrons (n(fast) + 14N −−→ 12C + 3H).
Through its interaction with stratospheric oxygen (O2) it is incorporated in the water
cycle. The residence time in the atmosphere is 1.6 years (Craig and Lal, 1961). With a
production rate of 0.25 atoms · cm-2 · s-1 the natural occurrence of 3H is low (Craig and
Lal, 1961) and negligible compared to the input by thermonuclear weapon tests initiated
in the 1950’s. The anthropogenically produced 3H accumulated in the stratosphere until
1963, the year of the US-Soviet Test Ban Treaty. Since then the concentration is decreas-
ing approximately at the rate of its half-life (Cook et al., 2004). This peak in activity
can be used in ice core dating as time marker for the year 1963.
The analysis of 3H was conducted with the outer part of the ice core since 3H is less
sensitive to contamination. Two series of 3H activity measurements were performed. A
first set at low-resolution (60 cm) for an approximate location and a second set at high-
resolution (20 cm) for a refined location of the horizon within the ice core. The method
applied was liquid scintillation counting (LSC).
The mass required for one measurement is 10 g. The samples are melted and suspended
in a scintillator “cocktail” containing a solvent and placed in a TriCarb 2770 SLL/BGO
counter (Packard SA, Meriden, II, USA). The β-particles emitted from the sample trans-
mit energy to the scintillator, which converts the absorbed energy into photons. The
fluorescence of the photons hits the photomultiplier tube (PMT) producing an electrical
pulse proportional to the number of photons. This pulse is converted into a digital value.
The counting time was 1200 min with a blank value of 0.95 counts per minute (cpm).
The detection limit is 8.98 Tritium Units (1 TU = [3H]/[H] = 10-18) and is related to the
natural radioactivity in the instrument’s construction materials, natural radioactivity in
the vial walls or caps, cosmic ray interactions with the vial walls and vial contents, and
thermal ionization in the PMTs (Cook et al., 2004). The activity is decay-corrected to
the year 1963 for easier comparison with other records.
The analysis was conducted by Jost Eikenberg and Max Rüthi from the Radioanalytic
laboratory at the Paul Scherrer Institut.
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3.3 α-spectroscopy (210Pb)

210Pb is part of the uranium-238 (238U)-decay chain. It is formed in the atmosphere as a
decay product of 222Rn, which emanates constantly from the earth crust (Fig. 3.2). The
210Pb isotope interacts with aerosols and reaches the glacier by dry or wet deposition
(Gäggeler et al., 1983). Its residence time in the atmosphere ranges from days to weeks.
To calculate the age of the ice constant accumulation is assumed. The datable time
period datable is mainly controlled by the half-life of 22.3 years. However, favorable
conditions such as high initial activity and low blank values, allow dating of more than
150 years. 210Pb is indirectly measured by its decay product 210Po (T1/2 = 138 d), which
is an alpha-emitter. The ice core is supposed to rest several month in order to allow the
210Po and 210Pb activities to be in equilibrium.
To avoid large scattering of the data, due to varying transport and deposition, two core
segments were combined for one measurement. Being not sensitive to contamination
about 200 g of the outer part of the ice core were processed (Fig. 3.1). Before melting
the sample, hydrochloric acid (HCl) is added together with a 209Po (T1/2 = 102 y)
standard. The melted sample is then bubbled for 3 min with sulfur dioxide at 90-95◦C to
adjust the pH. Than a silver plate is placed into the sample for 7 hours at 90-93◦C to
deposit the 210Po on the plate. Finally the plate is rinsed with ultrapure water and
dried. Samples are analyzed by α-spectrometry (Euertec Schlumberger, Typ 7164 with
PIPS detector) to measure the α-activities of the two isotopes 209Po and 210Po. Energies
of the α-lines analyzed are 4.9 MeV for 209Po and 5.3 MeV for 210Pb. For one kg of
ice the background activity is 2.2 mBq. The surface activity is required, to convert the
decreasing activity into a timescale. In this study the surface activity was obtained by
applying a linear regression to the upper 20 m weq and defining the y intercept as surface
activity (272 mBq l-1). The measured activities with the corresponding ages are discussed
in Section 4.4.
Edith Vogel from the Laboratory of Radio- and Environmental Chemistry conducted the
deposition on silver plates. Leo Tobler at the PSI performed the α-spectroscopy.
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Figure 3.2: Decay chain of 210Pb. Products in the decay chain of 238U of importance in the 210Pb
dating method (from Gäggeler et al. (1983)).

3.4 Accelerator mass spectrometry (14C)

Carbonaceous aerosol particles are deposited on the glacier with snow and embedded
into the ice matrix. Measuring the 14C/12C ratio of those particles allows attributing an
age to the glacier ice. This method becomes most relevant for the lower part of the ice
core, where other dating techniques do not allow any age attribution (Zapf et al., 2013
in press). Prior to AD 1800 the organic carbon in the atmosphere was purely of biogenic
origin and is thereby appropriate for radiocarbon dating of glacier ice (Jenk et al., 2007).
With a half-life of 5730 years 14C allows dating of up to 50’000 year old ice.
Developing a method to date glacier ice with particulate organic carbon (POC) was a
demanding task. It involved a special design of a CO2 trapping system and an accelerator
mass spectrometer (AMS) with a gas ion source. The technique is shortly introduced,
since the 14C measurements had a major contribution to the dating of the lower part of
the ice core and to the corresponding conclusions of Chapter 4.
To avoid contamination the inner part of the ice core is used and rinsed with ultrapure
water (Fig. 3.1). After melting, the sample is filtered through preheated quartz fiber
filters (Pallflex Tissuquartz, 2500 QAO-UP) and acidified (three times 5 µl 0.2 M HCl)
to remove carbonates. The filter is stepwise combusted in a pure oxygen flow, first at
350◦C (10 min) and later at 680◦C (12 min) to separate the organic carbon (OC) from
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the elemental carbon (EC) fraction. The emanating CO2 is cryogenically trapped, mano-
metrically quantified and sealed in a glass tube for AMS measurement. The glass ampules
are introduced to the gas handling system of the 200 kV AMS system ’MICADAS’ for the
measurement of 14C. The technique allows measurement of very small carbon samples
(> 3 µg C). For one sample, the procedure blank input (mC,proc.blank) is 1.17±0.41 µg
C with a fraction of modern (fm,proc.blank) of 1.15±0.09. The correction applied to the
AMS value is given by:

fm.corrected =
mC,sample · fm,sample −mC,proc.blank · fm,proc.blank

mC,sample −mC,proc.blank
(3.1)

where mC,sample is the measured carbon mass and fm,sample the measured fraction of
modern of the sample. Details for the OC/EC separation conducted at the University
of Berne are presented in Szidat et al. (2004) and Sigl et al. (2009), whereas details
of the ’MICADAS’ and its gas inlet system are described in Synal et al. (2007) and
Ruff et al. (2007). The AMS measurements were performed at the ETH Zürich in the
Laboratory of Ion Beam Physics. The OxCal software and the IntCal 09 calibration
curve (Bronk Ramsey, 2001; Reimer et al., 2009) were used to calibrate the data. Ages
are given in calibrated radiocarbon ages (cal years BP = years before 1950).
Compared to other sites the Tsambagarav ice core allowed for analysis of relative small
samples. The average ice mass of the total 18 samples is 178 g. Samples with very high
carbon concentration were portioned into two separate glass ampules (for details and
complete analysis results see Table 9.1). Values with high dust input were excluded to
derive the age-depth relationship presented in Chapter 4 (see Table 4.1). Alexander Zapf
carried out all the sample preparation and the AMS measurement.

3.5 Ion chromatography (major ions)

The temporal distribution of the concentration of major ions in an ice core can be used
to reconstruct the air composition and to identify changing source regions of air masses
reaching the glacier. The 13 species analyzed and hereinafter called major ions are:
5 cations (Na+, NH4

+, K+, Mg2+ and Ca2+) and 8 anions (F-, CH3COO-, HCOO-,
CH3SO3

-, Cl-, NO3
-, SO4

2-, C2O4
2-). Only dissolved species have been analyzed within

this study.
In total 2944 samples were processed in the cold room and measured with ion chromatog-
raphy (IC). The initial resolution of 2.5 cm was increased to 2 cm from 50.68 m depth
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(38.89 m weq) to account for the thinning of the annual layers in a glacier (Nye, 1963).
The major ions present in trace concentrations are very sensitive to contamination and
thus require very careful preparation. The 50 ml polypropylene vials are placed in ultra-
pure water during 24 hours which is repeated five times. To control the procedure blank
frozen ultrapure water is processed identical to the ice core sample. Only the inner part
of the ice core is used (see Fig. 3.1). To avoid contamination with gaseous compounds
in the laboratory air, the sample containers are flushed with N2 prior to melting and
then directly placed in the autosampler of the instrument. The system used is the 850
Professional IC combined with 872 Extension Module from Metrohm. Details of the com-
pounds and parameters are given in Table 3.2. The species-specific detection limits are
given in Table 3.3. Concentrations are determined by external calibration with different
dilutions of in-house reference solutions of 10 ppm, for each measurement batch. To con-
trol the calibration, a reference solution and an in-house standard (Jungfraujoch snow)
are systematically measured. Raw data is evaluated with the MagICNet 1.1 software.

Table 3.2: Components of the Metrohm 850 Professional IC & 872 Extension Module ion chromatog-
raphy system, for the analysis of the ionic species.

Component cations anions

Eluent 2.8 mM HNO3 A: 1.5 mM Na2CO3 / 0.3 mM NaHCO3
B: 8 mM Na2CO3 / 1.7 mM NaHCO3

Flow rate 1 ml/min 0.9 ml/min

Loop 500 µl 500 µl

Autosampler 858 Professional Sample Processor

Separation column Metrosep C4 Metrosep A Supp 10

Guard column Metrosep A Supp 5

Suppression - H2SO4 0.05 M

Detection Conductivity detection Conductivity detection

Software IC MagicNet IC 1.1 IC MagicNet IC 1.1

3.6 Mass spectrometry (δ18O)

In certain regions of the globe, stable isotope ratio of oxygen (16O/18O) and hydrogen
(1H/2H) in precipitation is related to temperature and can therefore be used as temper-
ature proxy (Araguás-Araguás et al., 2000). During phase changes, such as evaporation
or condensation the heavier stable isotopes enrich in one phase and deplete in the other.
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Table 3.3: Detection limit for measured anions and cations with the Metrohm 850 Professional IC &
872 Extension Module system in ppb.

Anions F- CH3COO- HCOO- CH3SO3- Cl- NO3- SO42- C2O42-

0.1 0.7 0.8 0.5 0.6 0.6 1.0 0.8

Cations Na+ NH4+ K+ Mg2+ Ca2+

0.4 0.3 0.8 0.4 0.9

This fractionation process is temperature dependent and thus the stable isotope ratio
can be used to reconstruct temperature (Eichler et al., 2009; Johnsen et al., 1997).
The scientific notation used is δ18O and it describes the %� deviation of the isotope ratio
to an international accepted standard (Vienna Standard Mean Ocean Water, VSMOW).
The notations are described by:

δ18O(h) =
rsample − rV SMOW

rV SMOW
(3.2)

with

rV SMOW =
(

18O
16O

)
V SMOW

= (2005.2 ± 0.45) · 10−6 (3.3)

rsample =
(

18O
16O

)
sample

(3.4)

The value rVSMOW was proposed by Baertschi (1976).
The stable isotope ratio (18O/16O) was analyzed using isotope ratio mass spectrometry
(IRMS). For δ18O determination 1 ml aliquots of the samples prepared for IC analysis
transferred in glass vials. One analysis consists of a threefold injection of 0.6 µl. To
prevent memory effects, the first injection was omitted. Samples with large differences
between the second and third injection (σ>0.2) were re-measured. The sample is py-
rolyzed in a glassy carbon reactor (High Temperature Combustion Elemental Analyzer
TC/EA, Thermo Finnigan, Bremen, Germany) at 1450◦C to decompose the water (H2O)
into hydrogen (H2) and carbon monoxide (CO) (H2O + C → H2 + CO). The gases are
carried in a helium stream to the mass spectrometer (Delta plus XP, Thermo Finnigan,
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Bremen) using a gas chromatography column for separation. The isotopes are determined
by the mass charge ratio m/z of the CO+ gas, 28 for C16O+ and 30 for C18O+. To con-
trol the stability and potential drifts of the instrument every fifteenth measurement was
an in-house standard (Haus: δ18O= -9.82%�). At the start and the end of each sample
batch a sequence of standard was additionally measured to monitor the stability of the
instrument (Haus & Miki: δ18O = -20%�). The overall precision of the measurement is
<0.2%� for δ18O.

3.7 Accelerator mass spectrometry (10Beryllium)

Different methods exist to reconstruct the variability of the sun. In this work Beryllium-
10 (10Be) is used as proxy since its production is controlled by galactic cosmic ray (Bard
and Frank, 2006). These measurements are ongoing, but a precise description of the
procedure is given here for an interpretation of the data in future.
The analysis was performed in three distinct steps: At PSI the ice is processed, and
the sample loaded on a ion exchange column. The elution to extract the 10Be from the
column is performed at Aarhus University (Denmark) at the Department of Physics and
Astronomy. Finally the samples are measured at the AMS-facility in Uppsala (Sweden).
In the following the different procedures are described in details. 10Be is not sensitive
to contamination. However, 10Be is also contained in mineral dust, but with unknown
age of production. Thus, mineral dust has to be separated from the water sample con-
taining the soluble (fresh) 10Be. After various tests a minimum sample size of 200 g was
defined. Prior to melting, 100 µl of 9Be carrier (Scharlau BE03450100, 1000 mg/l) are
added to each sample. The melted sample is filtered (Whatman 0.45 µm, D = 50 mm)
and run through the column (BIO-RAD, AG 50W-X8 resin) to extract the 10Be from
the water. The filter is weighted to determine the amount of dust. All containers are
rinsed three times with ultrapure water before use. The loaded columns together with
the filter are then shipped to Aarhus for the chemical extraction. The 10Be is extracted
by poring 25 ml HCl (4 M) through a quartz tube fixed at the top of the column and
collected in the centrifuge tube located underneath. 10 ml NH3 (25%) is added to the
extracted liquid and carefully stirred. The BeO produced overnight is then centrifuged
to be separated from the HCl-NH3 solution. The BeO is transferred to a quartz tube and
centrifuged again. The extra liquid is waste and the tube backed overnight at 800◦C.
The sample is then placed in an exsiccator. After cooling down at room temperature
the sample is weighted and 1 mg of niobium is added. The grinded sampled is moved
into a cathode used for AMS measurements. Consecutively Nb powder and Al-thread
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is added and the sample is pressed. After sealing the cathode, the sample is ready for
AMS measurement. Details about the AMS measurement in Uppsala can be found under
http://www.physics.uu.se/en/page/ion-physics.
These analyses were performed in collaboration with Fadil Inceoglu and Mads Faurschou
Knudsen from the Department of Geoscience at Aarhus University, Denmark. Prelimi-
nary results are presented in Chapter 7.
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4 Onset of Neoglaciation in Mongolia

Abstract

Glacier highstands since the Last Glacial Maximum are well documented for many re-
gions, but little is known about glacier fluctuations and lowstands during the Holocene.
This is because the traces of minimum extents are difficult to identify and at many
places are still ice covered, limiting the access to sample material. Here we report a new
approach to assess minimal glacier extent, using a 72-meter long surface-to-bedrock ice
core drilled on Khukh Nuru Uul, a glacier in the Tsambagarav mountain range of the
Mongolian Altai (4130 m asl, 48◦39.338’N, 90◦50.826’E). The small ice cap has low ice
temperatures and flat bedrock topography at the drill site. This indicates minimal lateral
glacier flow and thereby preserved climate signals. The upper two-thirds of the ice core
contain 200 years of climate information with annual resolution, whereas the lower third
is subject to strong thinning of the annual layers with a basal ice age of approximately
6000 years before present (BP). We interpret the basal ice age as indicative of ice-free
conditions in the Tsambagarav mountain range at 4100 m asl prior to 6000 years BP.
This age marks the onset of the Neoglaciation and the end of the Holocene Climate Op-
timum. The ice-free conditions allow for adjusting the Equilibrium Line Altitude (ELA)
and derive the glacier extent in the Mongolian Altai during the Holocene Climate Opti-
mum. Based on the ELA-shift, we conclude that most of the glaciers are not remnants
of the Last Glacial Maximum but were formed during the second part of the Holocene.
The ice core derived accumulation reconstruction suggests important changes in the pre-
cipitation pattern over the last 6000 years. During formation of the glacier, more humid
conditions than presently prevailed followed by a long dry period from 5000 years BP
until 250 years ago. Present conditions are more humid than during the past millennia.
This is consistent with precipitation evolution derived from lake sediment studies in the
Altai.

4.1 Introduction

The Holocene can be divided into three phases; the early deglaciation period (11,600 to
9000 years BP), the Holocene Climate Optimum (HCO, 9000 to 6000-5000 years BP) and
the Neoglaciation period (6000-5000 years BP to preindustrial time). Discussions about
amplitude, duration, and causes of the different phases have initiated numerous studies
and generated new paleoclimatic records. The hypothesis of a relative stable Holocene
climate (Johnsen et al., 1997) compared to glacial interglacial changes has been contested
and recurring cold events (so called “Bond cycles”) with a periodicity of 1470±500 years
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have been proposed for the Holocene (Bond et al., 1997; Mayewski et al., 2004). However,
Wanner et al. (2011) did not observe periodic cold relapses during the last 10 kyr and
contradicts the occurrence of “Bond cycles” for the Holocene. Additionally, the current
debate about anthropogenic climate change raises the question if during the past 10 kyr
temperatures higher or similar than today may have occurred. Generation and analysis
of proxy data covering the Holocene epoch is thus of major importance in order to better
understand the current climate change. In this context, glacier fluctuations can be used
to study trends of temperature and precipitation during the Holocene (Oerlemans, 2005;
Solomina et al., 2008; Davis et al., 2009; Owen, 2009). Most approaches rely on distinctive
features such as terminal moraines or exposure dating to reconstruct maximum glacier
extents. The current retreat of glaciers provides a unique opportunity to collect ancient
embedded organic particles (Miller et al., 2012), wood fragments (Ivy-Ochs et al., 2009),
or archeological remnants (Grosjean et al., 2007; Nesje et al., 2012). Artifacts exposed at
the front of the glacier tongues are dated and allow for reconstructing glacier fluctuation
chronologies.
However, for inferring minimum extent of glaciers such specific features are difficult to
identify and the access to potential sample material is often hindered by ice coverage.
Consequently, little is known about glacier lowstands and the discussion is ongoing which
high-mountain glaciers and ice caps have persisted throughout the Holocene and which
have disappeared at some point. A promising approach to overcome the lack of evidence
is the use of high-resolution ice core records extracted from alpine glaciers. They may
provide insight in former climate conditions (Thompson et al., 1998; Eichler et al., 2011)
and may give access to datable material in the basal ice itself or from the bedrock.
The Intergovernmental Panel on Climate Change (IPCC, 2007) projection of total dis-
appearance of Himalayan glaciers by 2035, a statement finally recalled, had the merit
to increase the public awareness about glacier changes in Asia, their importance, and
impacts on society. Most investigations dealing with Asian quaternary glacier fluctu-
ations have focused on the Himalaya and the Tibetan Plateau (Lehmkuhl and Owen,
2005; Davis et al., 2009), likewise the ice core drilling projects. The adjacent mountain
ranges including the Pamir, Tien Shan, and Altai have received less attention and were
thereby investigated in less detail. For a complete understanding of glacier fluctuations
in Asia, more research in these regions is required. Here we date an ice core from the
Altai Mountains to examine glacier behavior and reconstruct accumulation rates during
the Holocene. This work is a step towards an improvement in understanding the climate
of Central Asia. We present a multi-proxy approach using an ice core covering approx-
imately the last 6000 years and provide a larger perspective on the Holocene climate in
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the Mongolian Altai, than has been provided up to now.

4.2 Regional setting

The Altai Mountains, a complex mountain system in Central Asia, form the borders
between Russia, Kazakhstan, China, and Mongolia. The maximum elevation is 4500 m
asl and the range extends over approximately 1200 km (Rudaya et al., 2009). According
to the Randolph Glacier Inventory (RGI, Arendt et al. (2012)) and Landsat imagery
used to manually correct the RGI, the Altai has a glaciated area of roughly 1300 km2

including, approximately 500 km2 of Mongolian glaciers. From northwest (Russian Altai)
to southeast (Mongolian Altai) where the foothills reach the Gobi desert, the mountain
range serves as watershed between the Arctic Ocean and the basin of central Asia. The
location and extent imply a major role in the Asian climate system and thus, requires
thorough paleoclimate investigations, all the more since instrumental data is limited and
spatially sparse.
The mountain chain acts like a barrier and intercepts air masses originating from the
west, leading to a strong northwest to southeast precipitation gradient. In the Russian
Altai, mean annual precipitation is around 800 mm and decreases to less than 200 mm
in the floor of the intermountain depressions of the Mongolian Altai (Klinge et al., 2003).
The Siberian High controls the winter climate with cold and dry conditions. Most of
the precipitation is related to the Westerlies and occurs mainly during the months June,
July, and August (Klinge et al., 2003).
Glacier fluctuation studies dealing with the Altai mountain range are mainly limited to
the late Pleistocene (Lehmkuhl et al., 2011), whereas knowledge for the Holocene period
is rare. A detailed discussion of glacier fluctuations from (Agatova et al., 2012) refutes
the former general concept of a gradual retreat of the Würm glaciers in the Russian Altai
by summarizing former work and presenting new data. For the period 7000 years BP to
present, temperature and humidity reconstructions are presented based on lichenometry,
geomorphological methods, and further radiocarbon dates from formerly buried pieces
of wood. Forest regrowth in presently glaciated areas during interstage mild periods
suggest strong glacier retreat or even complete disappearance especially during the HCO.
Additionally, the recovery of wood fragments originating from the HCO above the modern
tree line indicates warmer temperatures than nowadays. After a glacier-hostile climate,
glaciers started to regrow around 5000 years BP. Periods of glacier advances (8300, 5700,
4000, and 400 years BP) have been proposed for western China (Zhou et al., 1991)
adjacent to the Mongolian Altai. Glacier advances detected around 5700 years BP in
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western China, occurred slightly earlier than in the Russian Altai and can be interpreted
as the end of the HCO and the onset of the Neoglaciation.
Lake sediment cores collected in Hoton-Nur lake (northwestern Mongolia, Fig. 4.1 show
distinct variations in the precipitation. A major shift from wet to present dry conditions
occurred 5000 years BP (Rudaya et al., 2009; Mackay et al., 2012). Information about
glacier fluctuations and past temperature is, however, not available. Long-term Holocene
climate records for the Mongolian Altai are thus incomplete and biased towards lake
sediment data.
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Figure 4.1: (a) Location of the Tsambagarav mountain range (red star), lake sediment Hoton-Nur (black
star) in Mongolia, and Belukha glacier in the Siberian Altai (blue star; http://www.geomapapp.org). (b)
Landsat images with SRTM DHM elevations (solid lines 100 m intervals), the red rectangle corresponds
to the area of detailed glaciological survey. (c) Landscape of the Tsambagarav mountain range in the
southern Mongolian Altai with typical small ice caps. View to the southeast from close to the drill site
toward the campsite. Photo: H. Machguth.

For the Mongolian Altai, high-resolution climate reconstructions on a millennial scale are
based on tree-ring chronologies. Most studies provide records for few centuries only, the
longest currently available covers 1700 years (D’Arrigo et al., 2001; Loader et al., 2010).
The reconstruction suggests that the coldest and warmest conditions of the last millennia
occurred during the 19th and 20th century. Further back in time the different records show
less coherent behavior and thus require more data for accurate past climate information.
The only alternative reconstructions originate from an ice core drilled in the Russian Altai
spanning 750 years (Eichler et al., 2009b,a). For the Siberian Altai, a correlation between
solar forcing and temperature was found for the period 1250 to 1850 AD. In addition, the
biogenic emissions from the Siberian forests are closely related to temperature changes.
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However, no long-term reconstructions of Holocene glacier fluctuations in the Mongolian
Altai exist.

4.3 Experimental Methods

4.3.1 Ice core drilling

In July 2009 a joint Russian-Swiss expedition collected a 72 m surface-to-bedrock ice core
and an adjacent 52 m parallel core in the Tsambagarav mountain range situated in the
Mongolian Altai (4130 m asl, 48◦39.338’N, 90◦50.826’E). This mountain range is domi-
nated by small ice caps, with the ice margin varying between 3000 and 3800 m asl (Fig.
4.1) strongly depending on the orientation. The total glaciated area in 2008 was 73.2
km2 (Demberel, 2011). The equilibrium line altitude (ELA) is estimated to be at 3700 m
asl (Lehmkuhl et al., 2011). Prior to the expedition, the drill site was selected based on
satellite imagery (Landsat 7/ 8.8.2002 http://landsat.usgs.gov/index.php) and the Shut-
tle Radar Topography Mission Digital Elevation Model (SRTM DEM, 90 m horizontal
resolution). Two peaks of similar elevation dominate the mountain massive: Tsast Uul
(4190 m asl) and Khukh Nuru Uul (4130 m asl, elevations derived from SRTM DEM).
While the glaciation of Tsast Uul has a larger area extent, the ice cap appeared less
suitable for drilling because of being strongly asymmetric with a steep ice face directly
north of the summit. Although slightly lower, Khukh Nuru Uul was chosen because of
its rather symmetric ice cap, which promised ideal conditions for undisturbed layering of
accumulation
For drilling the lightweight electromechanical device FELICS (Ginot et al., 2002) was
used. Based on previous work by Schotterer et al. (1997) and snow accumulation estima-
tions by Lehmkuhl (1998), an ice core covering the last two millennia was expected. Ice
segments of 0.7 m in length and 8.25 cm in diameter were packed and sealed on-site in
polyethylene bags and transported in frozen condition to Switzerland, where they were
processed. Drilling and transportation of the fragile ice cores required major logistical
efforts involving helicopter flights from Russia to Mongolia and back, since the region has
poor infrastructure, most of the roads are unpaved and freezing facilities are scarce. In
the following we use the term Tsambagarav ice core when referring to the ice core from
Khukh Nuru Uul glacier.
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4.3.2 Glaciological survey

Ice thickness measurements were performed with radar echo sounding (Mal̊a Ground
Penetrating Radar system with 100 and 200 MHz unshielded antennas), combined with
a GPS survey. In total 2030 m of radar profiles were measured with roughly half of the
profiles located on the summit of Khukh Nuru Uul to construct a detailed map of bed
topography around the drill site. Interpretation of the radar signals shows very clear
reflections from the bedrock with weak internal reflections from the glacier ice (Fig. 4.2).
The undisturbed signal points towards the absence of any liquid water in the glacier ice.
Measured two-ways travel time of the radar signal was converted to ice thickness using
a velocity of 0.175 m ns-1, yielding a glacier thickness of 70.7±0.5 m at the drilling site.
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Figure 4.2: (a) Radar profile recorded at Khukh Nuru Uul with clearly identifiable bedrock at 70 m
depth (yellow arrow shows drilling location). (b) Surface and bed topography at the drill site; the core
is indicated by the dashed red line.

The detailed array of radar profiles around the drill site shows a flat bed topography (Fig.
4.2). The surface and bedrock geometry suggest minimal ice flow implying an undisturbed
chronology within the ice core. After drilling, a thermistor chain was lowered into the
borehole to measure the glacier temperature. Borehole temperatures were relatively low,
ranging from -13.8 to -12.6◦C (Fig. 4.3). Thus, the glacier is frozen to the underlying
bedrock. With such low temperatures, meltwater produced occasionally at the surface
during summer months refreezes mainly within the annual accumulation, creating melt
features and preserving the environmental signal stored in the ice. Melt features are
bubble-free ice lenses with higher density than the surrounding firn (Henderson et al.,
2006), thus identifiable in the density profile. Higher summer temperatures during the
last decades have led to an aggregation of these melt features within the upper 12 meters,

65



4 Onset of Neoglaciation in Mongolia

clearly visible in the density profile (Fig. 4.3). To account for increasing density towards
bedrock, all depth values are in the following given in meters water equivalents (m weq),
where not stated differently. The 72-meter long ice core corresponds to 58 m weq.
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Figure 4.3: Density (blue) and temperature (red) profile of Khukh Nuru Uul glacier.

4.3.3 Analytical methods

Ice core sampling was performed at the cold room of the Paul Scherrer Institut (PSI) at
-20◦C. Prior to processing, ice core segments were backlit in the darkened cold room to
observe dust horizons and ice lenses. A specially designed stainless steel band saw with
Teflon coverage on the tabletop was used for sample preparation. For contamination-
sensitive species, such as major ions (e.g. calcium, formate, ammonium, and sulfate),
the inner part of the ice core was used and analyzed by standard ion chromatography
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4.4 Dating of the ice core archive for the period AD 1815-2009

techniques. The resolution ranged from 2.5 cm at the top to 2 cm from 50 m depth
downwards. For measurements of tritium (3H) and 210Pb, the outer part of the ice core
was used since those are less sensitive to contamination. Two series of 3H activity mea-
surements were performed by liquid scintillation counting: A first set at low-resolution
(60 cm) and a second set at high-resolution (20 cm) for a refined location of the horizon
within the ice core (Eichler et al., 2000). The 210Pb was measured by α-spectroscopy
(Gäggeler et al., 1983) with a resolution ranging from 1.0 to 1.4 meters. Ten samples
of the lower 20 m weq of the ice core were prepared for 14C analysis of the particulate
organic carbon fraction, according to the procedure described in Jenk et al. (2009) and
Sigl et al. (2009). In comparison to other sites the carbon concentrations at Tsambagarav
allowed relative small sample volumes ranging from 143 to 278 ml, resulting in carbon
amounts varying between 19 and 58 µg. For decontamination purposes, the outer part of
the ice core segment was removed with the band saw and the inner part was rinsed with
ultra-pure water. To extract the particulate carbon, ice samples were melted, filtered,
and acidified with HCl to remove carbonates. A two-step combustion at 340◦C and
650◦C separates filtered particulate carbon into the organic (OC) and elemental carbon
(EC) fraction (Szidat et al., 2004). The generated CO2 was cryogenically trapped and
sealed in glass tubes for accelerator mass spectrometry (AMS) measurements. The 200
kV ’MICADAS’ AMS system with a gas ion source (Ruff et al., 2007; Synal et al., 2007)
allows direct measurements of gas samples. Details about the samples and results are
given in Table 4.1.
The 14C values were calibrated using the OxCal software and the IntCal 09 calibration
curve (Bronk Ramsey, 2001; Reimer et al., 2009). Ages are given in calibrated radio-
carbon ages (cal years BP = years before 1950). Dates are given with their 1σ-range.

4.4 Dating of the ice core archive for the period AD
1815-2009

For obtaining high-resolution climate information based on ice core data, the establish-
ment of an age-depth scale is crucial. The dating of the upper 36 m weq was performed
using a combination of several methods as described in the following.

67



4 Onset of Neoglaciation in Mongolia

Table 4.1: Summary of the 14C results for the Tsambagarav 2009 ice core samples, analyzed at ETH
Zürich. The fraction of modern (fM ) is given with the corresponding 1σ-range. For the calibrated
age, ranges are given with 68% probability. All the values correspond to the particulate organic carbon
(POC) fraction of the sample.

Core Depth Ice Sample Absolute carbon AMS Lab Radiocarbon Calibrated age
segment mass amount Nr.
# [m weq] [kg] [µg] fM years BP = 1950

75 38.19 0.166 33 ETH43436.1.1 0.983±0.012 280-10
81 41.64 0.181 19 ETH43438.1.1 0.996±0.017 270-10
92 47.55 0.219 33 ETH42822.1.1 0.891±0.010 930-770
97 49.65 0.183 32 ETH42824.1.1 0.800±0.010 1860-1570
102 52.21 0.186 22 ETH42826.1.1 0.666±0.014 3720-3270
105-1 53.59 0.278 58 ETH42156 0.605±0.007 4800-4420
105-2 53.73 0.229 29 ETH42166 0.597±0.010 4850-4240
107 55.05 0.143 23 ETH42828.1.1 0.578±0.015 5440-4710
109 55.80 0.194 32 ETH42157 0.548±0.009 5710-5330
111 57.45 0.161 55 ETH42836.1.1 0.532±0.008 5920-5660

4.4.1 Identification of reference horizons

Thermonuclear bomb tests have accumulated 3H in the atmosphere, reaching maximum
concentrations in 1963, the year of the partial Test Ban Treaty. Identification of the 3H
peak in ice core records served as time marker in many previous investigations (Eichler
et al., 2000; Knüsel et al., 2003; Olivier et al., 2004). Maximum activity of 6202±62
Tritium Units (TU, decay corrected to the year 1963) is located at a depth of 15.4 m weq
(Fig. 4.4) which is comparable to the maximum activity of 8000 TU detected at Belukha
glacier, 350 km to the northwest (Olivier et al., 2004), for location see Fig. 4.1. Similar
high values at both sites are due to enhanced stratosphere-troposphere transport of 3H
in spring/summer, the seasons when precipitation is occurring.
Major volcanic eruptions have large climatic impacts through the emission of sulfur diox-
ide into the stratosphere, where it is oxidized to sulfate aerosols which influence the earth
radiative balance (Robock and Jianping, 1995). These eruptions are often used as time
markers in ice cores (Robock and Jianping, 1995; Zielinski, 1995). However, sulfate has
various sources, the major ones being anthropogenic sulfur dioxide emissions from fossil
fuel combustion and natural emissions of mineral dust containing gypsum. In order to
correct for the mineral sulfate input an alternative non-dust sulfate record is required.
Calcium was used as tracer for mineral dust and by regression analysis of sulfate and
calcium concentrations prior to significant fossil fuel emissions (AD 1945), a ratio of 0.22
was obtained (concentration in µeq l-1). This value is very similar to the value 0.21 de-
duced at Belukha (Olivier et al., 2006). As long as other sources are negligible, maxima
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Figure 4.4: Evolution of the 3H activity in Tritium Units (TU) with depth in the Tsambagarav ice core
for coarse (red) and fine (green) resolution decay corrected for the year 1963. Non-dust sulfate record
in µ eq l-1 (blue) with the corresponding volcanic eruptions, 1933 Kharimkotan (1), 1912 Katmai (2),
1854 Shiveluch (3), and 1815 Tambora (4). The elevated concentrations in the upper 19 m weq are due
to anthropogenic fossil fuel combustion (grey curve).

in the non-dust sulfate ([non-dust sulfate] = [sulfate] - 0.22[calcium]) can be related to
volcanic eruptions (Zielinski, 1995) as shown in Fig. 4.4. Strong anthropogenic sulfate
concentrations prevent an unambiguous identification of volcanic eruptions in the upper
20 m weq, corresponding to the period AD 2009 to 1941. Hence, potential signals of the
Pinatubo (1991), El Chichon (1982), and Agung (1963) eruptions could not be attributed.
Four eruptions were identified in the non-dust sulfate record: Kharimkotan (1933), Kat-
mai (1912), Shiveluch (1854), and Tambora (1815). Remarkable is the strength of the
1815 Tambora eruption with its signal even exceeding the anthropogenic emissions. A
similarly pronounced 1815 Tambora signal was observed at the Belukha glacier in the
Siberian Altai (Olivier et al., 2006), reinforcing the dating for both ice cores. Older erup-
tions could not be clearly identified, which requires more than one sample with elevated
sulfate concentration, due to an attenuation of the signal by annual layer thinning. Ele-
vated concentrations in non-dust record for the lowest cm are not attributed to a volcanic
eruption but rather an artifact of the nearby bedrock. The same is seen for the other ion
records.

4.4.2 Annual layer counting

To obtain a continuous age-depth relation and to account for interannual accumulation
variations, annual layer counting (ALC) was performed using the record of seasonally
varying parameters (δ18O, concentration of formate and ammonium). This method has
been successfully applied before in ice core science (Cole-Dai et al., 1997; Olivier et al.,
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2006). On average one year contains 9 to 10 samples, ranging from 30 at the top to 2
samples at 36 m weq, the year 1815. Below this depth recognition of annual cycles and
allocation of volcanic eruptions was not possible since the sampling resolution could not
be increased further for adjusting to the strong annual-layer thinning. The uncertainty
of ALC was established through repeated counting. Within one decade of an identified
horizon an error of ±1 year was estimated increasing to ±2-3 years outside of these ranges
(1998-1974, 1952-1944, 1902-1865, 1843-1826). Chemical tracers are independent of the
δ18O record, which further increases the robustness of the ALC.

4.4.3 Radioactive dating with 210Pb

To obtain an additional and independent timescale, 210Pb activity was analyzed in the
ice. This technique allows dating on a centennial timescale determined by the half-life
of 210Pb (t1/2 = 22.3 years) and has been applied before for ice cores (Gäggeler et al.,
1983; Eichler et al., 2000). The decreasing activity with depth was used to establish an
age-depth relation, assuming constant input of 210Pb and no post-depositional alteration.
Fig. 4.5 shows the decrease of 210Pb activity concentration and the corresponding age
increase with depth. The values range from 1.7 to 387 mBq l-1 with an error of 1.7 to
14.6% depending on the counting statistics. The scatter of the data in the uppermost
15 m weq can partly be explained by deviation of the assumed constant input. With
increasing depth the nonlinear activity-depth relation confirms the annual-layer thinning
for the lower part of the glacier. The 210Pb surface activity in the Tsambagarav mountain
range is 272 mBq l-1, obtained by applying a linear regression to the upper 20 m weq
and defining the y intercept as surface activity. This approach neglects compaction of
the annual layers for this section. The value is identical with the surface activity at
the Belukha glacier (280 mBq l-1,Olivier et al. (2006), but much higher than in less
continental areas such as the Alps (85 mBq l-1, Eichler et al. (2000)). High surface
activity allowed dating back to AD 1853±5. The period AD 1815-2009 was thus dated
by four independent techniques, which agree well. The 3H fallout in 1963, major volcanic
eruptions and ALC dates are all located within the uncertainty of the 210Pb values (see
Fig. 4.5).
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Figure 4.5: Age-depth relationship for the Tsambagarav ice core. Annual layer counting (green crosses),
tritium peak (yellow diamond), volcanic eruptions (blue triangle), 210Pb activity with analytical uncer-
tainties (red circles), glacier flow model (blue dashed line), exponential equation (black dashed line)
with upper and lower limit of the equation (grey shaded area) and 14C values with the 1σ-range (black
squares). Insert: magnification of the lower 36 m weq with identical symbols.

4.4.4 Glacier flow model

A further method to establish an age-depth scale is the application of a simple glacier
flow model given by

z(t) = H

[
1−

(
t · b · p
H

− 1
)1/p

]
(4.1)

where H is the glacier thickness (58 m weq), z the depth in water equivalent, t the time,
b the modeled averaged accumulation rate, and p a constant (Thompson et al., 1998).
Dated horizons and ALC were used to fit b and p in Equation 4.1 (R2=0.998). The flow
model reproduces well the timescale derived by the combination of the different dating
methods (Fig. 4.5). Thus, the upper 36 m weq of the Tsambagarav ice core give a
consistent age-depth relation with annual resolution.
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4.5 Millennial ice from the Mongolian Altai

4.5.1 Complex age-depth relation derived from 14C data

To establish a timescale for the lower part of the ice core, a radiocarbon method for dating
ice developed by our group was applied (Jenk et al., 2009; Kellerhals et al., 2010). From
a total of ten radiocarbon samples, the uppermost two were analyzed to investigate a
possible offset in the transition from the upper to the lower part of the ice core caused by
an initial age of the carbonaceous particles (inbuilt 14C). The eight remaining samples
were used to date the ten meters weq above bedrock. The age ranges of the top two
samples (ETH43436.1.1, ETH43438.1.1) at 38.19 and 41.64 m weq are 280 to 10 and 270
to 10 cal years BP, respectively. This large relative uncertainty has two reasons: First,
the ages are at the upper boundary of the radiocarbon method (<500 cal years BP, Jenk
et al. (2009)), which is determined by the potential influence from fossil fuel emissions,
and second the scattering of the radiocarbon calibration curve in this period. Because of
this large uncertainty, the two ages cannot be distinguished. Nevertheless, the horizon
at the 1815 Tambora eruption lies within the 1σ-range of the 14C ages, making a dating
offset between the methods used in the upper and lower part of the ice core unlikely.
Therefore the 14C values seem to be suitable to establish an age-depth relation for the
lower part of the ice core.
Given that, the 14C ages show a steady increase for the section 36 m weq down to bedrock
(Table 4.1), reinforcing the suitability of the method. The 68% range is relatively small,
due to good AMS measurement performance, little scatter in the calibration curve, and
large sample sizes. The concentrations of particulate organic carbon varied from 116 to
340 µg l-1, resulting in absolute carbon amounts well above the limit of the method (3
µg, Sigl et al. (2009)). For the sections 36 to 52 m weq, the values indicate faster layer
thinning than predicted by commonly used age-depth models (Nye (1963), Thompson
et al. (1990); see 4.4.4, Fig. 4.5). This characteristic has been noticed before for other
mid-latitude glaciers frozen to bedrock (Thompson et al., 1998; Knüsel et al., 2003). An
alternative age-depth model is thus required to fit the discrete 14C ages and obtain a
continuous timescale. Analogous to the approach used in Thompson et al. (1998), an
empirical exponential equation given by

z(t) = a · eb·t + c · ed·t (4.2)

was derived, where z is the depth in m weq, t the time in years BP, and a-d are constants.
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The equation 4.2 has been applied for the lower part of the ice core and therefore only
valid for z > 36 m weq. Nine horizons were used to fit the equation, including the 1815
Tambora eruption and the eight lower 14C ages. The considered horizons are well repro-
duced by the equation (R2=0.997) with an almost perfect match of the 1815 Tambora
eruption leading to a smooth transition from the upper to the lower part of the ice core
(Fig. 4.5). The model uncertainty was determined by two alternative datasets. The
lower (upper) limit of the model was calculated by fitting Equation 4.2 with the 1815
Tambora eruption and the 14C ages minus (plus) one standard deviation. The empiri-
cal exponential equation 4.2 provides a monotonic age-depth model and avoids constant
layer thickness between two time horizons, which would lead to a stepwise function im-
plying abrupt changes in layer thickness. Since the glacier flow model (Equation 4.1)
approaches asymptotically the depth of 58 m weq, the intersection with the empirically
derived timescale (Equation 4.1) is located at 57.6 m weq predicting identical age at
bedrock.

4.5.2 Neoglacial ice at bedrock

The 14C dates revealed a basal age of 5920 to 5660 cal years BP. Sufficient carbon con-
tent gives a confident value with a small relative uncertainty. This age of the deepest
ice close to bedrock suggests ice-free conditions prior to approximately 6000 years BP
at 4100 m asl on the summit of Khukh Nuru Uul. Complete disappearance of glaciers
during the HCO has been identified in various glaciated areas of the globe (Solomina
et al., 2008; Davis et al., 2009). The disappearance of the tropical glaciers in the Andes
has been explained through a combination of increasing temperatures and most notably
a decrease in precipitation (Abbott et al., 2003). Also in Scandinavia most of the glaciers
melted away during the mid Holocene mainly because of increased summer temperatures
(Nesje, 2009) and there is evidence that also in the High Arctic ice caps had disappeared
(Madsen and Thorsteinsson, 2001).
The maximal ice age of 6000 years BP can be interpreted as glacier advance following the
HCO and provides indication for the onset of the Neoglaciation. The timing is consistent
with glacier waxing in northwestern China (5680 years BP, Zhou et al. (1991)), implying
that this feature of Neoglaciation is more than only a local phenomenon of the Mongolian
Altai, and corroborating the findings of this study. Complete glacier vanishing was also
suggested for the Russian Altai by 7000 years BP, however the advance occurred later,
around 5000 years BP (Agatova et al., 2012).
This is the first study documenting the end of the HCO and the onset of Neoglaciation
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in the Mongolian Altai. There is strong evidence that the top of Khukh Nuru Uul was
ice free until roughly 6000 years BP, pointing towards glacier-hostile climatic conditions
during the HCO, inducing a minimum ELA-shift of 430 m from 3700 to 4130 m. Ex-
trapolating this increase in ELA to the surrounding glaciated areas results in a complete
degradation of the Mongolian glaciers south of the Tsambagarav mountain range where
the altitude difference between ELA and summit is today smaller than 430 m. To the
north glaciers must at least have declined severely, as an ELA increase of 430 m would
in the present conditions not be sufficient for complete degradation. This approach is
conservative since the upper limit of the ELA-shift is defined by the elevation of Khukh
Nuru Uul and might have been larger. Nevertheless the possibility remains that glaciers
located on north facing slopes survived the ELA increase.
Pollen records from lake sediments about 200 km north of drilling site suggest a timber-
line rise of 400 m during the HCO, implying a temperature increase of approximately
5◦C (Blyakharchuk et al., 2007). Assuming constant accumulation and a lapse rate of
2◦C per 300 m results in a positive ELA-shift of 750 m. This value is reasonably close
to the ice core derived data.
This study together with previously published records therefore suggests that most of the
current glaciers in the Mongolian Altai are not remnants of the Last Glacial Maximum,
but have been formed during the second part of the Holocene.

4.6 Accumulation reconstruction

4.6.1 Accumulation rates for the period AD 1815 to 2009

Annual accumulation rates can be reconstructed based on ALC combined with flow mod-
els to correct for the nonlinear thinning. The flow model used to date the upper part of
the ice core (Equation 4.1, Thompson et al. (1990)) provides an adequate thinning rate.
The accumulation was calculated from the ratio of the measured annual layer thickness
obtained by ALC to the modeled thickness multiplied by the surface accumulation rate.
Neglecting lateral flow within the upper 3.35 m weq (covering a period of 10 years) yields
an annual surface accumulation rate of 335 mm. For the period AD 1815 to 2009 the
reconstructed mean annual accumulation rate is 329 mm weq with a standard deviation
of 91 mm. The profile shows no trend although drier decades are identifiable around AD
1950 and 1910 (Fig. 4.6). The mean value is in good agreement with the annual surface
accumulation of 335 mm and appears plausible in comparison with annual precipitation
in the lowlands of less than 200 mm. This is the first study providing glacier accumula-
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tion estimates for the last 200 years in the Mongolian Altai.
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Figure 4.6: Accumulation profile for the period AD 1825 to 2009 in m weq with 1σ uncertainties.

Other studies (Ovchinnikov, 2004; Kalugin et al., 2005) investigated high-resolution cli-
mate records from the Russian Altai. A comparison with this study showed no common
trends in aridity or humidity and therefore suggests a pronounced north-south precipi-
tation pattern in Altai regarding short-term changes.

4.6.2 Accumulation trends for the past 6 kyr

For the lower 20 m weq, another approach was required to reconstruct the accumulation
since the derived age-depth relation (Equation 4.1) deviates from the age-depth model
(Equation 4.2; Fig. 4.5). Within the section 45 to 52 m weq, the age-depth function
suggests a more rapid thinning relative to the lowest six m weq. Changes in the accu-
mulation rate are one possible explanation for this characteristic. To account for these
fluctuations another approach was applied by a stepwise calculation of the accumulation
rate (bij) between two dated horizons i and j resulting in a function given by

bij =
1

∆tij
·
∫ j

i

(
1− z

H

)−p
dz (4.3)

where ∆tij is the number of years between zi and zj analogous to (Thompson et al.,
1998). In order to better describe the observed fluctuation in layer thinning, different
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parameters p (0.7, 1.1 and 1.3) were used representing weak, medium, and strong thin-
ning resulting in three time series of accumulation according to (Thompson et al., 1998).
The reconstructed accumulation rates differ largely with varying p yet following a similar
trend. Fig. 4.7 shows three distinct phases of high, low, and again high accumulation
rates. The ice core data does not allow identification of short-term accumulation changes
in the lower part. There, the resolution is given by the time difference between two 14C
ages, which is on average 700 years (see Table 4.1).
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Figure 4.7: Accumulation reconstruction presented as anomaly from the mean for the past 6 kyr. The
three age-depth models representing weak, medium, and strong thinning were combined and presented
as deviation from the mean.

For the interval AD 1815 to 2009 an average accumulation rate of 329±91 mm was re-
constructed (see section 6.1). The preceding 4500 years were significantly drier with
considerably lower accumulation rates (40±30 mm) compared to the period before and
after. Data close to bedrock suggest an increase in humidity from 4800 to 6000 years
BP (460±410 mm). The thinning parameter p of Equation 4.3 becomes more important
with increasing depth, resulting in substantial uncertainties.
The changes in accumulation could also be caused by a hiatus. However, the stratigraphy
did not reveal visible features in the ice such as pronounced dust layers. Additionally
the geochemical records (not shown) did not exhibit any peculiar concentration increase,
indicating a continuous record without a hiatus.
A precipitation reconstruction from the Karakorum claims the period 1850 AD to present
to be the wettest within the past millennia (Treydte et al., 2006), a conclusion supporting
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the elevated accumulation rates from 1800 to 2009 AD in Mongolia. Humidity recon-
struction of lake sediment records from the northern and southern Altai (Tarasov et al.,
2000; Blyakharchuk et al., 2004, 2007; Rudaya et al., 2009) show similar trends as the
ice core data. Wet conditions during the period 5 to 10 cal ky BP were followed by dry
conditions until present. This spatial and temporal consistence of reconstructed precip-
itation pattern indicates a regional phenomenon. The sampling resolution of the lake
sediment data prevents the identification of the short-term increase during the last 200
years as observed in the ice core data. While short-term precipitation changes did not
show common features between northern and southern Altai, the pronounced long-term
changes are clearly recorded on both sides of the mountain range. Thereby the intensity
and occurrence of those identified changes are confirmed.
In accordance with our accumulation reconstruction (Wanner et al., 2011) proposed a
shift of the Intertropical Convergence Zone (ITCZ) between the HCO and the Neoglacia-
tion to explain drastic changes in the precipitation pattern north of the Himalaya. Dry
conditions for the same period have also been suggested for the Russian and Mongolian
Altai (Rudaya et al., 2009; Agatova et al., 2012). Noticeable is the persistence of dry
conditions, lasting until the beginning of the Medieval Warm Period (AD 950 to 1250).

4.7 Conclusions

The Tsambagarav ice core was dated with a variety of methods, including identification
of reference horizons, annual layer counting, nuclear dating with 210Pb, and a novel
14C technique. This gives confidence in the obtained chronology. The upper 36 m weq
embody 200 years of climate information, suitable for climate reconstruction with annual
resolution. Strong annual layer thinning characterizes the lower 20 m weq. To obtain a
continuous age-depth profile, an empirical equation was implemented, linking the upper
and lower part of the ice core.
The accumulation reconstruction indicates changes in the precipitation pattern over the
last 6000 years. The most recent 200 years are influenced by relative humid conditions,
preceded by an arid period beginning around 5000 years BP. During the build-up phase of
the glacier 6000 years BP, the derived accumulation suggests an increase in precipitation.
This is in agreement with other reconstructions, pointing to a consistent precipitation
evolution for the Altai region.
As dating of the basal ice revealed a build-up of the glacier at roughly 6000 years BP,
this suggests complete glacier disappearance during the HCO as observed in various
other places of the globe. The waxing of the glacier provides benchmarks for the end of
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the HCO and the onset of the Neoglaciation at around 6000 years BP. The total glacier
disappearance indicates higher temperatures at that time compared to present, especially
since the period preceding the Neoglaciation experienced humid climatic conditions. High
accumulation during the build-up of the glacier combined with decreasing temperatures
is a plausible hypothesis for the onset of the glaciers in the Tsambagarav mountain range.
A minimal ELA-shift of 430 m on Khukh Nuru Uul is seen as a strong indication that
most glaciers in the Mongolian Altai had also disappeared. Accordingly, most glaciers in
the Mongolian Altai are not remnants from the Last Glacial Maximum, but instead they
were formed during the second part of the Holocene. This provides new insight into the
glaciation/deglaciation process of the Mongolian Altai.
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Abstract

Current climate change has strong regional patterns. To investigate the spatio-temporal
differences, regionally resolved paleoclimate records are required. Here we reconstructed
temperature for the past 3,200 years based on concentration of biogenic species measured
in an ice core from the Altai. This novel temperature record of the Siberian forests to-
gether with two tree-ring chronologies located north and south on the Asian continent,
suggest elevated temperature at the start of the current era (CE) 2,000 years ago. This
period can be assigned to the Roman Warm Period (RWP). The occurrence within in-
dividual records considered for comparison differ in time and in magnitude yet all show
the same pattern. We argue that Siberia experienced a pronounced RWP. The agree-
ment with other Asian records indicates a pronounced continental occurrence. The rapid
transition to colder climate is consistent with the Migration period. Due to resolution
issues and boundary effects, comparison to present warming is difficult. On a long-term
perspective (100 years) current temperatures in Siberia are at least as warm as any time
during the past 3,200 years.

5.1 Importance of regionally resolved paleoclimate records
for northern Asia

Current climate change has diverse spatial and temporal consequences (IPCC, 2007).
Changes in precipitation or temperature affect the continents differently. Regionally
resolved long-term perspectives are required to distinguish internal variability from hu-
man induced changes. Especially millennial reconstructions are important to investigate
centennial climate fluctuations not captured by the instrumental data. This applies in
particular for remote areas such as Siberia. This region experienced enhanced warming
during the industrial period (Hansen et al., 1998; Bradley et al., 2003; Hansen, 2006)
but understanding of its internal climate variability is lacking. The embedding of the
Siberian climate into the global atmospheric teleconnections is still insufficient. Siberia
and Central Asia are strongly influenced by the Siberian-High (SH), an anticyclone lo-
cated during wintertime over Eurasia and with larger pressure differences than the well
studied Icelandic Low in the Atlantic or Aleutian Low in the Pacific (Sahsamanoglou
et al., 1991). Changes in the SH intensity have been related to Asian temperature
changes, autumn snow cover, precipitation and the Artic oscillation (Gong and Ho, 2002;
Wu and Wang, 2002; Cohen et al., 2001; D’Arrigo et al., 2005). During summer 2003
forest fires in Siberia contributed to a strong increase of the CO2 concentrations mea-
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sured at Mauna Loa (Huang et al., 2009). These two examples illustrate the regional
complexities of the Siberian climate system with impacts on a global scale. Thereby
regional paleoclimatic records are required for a long-term perspective. The Past Global
Changes (PAGES) ’PAGES 2k’ project aims to produce a global array of regional climate
reconstructions for the past 2000 years. Regarding Asia, the reconstruction consists ex-
clusively of tree-rings records and covers the period AD 800-1989 (PAGES2k-Consortium,
2013). Additional long-term paleoclimatic records from different archives are necessary
for a broader support of the Asian temperature reconstruction. Two ice cores from the
Altai Mountain Range, located on the southern border of Siberia, provide the unique
opportunity to contribute in reconstructing the regional climate. This part of the globe
experiences strong continental conditions (Lydolph, 1977) and lacks high-resolution pa-
leoclimate records other than tree-ring reconstructions. The first ice core drilled in 2001
at the Belukha saddle, Russia (4062 m asl., 49◦48’26”N, 86◦34’43”E, Fig. 5.1) is situated
on the northern side of the Altai (Olivier et al., 2003). It covers the period AD 1250 to
2000 (Eichler et al., 2009b). The second ice core was collected during summer 2009 in
the Tsambagarav Mountains, Mongolia (4130 m asl., 48◦39’20”N, 90◦50’50”E, Fig. 5.1),
located on the southern side of the massif (Herren et al., 2013). This ice core contains
Mid-Holocene climate information reaching back 6,000 years BP (Herren et al., 2013).
Both ice cores were dated using 210Pb activity record, a three-parameter annual layer-
counting methodology and reference horizons, such as the maximum of nuclear weapons
testing 1963 (Maximum in 3H activity) and different volcanic eruptions (Eichler et al.,
2009b; Herren et al., 2013). In the lower part of the Tsambagarav ice core particulate
organic carbon was used to derive radiocarbon ages. For the period AD 1250 to 2009 the
mean dating uncertainty for the Belukha is ±10 years. Strong thinning of annual layers
in the Tsambagarav ice core induce an mean uncertainty of ±75 years for the last 750
years, rising to ±150 years for the preceding millennia.
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R U S S I A

MONGOLIA
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Figure 5.1: Location of the Belukha (yellow star) and Tsambagarav (red star) ice core sites in the
Altai Mountain range. Blue arrows indicate the dominant direction of moisture transport to the glacier,
based on seven-day back trajectories for June, July, and August in the period 1991-2000 using HYSPLIT
and the NCEP reanalysis. Back trajectories were run every 6 hours. Background is true-color image
from the Moderate Resolution Imaging Spectroradiometer (MODIS) on the Terra satellite (Jacques
Descloitres, MODIS Land Rapid Response Team, NASA/GSFC) of south-central Russia. It shows the
marked change in vegetation between Russia and northern Mongolia (bottom right) and northern China
(bottom center).

5.2 Biogenic emissions as temperature proxy

Here we used the second principle component (PC2) of the geochemical records measured
in the Tsambagarav ice core as temperature proxy for Siberia. Principal Component
Analysis (PCA) was performed for 20-year means of 9 major ions over the period BC
1200 to AD 1940 to investigate the main sources of the chemical species (Table 5.1).
After AD 1940 anthropogenic NH3 limiting the paleoclimate reconstruction up to the
pre-industrial period. The first three principle components explain 86% of the total data
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variance. The first principal component (PC1) with high loadings of most ions, explains
more than 63% of the total data variance. It is attributed to the transport of mineral
dust-related species to the glacier. PC2 with high loadings of ammonium (NH4

+) and
formate (HCOO-) reflects exclusively to biogenic emissions upwind the drilling site. We
argue that the PC3 with high loadings in K+ can be associated with the forest fire his-
tory, however the low loading in NO3

- weakens the representativeness (Song et al., 2005).
In this study we focus on the interpretation of PC2 and its relation to biogenic activity.
The natural sources of NH3 (precursor of NH4

+) are mainly vegetation and soil emissions
(Dentener and Crutzen, 1994; Langford and Fehsenfeld, 1992), while HCOOH (precursor
of HCOO-) emanates directly from the vegetation or is produced through oxidation of
species like isoprene and monoterpenes (Chebbi and Carlier, 1996). A positive link be-
tween emission rates of various biogenic species and temperature was shown for different
biogenic species and regions of the globe (Fuentes et al., 1996; Dentener and Crutzen,
1994; Rinne et al., 2002; Guenther et al., 1995; Monson et al., 1992). Air masses reaching
the Tsambagarav glacier mainly originate from the northwest (Aizen et al. (2006), Fig.
5.1). During transport over the taiga belt they collect precursors gases of biogenic emis-
sion, which are deposited onto the glacier during snowfall. In the Altai biogenic emissions
and precipitation peak in the summer months (Lydolph, 1977), resulting in an archive
of the biogenic activity in the Taiga belt not diluted through winter precipitation. Ice
core studies from the Andes, Himalaya and Altai confirmed this relation by correlating
temperature changes to variations in the concentration of biogenic species measured in
the ice (Kellerhals et al., 2010; Eichler et al., 2009a; Kang et al., 2002). Natural emis-
sions are low compared to anthropogenic, thus extended source areas are required for a
sensitive proxy.
The Siberian forest within Russia accounts for approximately 17 million km2 correspond-
ing two thirds of Earth’s boreal forest (Wooster and Zhang, 2004).
Similar to an ice core study from tropical South America (Kellerhals et al., 2010), we
argue that sources of those biogenic species are emanation from soil and vegetation in
the Siberian plains.

5.3 Calibration and assessment of a new temperature proxy

Limited and spatially sparse regional instrumental data impede direct calibration. After
AD 1940 anthropogenic NH3 emissions changed the atmospheric mixing ratios in Siberia,
making temperature reconstruction for the industrial period impossible (Herren et al.,
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Table 5.1: Loadings of the Tsambagarav PCA performed on the normalized 20-year means of the 9
major ions and the variance explained by each component for the time period 1200 BC to AD 1940.

PC1 PC2 PC3

Ca2+ 0.90 -0.30 -0.10
Na+ 0.89 -0.32 -0.10
Mg2+ 0.88 -0.29 0.01
Cl- 0.88 -0.33 -0.10
NO3

- 0.81 0.22 0.17
SO4

2- 0.81 0.10 -0.17
NH4

+ 0.75 0.62 -0.06
HCOO- 0.72 0.52 -0.11
K+ 0.43 -0.03 0.89
Variance explained 64% 12% 10%

Mineral dust Biogenic emissions Biomass burning

2013). The sample size is further reduced through the 20-year resolution, given by the
thinning of annual layer with increasing glacier depth (Nye, 1963; Herren et al., 2013).
For this study we take advantage of the δ18O based March-November temperature recon-
struction from the Belukha ice core located in the Siberian Altai (Eichler et al., 2009b)
(Fig. 5.1). The PC2 reflecting biogenic concentrations of the Tsambagarav ice core is
significantly correlated with reconstructed temperature from Belukha (r = 0.70, n = 19,
p < 0.001; Fig. 5.2 9.3). Considering smoothed data enhances the correlation coefficient
significantly, pointing towards a relation on longer timescales (Fig. 5.2). This relation
is used to derive a new temperature proxy for the Siberian forest located upwind of the
Tsambagarav glacier. The good agreement between two independent parameters (δ18O
and PC2) of two ice cores 350 km distant (Fig. 5.1) indicates a robust temporal and
spatial interconnection. To avoid a bias of the calibration by dating uncertainties, we
choose the calibration period from AD 1590 to 1940. For the time interval AD 1270 to
1590 the two records have similar trends. However, in general the Belukha δ18O record
precedes the PC2 chronology by 20 to 60 years (Fig. 5.2). The lag between the two
records is within the dating uncertainties (Herren et al., 2013; Eichler et al., 2009b).
Because of strongly decreasing resolution due to thinning, the lowest 6 m weq of the ice
core were not considered. The PC2 of the Tsambagarav ice core allows for a temperature
reconstruction with 20-year resolution, for the period 1200 BC to AD 1940. Combination
with the Belukha ice core enables to extend the temperature reconstruction to AD 1980.

To illustrate the spatial representativeness of this reconstruction, we correlated the tem-

92



5.3 Calibration and assessment of a new temperature proxy

Figure 5.2: Calibration of the Tsambagarav PC2 as biogenic emission proxy (green) against δ18O value
from Belukha (blue). 20-year resolution values (thin line) smoothed with a 5-point binomial filter (bold
curves).

perature record from Barnaul, used to calibrate the δ18O record from Belukha, with
gridded 20th century reanalysis data (Fig. 5.3). Although not entirely independent, since
the Barnaul temperatures have been integrated in the gridded reconstruction, significant
correlation (p< 0.01) is identifiable for large parts of Siberia.

Three independent humidity records were examined, to investigate the effect of vary-
ing precipitation on the concentration of biogenic species. The first record is directly
derived from the Tsambagarav ice core through a glacier accumulation reconstruction
(Herren et al., 2013). The second and third are composite records of lake sediments
from the Altai and the Northern Mongolian Plateau (Wang and Feng (2013), Fig. 5.4).
The Tsambagarav accumulation reconstruction shows steady dry conditions for the last
3,000 years, followed by an increase in accumulation from AD 1850 onwards. However,
the low resolution does not allow for direct comparison, since temporal changes in the
accumulation cannot be resolved with the accumulation record (Fig. 5.4). The two lake
sediment composite records show different trends. The Altai experienced a relative dry
climate during the Holocene, whereas precipitation in Northern Mongolian Plateau was
above Holocene average. Trends of PC2 do not follow the humidity reconstructions. This
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Figure 5.3: Spatial distribution of correlation coefficients between Barnaul March-November temper-
atures (http://www.ncdc.noaa.gov/data-access/land-based-station-data/find-station) and gridded 20th

century Reanalysis March-November temperature (http://climexp.knmi.nl) shown for the period 1871-
2000 (p < 10%). Location of Barnaul (black star), Belukha (yellow star) and Tsambagarav (red star)
are marked.

implies that precipitation changes over the past 3,200 years unlikely induced changes in
the biogenic species concentration. Concentration of Ca2+ as mineral dust tracer is of-
ten used as precipitation proxy due to their anticorrelation (Knüsel et al., 2005). Dry
conditions induce elevated dust emissions, inducing changes in Ca2+ concentration. For
the Tsambagarav ice core this tracer cannot be used, since no common pattern was iden-
tified between humidity and Ca2+ concentration record (Fig. 9.1). With this we exclude
a dilution effect on the biogenic species, they are assumed to be a robust temperature
proxy. Fortiori since biogenic species in the Belukha ice core showed to be closely related
to changes in temperature derived from the δ18O record (Eichler et al., 2009a).
Despite the excellent correlation between the δ18O values from Belukha and Barnaul
temperature (Eichler et al., 2009b), the stable isotope record from Tsambagarav does
not provide significant correlation with instrumental data of the surrounding weather
stations and Reanalysis data. The 20-year resolutions of the δ18O record circumvent any
direct calibration. Additionally comparison of the δ18O from Belukha and Tsambagarav
show distinct differences for the period AD 1250 to 2000 (Fig. 9.2). Previous stud-
ies from the Altai indicate a variety of moisture sources including re-evaporation from
continental moisture sources. Therefore the stable isotopes record is a combination of
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5.4 Late-Holocene temperature reconstruction for the Siberian plains

moisture source and temperature (Aizen et al., 2006; Schotterer et al., 1997). Within the
arid Mongolian Altai internal moisture sources have a larger contribution and thus can
alter the isotope signal stronger than in the more humid north.

5.4 Late-Holocene temperature reconstruction for the
Siberian plains

Fig. 5.4 shows the reconstructed temperature of the Siberian Taiga belt compared to
other paleoclimate records. All following records are normalised to the overlapping pe-
riod AD 1270 to 1930. The range of reconstructed temperature was calculated based on
the 2σ-range of the calibration slope (Fig. 9.3). For the past 3,200 years the temperature
anomalies fluctuated between -3.0 and 5.6◦C with rapid transitions from warm to cold
periods and vice versa, resulting in high frequency temperature changes. Smoothing the
reconstruction helps to identify patterns and trends. The record allows for a characteri-
zation of different well-known climatic periods, such as the Roman Warm Period (RWP),
the Dark Ages Cold Period (DACP), the Medieval Warm Period (MWP), the Little Ice
Age (LIA) and the present warming. Suggested transitions between two periods are rough
guides since clear identification is challenging. The thousand years preceding the current
era are characterised by two pronounced cold periods ∼530-710 BC and ∼850-1030 BC
interrupted by a warm interval. Around 650 BC our record suggests the coldest but
brief period of the past 3,200 years. The RWP is the most striking feature of the record,
especially regarding long-term changes. The period is long-lasting with temperatures
1.3◦C above average from 130 BC to AD 310. The subsequent DACP does not show cold
climate condition. The most noticeable pattern is the rapid transition around AD 310
from the RWP by a decrease in temperature of 2◦C. This decrease coincides with the
largest central Eurasian historical crisis, the Migration Period, a time marked by lasting
political turmoil, cultural change, socioeconomic instability and westward migration of
the Huns (Swain and Edwards, 2004; Hedeager, 2007). The period lasted for approxi-
mately 300 years with values fluctuating around the normalised mean. Similar to the
DACP the MWP is only marginal perceptible. Temperatures are elevated by 0.5◦C for
slightly longer than 100 years. From around AD 890 the Siberian temperature fluctuate
between 0 and -1◦C. This period is the coldest of the past two millennia and confirms the
occurrence of the LIA in Siberia. During this phase of permanent negative temperatures
different colder dips are identifiable, with the most pronounced in the 18th century. Sub-
sequent temperatures are steadily increasing until the end of the reconstruction in AD
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Figure 5.4: (a) Reconstructed Siberian temperature from Tsambagarav PC2 scores (normalized to
the AD 1270 to 1930 period) for the last ∼3,200 years (green dashed line) and smoothed with a 5-point
binomial filter (bold green line) and Belukha δ18O based temperature reconstruction (dashed black line).
The shaded region envelops the uncertainty as described in the text. (b) Accumulation reconstruction
presented as anomaly of the past ∼6,000 years adapted from Herren et al. (2013). Black triangle are
dating horizons to illustrate the resolution. (c) Regionally averaged moisture indices from lake sediment
data for the Northern Mongolian Plateau (dashed curve) and Altai Mountains (bold curve) adapted from
Wang and Feng (2013).

1980. The Belukha δ18O values and the PC2 suggest identical amplitude in the warming.
In Fig. 5.5 the reconstruction is compared to the instrumental data from Barnaul. The
overlap time between the two records is short (AD 1860 to 1980). However, they coincide
well and suggest current warming to be similar to the climate during the RWP.
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5.5 Pronounced warm climate during the Roman Warm
Period

For a representative chronology the ice core records from Belukha and Tsambagarav were
combined. This composite temperature reconstruction covers the period 1200 BC to AD
1980 (Fig. 5.5) and is used in the following analysis as temperature record of Siberia.

Figure 5.5: . (a) Reconstructed Siberian temperature from Tsambagarav PC2 scores and Belukha
δ18O values for the last ∼3,200 years (bold green line) and 20-year resolution Barnaul temperature for
the period AD 1870 to 1990 (red line). (b) Reconstructed southern Yamal summer temperature from
tree-ring-width chronology (Hantemirov and Shiyatov, 2002). (c) China-wide temperature composites
covering the last 2,000 years obtained from ice cores, tree rings, lake sediments and historical documents
(Yang, 2002). (d) Total Solar Irradiance (TSI) composite from the cosmogenic radionuclide 10Be mea-
sured in ice cores (Steinhilber et al., 2009). All records have 20-year resolution, are normalized to the
AD 1270 to 1930 period (except Barnaul temperature) and smoothed with a 5-point binomial filter.
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In an ice core from Illimani in the eastern Bolivian Andes (Kellerhals et al., 2010), NH4
+

concentrations were used to reconstruct Tropical South American temperature. With
the Tropics being located close to the equator, limited temperature variations are pre-
dicted and accordingly changes in biogenic emissions are small. This is confirmed by the
reconstruction values ranging from -0.8 to 0.4◦C. However, the latitude of the Siberian
Taiga is above 50◦N where changes in climate are amplified compared to lower latitudes,
resulting in larger temperature variations. For Tsambagarav this corresponds to changes
of -1.7 to 2.9◦C on centennial scale (Fig. 5.5). Model studies and measurements show
that Siberia experienced enhanced warming during the past decades (Hansen et al., 1998;
Hansen, 2006; Smith et al., 2007). This is corroborated by Barnaul instrumental tem-
perature measurements increasing by 2◦C in the period AD 1860 to 1980 (Fig. 5.5).
Changes measured in Siberia exceed 2◦C whereas in the Tropics they are around 0.4◦C.
This illustrates well the difference between the two sites. The difference in amplitude
between the records from the Tropics and Siberia confirms the sensitivity of biogenic
emissions on temperature changes.
To place this novel temperature reconstruction in perspective we consider available pale-
oclimatic records north and south of the Taiga belt. For this remote part of the globe the
lack of data makes it difficult to find records covering identical period with similar resolu-
tion. Regarding lake sediments, a majority of the records cover the whole Holocene with
low resolution that is inappropriate for comparison (Melles et al., 2012; Prokopenko et al.,
2006). Thus tree-ring based climate reconstructions are most suitable for comparison.
Here we take advantage of a 4000-year (2000 BC to AD 1996) tree-ring-width chronol-
ogy, from which summer temperature variability in this region was estimated on annual
to multidecadal timescales (Hantemirov and Shiyatov, 2002). The chronology consists
of a multitude of trees located between 67◦00’ and 67◦50’N and 68◦30’ and 71◦00’E on
the Yamal Penninsula. A conspicuous common feature is the noisiness of the tempera-
ture evolution. The region seems to experience sharp and and pronounced temperature
changes. The ice core data allows for identification of well-known warm and cold periods
for instance the LIA or MWP. The Yamal tree-ring temperature reconstruction suggests
high frequency changes from warm to cold conditions. Neither the LIA nor the MWP
are identifiable. However, a distinctive period of enhanced temperatures occurred around
130 BC to AD 130 corresponding to the RWP. This interval fits best with the ice core
derived data (Fig. 5.6). The difference to our record lasting approximately 150 years
longer can be attributed to different effects: (i) The dating uncertainties of the ice core
and tree-ring chronology. (ii) The glacier captures the signal of air masses traveling over
large areas resulting in a regionally signal versus a more local from the tree-ring chronol-
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ogy. Considering these two effects we suggest a regionally pronounced warm period for
two and a half centuries at the beginning of the current era. The absence of recent warm-
ing in the tree-ring width chronology for the last centuries is a major difference to the
ice core data. The discrepancy between observations and paleoclimate reconstructions is
still not fully understood (Sidorova et al., 2011; Saurer et al., 2002).
To integrate our results in a more continental context, we compare them with 2,000 years
of China temperature reconstruction located south (Fig. 5.5). The China chronology is
a combination of multiple paleoclimate proxy records obtained from ice cores, tree rings,
lake sediments and historical documents (Yang, 2002). Both records capture current
warming, yet the highest agreement is obtained for the RWP (Fig. 5.6). The temporal
occurrence of RWP coincides, with a narrower period in China ending around 100 years
earlier than our Siberian record, but still within the dating uncertainty.
For the period AD 1250-1850 a strong correlation between reconstructed temperature
from Belukha δ18O values and solar activity was found (Eichler et al., 2009b). The new
3,200-year temperature record allows investigating this radiation interaction further back
in time. For comparison we used the record derived from cosmogenic radionuclide 10Be
measured in ice cores (Steinhilber et al. (2009), Fig. 5.5). Prior to AD 1250 there are
still common features as for the RWP, where elevated temperatures correspond to high
solar irradiance. The long-term trends are similar with a general increase from 1200
BC to the RWP, followed by decrease until the end of the LIA. However, the overall
correlation between temperature and solar forcing is lost. While discussing differences
and similitudes between the two reconstructions, one should keep in mind the increased
dating uncertainty towards longer timescales and the variability in solar reconstructions
(Muscheler et al., 2007).

5.6 Reconstructed 20th century temperature increase

Most tree-ring-width chronologies from Siberia do not reflect warming since the end of
the LIA. The temperature reconstruction presented in this study coincides in amplitude
and timing with instrumental temperature measurements. The good agreement confirms
Siberia as a fast warming region on the globe. The high sensitivity of the Taiga forests
makes its especially vulnerable to temperature and precipitation changes. Atmospheric
modification may trigger droughts thus increasing the risk of forest fires (Eichler et al.,
2011) and induce major changes in the regional climate.
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Figure 5.6: Cross correlation analyses with 420 years window moved through the data in steps of 20
years to obtain the temporal changes of the correlation coefficient between (a) Siberian temperature
composite and Yamal tree ring chronology (b) Siberian temperature composite and China temperature
composites (c) Siberian temperature composite and total solar irradiance (TSI).
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Abstract

Investigating the spatial extent of ice core based climate reconstruction is challenging
due to limited number of suitable sites within reasonable distance. Here we compare
geochemical records and melt rate reconstructions of two ice cores 350 km apart, one
from Belukha (4062 m asl, 49◦48.433’N, 86◦34.716’E) in the Siberian Altai and the other
from Tsambagarav (4130 m asl, 48◦39.338’N, 90◦50.826’E) in the Mongolian Altai. Inves-
tigated are similarities and differences, to understand their importance in a geographical
context exceeding the drill site. The melt rate records have similar long-term trends and
point towards enhanced melting in recent decades, suggesting a modified glacier mass
balance. Variations of the Tsambagarav melt record fits changes in radiation and can
be related to atmospheric dimming and brightening observations. Principle component
analysis of the geochemical records was performed to assign the sources of the different
species. Both sites have different loadings in the mineral dust component, indicating local
dust input. Reconstruction of biogenic emissions and biomass burning are very similar
in both sites. The large area of the Siberian forests induces large emissions, which are
archived in both sides of the Altai mountain range. Species associated to forest fires are
recorded in both ice cores, suggesting a regional importance.

6.1 Introduction

In recent decades the geographical region of Siberia experienced enhanced warming
(Hansen et al., 1998; Bradley et al., 2003; Hansen, 2006). During the first half decade of
the 21st century temperature in the central part increased by 1.6 to 2.1◦C (Hansen, 2006).
Together with Alaska and Northern Greenland it belongs to the fastest warming regions
of the globe. However, climate information for this region remains limited and spatially
sparse. This region of central Asia is characterized by pronounced continental climate,
due to the remoteness of the oceans (Lydolph, 1977). Seasonal differences are up to 40◦C,
with very cold and dry winters and relative warm summers (Klinge et al., 2003). The
Siberian High controls winter climate preventing precipitation (Sahsamanoglou et al.,
1991). In summer, humid air masses from the Atlantic Ocean as well as recycled mois-
ture are the main sources of precipitation (Aizen et al., 2006). Regarding late-Holocene
paleoclimate reconstructions, Asia and Central Asia are strongly biased towards tree-ring
archives (PAGES2k-Consortium, 2013).
In this study we introduce historical trends in summer melt and geochemical records of
an ice core drilled in the Altai Mountain Range, more specific in the Mongolian part
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of the Altai close to the border to Siberia (Fig. 6.1). The results are compared with
previous studies from a Belukha ice core in the Siberian Altai (Fig. 6.1) to investigate
the geographic representativity of the records. Summer surface melt in glaciated regions
causes the percolation of meltwater into the ice matrix where it refreezes in distinct
layers. The distribution and extent of these melt features can be related to summer
warmth (e.g., Koerner and Fisher, 1977; Fisher et al., 2012). Energy sources for melt are
longwave incoming radiation, absorbed global radiation and sensible heat flux (Ohmura,
2001). Thus modification in the radiation balance can affect the surface melting of a
glacier. Previous studies in the Altai showed a high industrial to preindustrial sulfate
ratio with a maximum of the anthropogenic contribution of more than 80% (Olivier et al.,
2006). Ice-core based reconstruction from other alpine regions suggest similar concen-
trations (Schwikowski et al., 1999; Kaspari et al., 2009). These anthropogenic emissions
can modify the radiative balance on a regional scale (e.g., Charlson et al., 1992).

Here we present the results of a new ice core from the Mongolian Altai and investigate
their geographical coverage.
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Tsambagarav
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Figure 6.1: Location of the Tsambagarav mountain range in Mongolia (red star), Belukha glacier in
the Siberian Altai (blue star), and the GEBA stations (black stars; http://www.geomapapp.org).
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6.2 Methods

The Belukha ice core was drilled during summer 2001 on the saddle between the West
and East summit of Belukha, in the Russian Altai on the north side of the mountain
range (4062 m asl, 49◦48.433’N, 86◦34.716’E, Fig. 6.1) (Olivier et al., 2003). The ice
core is 139 m long, covers the period AD 1250 to 2001, with a mean annual accumulation
rate of 0.56 m weq (Eichler et al., 2009a). The second ice core was drilled in July 2009
on the summit Khukh Nuru Uul glacier (4130 m asl, 48◦39.338’N, 90◦50.826’E, Fig. 6.1)
(Herren et al., 2013). The glacier is located within the Tsambagarav Mountain massif in
the Mongolian Altai on the south side of the mountain range. The surface-to-bedrock ice
core is 72 m long and due to a low accumulation rate (0.32 m weq) contains Mid-Holocene
ice (6’000 years BP, Herren et al. 2013). In the following we use the term Tsambagarav
ice core when referring to the ice core from Khukh Nuru Uul glacier. Both ice cores were
transported frozen to the Paul Scherrer Institut (PSI), where they were processed in the
cold room at -20◦C. A specially designed stainless steel band saw with Teflon coverage
on the tabletop was used for sample preparation.

6.2.1 Dating

The dating of the two ice cores was performed applying a combination of different meth-
ods. For Belukha the timescale was derived using the 210Pb activity record, a three-
parameter annual layer-counting methodology, and a nonlinear regression (Haefeli, 1961)
through reference horizons such as the maximum of nuclear weapons testing in 1963
(maximum in 3H activity) and different volcanic layers (Olivier et al., 2006; Henderson
et al., 2006; Eichler et al., 2009a). For the period AD 1815 to 2001 dating uncertainty was
estimated to be smaller than three, increasing to five years between AD 1400 and 1815,
and less than 10 years for the period AD 1250-1400 (Eichler et al., 2009a). The upper
part of the Tsambagarav ice core (AD 1815 to 2009) was dated with identical methods
(Herren et al., 2013). Within one decade of an identified horizon an error of ±1 year was
estimated increasing to ±2-3 years outside of these ranges. Strong annual-layer thinning
in the lower part of the ice core prevents attributing an age scale with conventional dating
methods, therefore radiocarbon dating of particulate organic carbon was conducted (Sigl
et al., 2009; Jenk et al., 2009). For a continuous age-depth scale the 14C results were fit-
ted using an empirical exponential equation (Herren et al., 2013). With increasing depth
the dating uncertainty becomes more important ±17 years between 1815 and 1700, ±55
years for AD 1700 to AD 1500 and ±140 years for AD 1500 to 1250.
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6.2.2 Chemical analysis

For both ice cores inner sections were used to analyze concentrations of the main water-
soluble ionic species (Na+, NH4

+, K+, Ca2+, Mg2+, and Cl-, NO3
-, SO4

2-, HCOO-) using
standard ion chromatographic techniques. The median and mean values of the different
species are given in Table 6.1. For Tsambagarav the resolution ranged from 2.5 cm at the
top to 2 cm from 50 m depth downwards, in total 2944 samples, whereas the Belukha ice
core was processed with a resolution of 2-7 cm, resulting in a total of 3615 samples. Being
very sensitive to contamination 14C analyses were as well conducted with the inner part
of the ice core segments and additionally rinsed with ultra-pure water prior melting. To
extract the particulate carbon, samples were filtered and acidified to remove carbonates.
Combustion of the filter generated CO2, which was cryogenically trapped and sealed
in glass tubes for accelerator mass spectrometry (AMS) measurements (Szidat et al.,
2004; Ruff et al., 2007; Synal et al., 2007; Jenk et al., 2009). For species less sensitive
to contamination (δ18O, 210Pb and 3H) outer sections were used (Eichler et al., 2009a;
Gäggeler et al., 1983; Olivier et al., 2003). To correct for increasing density with depth
and alternating ice lenses, all the values have been converted to meter water equivalents
(m weq).

Table 6.1: Mean (upper line) and Median (lower line) concentrations of major ions [ppb] in the Belukha
and Tsambagarav ice cores from Altai.

HCOO- Cl- NO3- SO42- Na+ NH4+ K+ Mg2+ Ca2+ δ18O

Belukha 215 40 208 233 41 132 21 19 185 -14
199 32 192 176 31 121 18 16 148 -14

Tsambagarav 303 50 273 283 36 191 16 25 212 -15
301 38 254 210 25 177 15 21 162 -15

6.2.3 Ice core melt percent

The method introduced by Henderson et al. (2006) to calculate melt percent in the
Belukha ice core was adapted to the requirements of the Tsambagarav ice core. Melt
features were identified when the ice core segment is backlit in a darkened cold room
for better contrast. Refrozen meltwater layers appear bright and bubble-free in such
configuration. The layer extent and class was determined by visual evaluation. Here we
assigned three classes I, II and III. Category I is the densest ice with very few air bubbles,
it appears uniformly bright. To those layers 100% weight was attributed. Category II ice
lenses have more air bubbles and are classified as icy layers. The layers are less bright
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but are still clearly distinguishable to the surrounding glacier ice with high air bubble
content. A weight of 80% was attributed. Category III is generally referred as icy firn,
differences to glacier ice are small. They appear slightly brighter on the light table; a
weight of 50% was attributed. The final melt percent profile is mainly controlled through
the thickness of the layers. The attribution and weighting of the layers has thus only
limited influence. Pipes and ice layers not continuous over the whole cross-section of
the segment were intentionally omitted. Wedge-shaped or irregular layer thickness was
measured on both sides of the core to calculate the mean thickness. Such techniques have
been demonstrated to yield reproducible melt percent profiles independent of observer
or classification scheme (Kotlyakov et al., 2004). With increasing depth identification of
the ice lenses is precluded through convergence of the glacier ice and ice lens properties.
The annual melt precent (AMP) was calculating according to

AMP =
∑

(dzi · c)
λi

(6.1)

where dzi is the thickness of individual ice lenses in one year, c is the attributed ice lens
category and λi the reconstructed annual accumulation rate described by:

λi =
λALC
λModel

· 335 mm (6.2)

where λALC is the annual layer thickness derived by a three-parameter annual layer
counting, λModel is the modeled thickness according to Thompson et al. (1990). Neglect-
ing lateral flow within the upper 3.35 m weq, corresponding to a period of 10 years in
the Tsambagarav ice core, yields an annual surface accumulation rate of 335 mm (Herren
et al., 2013). In order to avoid inconsistency in the depth profile, within one segment the
average density was attributed to all ice lenses. The upper end of the ice lens was used
to attribute the timescale. Thick lenses exceeding the annual accumulation rate can thus
result in AMP larger than 100%.
Although the stratigraphy was recorded for the whole core only the last 200 years were
used to derive a melt percent record. Strong thinning of the annual layers with increas-
ing depth prevented annual layer counting (Herren et al., 2013). Thus reconstruction of
annual accumulation rates was only possible for the period AD 1815 to 2009.
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6.3 Results and Discussion

6.3.1 200-year melt percent record of the Mongolian Altai

Borehole temperature at the Tsambagarav drilling-site showed cold ice ranging from -13.8
to -12.6◦C (Herren et al., 2013). Meltwater produced by high summer air temperatures
and solar radiation mainly refreezes within the annual accumulation layer. However, for
the past two centuries we reconstruct six events with AMP exceeding 100% (AD 1894,
1929, 1942, 1993, 1996, 2000, Fig. 6.2). The temporal interpretation of those strong
melt events is challenging. Retrospectively different scenarios are plausible such as one
strongly pronounced warm year or various consecutive events. Since the distinction is
impossible, we choose to average with the preceding year because of the melt water
flowing from more recent years to older layers. Fig. 6.2 illustrates the trend of AMP
for the last 200 years. The distribution of melt features alters the density profile. The
values at the depth of identified ice lenses exceed theoretical predictions from simple firn
compaction (Reeh et al., 2005). The Tsambagarav ice core is almost free of melt features
for the majority of the 19th century. Subsequent three distinct phases of enhanced melting
(1884-1910, 1927-1952 and 1985-ongoing) were interrupted by periods of reduced melting.
The latest increased in frequency of AMP peaks at the year AD 2000 and decreases in
the following years.

6.3.2 Unprecedented melting in high altitude Altai

The Belukha AMP record was used to derive summer temperatures according to the
empirical relation given by Tarussov (1992) and was discussed in details relative to the
δ18O values (Henderson et al., 2006). Later the melt percent-temperature relation was
re-evaluated (Okamoto et al., 2011), showing that the study by Henderson et al. (2006)
underestimated the temperature reconstruction. Additionally the variability of the AMP
was adjusted downward. We do not relate the Tsambagarav AMP to temperature for
two reasons. On the one hand values exceeding 100% circumvent a realistic temperature
reconstruction. On the other hand, periods with no melting cannot be used to attribute
a temperature. Here we compare the two AMP records 350 km apart in similarity and
differences to identify local and regional patterns.

For the past two centuries the AMP derived from the Belukha ice core increases steadily
(Fig. 6.2). The two records differ in amplitude and extent for individual periods, yet
increasing until the last decade. Comparing specific time intervals the two melt records
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Figure 6.2: (a) Mean energy flux of three GEBA station (Table 6.2).(b) March-November averages of
air temperature at Barnaul. (c) Annual melt percent (AMP) of the Tsambagarav and Belukha (d) ice
core. Annual values (thin line) smoothed with a 5-point binomial filter (bold curves).

have opposite trends until common severe increase at the middle of the 1980’s. Southern
and northern Altai experienced unprecedented melting in the late 1990’s pointing towards
major regional climate changes. The maximal melt at Belukha is a narrow peak from
1993 to 1997 followed by a rapid decrease to little melt in the remaining 3 years of the ice
core. The peak of maximal melting in the Tsambagarav record is broader (1993 to 2000).
The duration of high AMP values in the Belukha ice core is difficult to establish, since it
ends in 2001. The offset between the two maxima can rather be attributed to resolution
and dating issues than different climatic conditions. Hence, during the last two centuries
the two records suggest increased glacier-hostile climate conditions for the whole Altai
and indicate severe changes in the mass balance of the glaciers. Although, these changes
cannot directly be linked to changes in glacier extent, former studies showed that melt
records from the accumulation area bears strong relationship to melting over the whole
glacier (Koerner, 1990). The higher frequency of intense melt events towards present are
in agreement with the identified shrinkage of Altai glaciers by former studies (Pattyn
et al., 2003; Shahgedanova et al., 2010) and contradicts former work stipulating Tsamba-
garav massif experiencing no significant change in area since 1963 (Tsutomu and Davaa,
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2007).
The long-term trend of the AMP corresponds to observation data that show pronounced
warming for the period 1940 to 2008 (Bezuglova et al., 2012). Past decades present ac-
celeration in rising temperature. Multi-proxy data set for the Russian Altai, consisting
of tree-ring width, ice core and lake sediment records confirm an enhanced warming of
Siberia (Sidorova et al., 2011).

6.3.3 Incident solar radiation archived in the melt record

Periods of low and high AMP in the Tsambagarav reconstruction appear to coincide with
the general solar radiation pattern incident at the Earth’s surface during the 20th century
(Wild et al., 2005; Wild, 2009). Various studies suggest a widespread decrease in sur-
face solar radiation between the 1950s and 1980s generally referred as ’global dimming’
followed by a recovery designated as ’brightening’. Few records from the first half of the
20th century suggest an ’early brightening’ additionally supported by diurnal tempera-
ture range and sunshine duration (Ohmura, 2007; Wild, 2009). The periods of enhanced
annual melt (1927-1966 and 1985-ongoing) coincide well with the ’early brightening’ and
’brightening’ period, whereas the period of reduced melt intensity matches the ’dimming’
interval. For the ongoing period the melt record peaks at around 2000 and decreases sub-
sequently. This pattern reinforces the hypothesis of ’renewed dimming’ in Eastern Asia
due to tremendous emission increases in China after 2000 combined with the dimming
in India (Streets et al., 2009; Wild, 2009).
We compared our record with data form the Global Energy Balance Archive (GEBA1,
Fig. 6.1). Three stations were selected Altay, Urumqi and Ulaangom (Table 6.2). The
longest record barely spans a period of high and low radiation making comparison diffi-
cult. Other parameters such as sunshine duration or diurnal temperature range are not
available to extent the records significantly. However, for the brief overlap the records
confirm the coincidence of reduced (enhanced) radiation with low (elevated) melt rates.
The three observation records differ in the moment of minimum values and their inter-
annual variability. Considering different seasons did not improve the accordance between
the stations nor with the melt record, we thus argue that small temporal differences be-
tween the melt record and the observation can be explained through local variability
combined with lags due to dating uncertainties in the ice core timescale. Melt layers
formed during the past two decades may be caused through a combination of radiation
and increased temperatures. This is corroborated through the March-November Barnaul

1http://www.iac.ethz.ch/groups/schaer/research/rad_and_hydro_cycle_global/geba
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temperature, which does not reproduce the phases of low and high melting (Fig. 6.2).
Changes in albedo as major driver of the melt is assumed to be minimal since the melt
occurs during summer, the main accumulation period in the Altai (Dyurgerov and Meier,
1999). Thereby the glacier is constantly covered with fresh snow keeping the albedo high.
These results provide further evidence (Wild et al., 2005) of the radiative changes during
the past decades in the Altai region and introduce a potential new proxy to investi-
gate the anthropogenic influence on the earth’s energy balance beyond the instrumental
period.

Table 6.2: Details of Global Energy Balance Archive (GEBA) stations used in Fig. 6.2

Station Name Country Latitude Longitude Altitude [m asl] Time interval

Altay China 47◦43.8’N 88◦04.0’E 735 1960 - 2000

Urumqi China 43◦46.8’N 87◦37.2’E 918 1959 - 2007

Ulaangom Mongolia 49◦51.0’N 92◦4.2’E 934 1964 - 2005

6.3.4 Geochemical record comparison

Comparing reconstructions of two Altai ice cores allows investigation of the spatial ex-
tent of the derived proxies. Here we use the geochemical records to distinguish local from
regional components. First we performed a Principle Component Analysis (PCA) with
the 10-year means of the 9 major ions and the δ18O of the Tsambagarav ice core for the
period AD 1200 to AD 1940. After AD 1940 anthropogenic emissions of SO2, NOx and
NH3 changed the atmospheric mixing ratios in Siberia, impeding the attribution of the
natural origin. The main pre-industrial sources of the chemical species are identified and
related to previous findings from the Belukha ice core (Table 6.3 & 6.4). Second, con-
centrations of selected ions are compared to examine actual atmospheric concentrations
north and south of the Altai.

Principal component analysis

Previous studies discuss in detail the PCA of the Belukha ice core data (Eichler et al.,
2009b, 2011), variability and loadings are given in Table 6.3. Dust related species
have the highest loadings in the PC1 and account for 50% variability. The PC2 shows
high loadings in biogenic species and temperature explaining 23% of the data variance.

114



6.3 Results and Discussion

Biomass burning is associated with the PC3.

Table 6.3: Loadings of the Belukha PCA performed on the normalized 10-year means of the 9 major
ions and δ18O and the variance explained by each component for the time period AD 1250-1940 and
attributed sources.

PC1 PC2 PC3

Mg2+ 0.93 -0.15 -0.09
Ca2+ 0.90 0.11 -0.21
Cl- 0.88 -0.22 -0.07
Na+ 0.86 -0.16 -0.35
SO4

2- 0.83 0.13 -0.26
HCOO- 0.41 0.84 -0.06
NH4

+ 0.28 0.82 0.29
δ18O -0.01 0.82 0.13
K+ 0.56 -0.33 0.67
NO3

- 0.73 -0.17 0.57
Variance explained 50% 23% 11%

Mineral dust Biogenic emissions Biomass burning

Table 6.4: Loadings of the Tsambagarav PCA performed on the normalized 10-year means of the 9
major ions and δ18O and the variance explained by each component for the time period AD 1250-1940
and attributed sources.

PC1 PC2 PC3

Ca2+ 0.90 -0.15 -0.31
Na+ 0.89 -0.23 -0.25
Cl- 0.88 -0.37 -0.10
SO4

2- 0.86 0.06 0.10
Mg2+ 0.85 -0.16 -0.34
NH4

+ 0.60 0.76 0.01
HCOO- 0.63 0.68 -0.20
NO3

- 0.63 -0.05 0.64
K+ 0.62 -0.26 0.58
δ18O 0.30 0.20 0.51
Variance explained 55% 14% 13%

Mineral dust Biogenic emissions Biomass burning

Applying PCA on the Tsambagarav data yields a similar picture (Table 6.4). In general
the PCAs of Tsambagarav and Belukha result in very similar partitioning of the com-
ponents, except for δ18O. The three leading modes of the Tsambagarav ice-core array
cumulatively explain 82% data variance. Mineral dust related species (Ca2+, Na+, Cl-,
SO4

2-, Mg2+) have significant loadings in the PC1 explaining 55% of the variance. In this
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mode all components except δ18O have loadings higher than 0.60. The PC2 shows high
loadings in the concentration of the biogenic species in the ice core (NH4

+, HCOO-) and
explain 14% data variance. The third mode (PC3) explains 13% data variance, similar
to the second mode. According to previous studies we relate PC3 to biomass burning
due to the strong contribution of NO3

- and K+. The role of δ18O in this mode remains
unclear.
The temporal evolution of the three leading PC modes of the two ice cores is illustrated in
Fig. 6.3. The differences between the Russian and Mongolian Altai can be used to sepa-
rate local and regional components. Differences in the PCs are discussed in the following.

Figure 6.3: Tsambagarav (brown) and Belukha (green) PC1 (top), PC2 (middle) and PC3 (bottom).
10-year resolution values (thin line) smoothed with a 5-point binomial filter (bold curves).
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For both sites the transport of dust to the glacier plays an important role, since the
PC1 explains a major part of the data variance. The Tsambagarav massif surrounded by
steppe-like vegetation is more subject to local dust transport than Belukha. All ions have
loadings exceeding 0.6 and the explained data variance is 5% higher for the Mongolian
site. The different contribution in the loadings between the two sites, suggests that
mineral dust related species transported to the glacier have a strong local component.
Temporal evolution of the two PC1s confirms this spatial difference between the two sites
(Fig. 6.3). For the Belukha ice core the dominant source areas of mineral dust are likely
the deserts of Central Asia like the Taklimakan desert, the Kazakh loess hills, and the
Aral Sea Basin (Olivier et al., 2006). Dust storms in the Taklimakan desert transport
particles to elevation of 5000 m from where they reach the Altai with the Westerlies (Sun
et al., 2001). Backtrajectory analysis from Southern and Northern Altai show similar
origins. Therefore long-range transport may be identical for both sites. However, the
records do not follow the same trend and maximum values do not occur simultaneously,
which points to a strong local mineral dust contribution. In contrast the records of
PC2 have a similar trend, indicating spatially more uniform and extended source of
biogenic emissions. The important contribution of δ18O in the Belukha PC2, a good
proxy of atmospheric temperature (Eichler et al., 2009a), suggests a strong connection
between biogenic emissions and temperature in Siberia. The low loading of δ18O in
the PC2 of the Tsambagarav ice core points towards stable isotope composition not
only controlled by temperature, but rather as source indicator for atmospheric moisture.
This corroborates previous stable isotope studies (Schotterer et al., 1997), and confirms
general expectation of the arid Mongolian Altai being more subject to internal moisture
sources during summer months than the more humid Russian Altai (Aizen et al., 2006).
While the δ18O cannot be used for the same purposes north and south of the mountain
range, both PC2s bear similar trends and patterns for the past 700 years (Fig. 6.3).
Biogenic emissions stored in the glaciers by means of NH4

+ and HCOO- can be attributed
to a regional signal. The interdependency between Siberian temperature and biogenic
emissions recorded in the ice cores allow to present a new temperature proxy (Herren et
al. in prep, see Chapter 5). Regarding PC3 both sites show high loadings of K+ and
NO3

-. Through combination with pollen and charcoal data a new geochemically-based
proxy for biomass burning was derived (Eichler et al., 2011). The trend of both PC3
records is similar, especially for the maximum value in the mid 17th century.
While the PC1 related to the mineral dust reflects more local conditions, the remaining
PC2 and PC3 seem to capture a more regional signal. Thus through comparison of the
modes we are able to corroborate previous work (Eichler et al., 2011). Reconstructed
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Siberian forest fire history for the last 750 years derived from the Belukha ice core is
likewise stored in the Tsambagarav ice core. The period of exceptionally high forest-fire
activity between AD 1600 and 1680 is also observed in the Tsambagarav mode. However,
the identified extremely dry period preceding high intensity forest fires cannot be seen
in the PC1 from the Mongolian Altai. The importance of the Taiga belt as major source
of NH4

+ and HCOO- becomes evident by comparing the modes of biogenic ionic species
found in both ice cores (Eichler et al., 2009b). Although 350 km apart, both PC2 display
similar pattern, differences in the lower parts of the ice cores can be attributed to dating
uncertainties of both ice cores.

Anthropogenically influenced ionic species

During recent decades anthropogenic emissions changed the atmospheric concentrations.
This signal would dominate the PCA, thus it was conducted only for the preindustrial
time. To test the spatial distribution, geochemical records are directly analyzed. For
illustration we selected two ions (SO4

2- and NO3
-) influenced by anthropogenic emis-

sions and formed in the atmosphere from the precursor gases SO2 and NOx. Here we
present the Tsambagarav records on annual resolution for the period AD 1815 to 2009
and compare them with the Belukha values (Fig. 6.4).

In order to separate the anthropogenic sulfate contribution from mineral dust related sul-
fate we use the non-dust SO4

2- record (Herren et al., 2013)<. The records of the two sites
are correlated (NO3

-: r = 0.44 p<0.001, non-dust SO4
2-: r = 0.58 p>0.001). Long-term

changes are almost identical for both sides of the Altai. A first increase in concentration
is identifiable at beginning of the 20th century. Enhanced anthropogenic emissions of
SO2 and NOx (precursors of SO4

2- and NO3
-) for the period 1940-2008 are reflected in

concentration maxima of SO4
2- and nitrate around 1975 and 1980, and severely affect

the natural composition of diluted ionic species in the ice cores. Fossil fuel combustion
is the main source for SO2, whereas for NOx increased traffic and agricultural usage of
fertilizer have been proposed (Eichler et al., 2009b). As suggested in previous studies the
temporal evolution of the concentration of anthropogenically influenced species fits best
with Eastern European emission estimates (Eichler et al. (2009b, 2012), Fig. 6.4). The
Tsambagarav site being located downwind of the Westerlies reaching Belukha, results in
slightly lower concentrations in contrast to other species and the pre-industrial period.
This confirms larger distance to sources for the Tsambagarav site.
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Figure 6.4: (a) Historical Eastern European emission estimates of NOx (Tg N van Aardenne et al.
(2001)), and SO2 (TgS Stern (2005, 2006)). Tsambagarav (brown) and Belukha (green) non-dust SO4

2-

(b) and NO3
- (c) concentrations. Annual values (thin line) smoothed with a 5-point binomial filter (bold

curves).

The trends of anthropogenic pollutants correspond to the AMP record, especially for the
non-dust SO4

2-. The importance of SO4
2- on the earth radiative balance has been stud-

ied regarding major volcanic eruptions (Robock and Jianping, 1995) and anthropogenic
emissions (IPCC, 2007). The increase in SO4

2- concentration corresponds to the transi-
tion from ’early brightening’ to the ’dimming’. The ’brightening’ occurs simultaneously
with the decrease of non-dust SO4

2-. Elevated concentrations for the beginning of the
21st century confirms suggested ’renewed dimming’. The agreement of two independent
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reconstructions supports the hypothesis of radiation driven melting.

6.4 Conclusions

Paleoclimate reconstructions derived from two ice cores located in the Altai mountain
range provide the unique opportunity to test their spatial representativeness. Geochem-
ical records from the two sites were compared. Regarding melt rates, long-term trends
are similar for the north and south side of the Altai. Increased melting in recent decades
affected the glacier’s mass balance independent of their geographical location in the
mountain range. Differences on smaller timescale can partly be attributed to dating un-
certainties, confined accumulation period to summer month in the Mongolian Altai and
local geometric influences. The Tsambagarav massif consists of ice caps, thus the glaciers
are constantly exposed to the incident radiation. The West and East Belukha summit
(both top the drill site by 400 m) can shield the incident radiation and influence surface
melt at the saddle. The Mongolian melt record reflects radiation changes attributed to
’dimming’ and ’brightening’ of the atmosphere. SO4

2- and NO3
- concentrations in the ice

core follow anthropogenic Eastern European emission estimates of SO2 and NOx. This
further points to radiation controlled surface melting in the Altai.
Biogenic emissions and forest fires reconstruction in both ice cores have identical trends,
suggesting large-scale phenomena. The agreement of most proxies, particularly on decadal
resolution, between two 350 km distant sites demonstrates the strength of ice-core based
climate proxies. This motivates to investigate new sites to add the regional climate
reconstruction.
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The role of the sun for the earth’s energy budget is of major importance (Kiehl and
Trenberth, 1997). Understanding the mutual interactions between the sun’s energy in-
put and the earth climate is necessary to identify forces controlling climate change. In
recent debates about the reasons of global warming the importance of solar variability
has been frequently addressed (Bard and Frank, 2006). However, the disentanglement
between the effects of anthropogenic greenhouse gas emissions, internal climate feedbacks
and external climate forcing such as solar variability, is challenging (Ruddiman, 2007).
Long-term reconstructed solar variability can help to decipher the role of the sun on
earth climate.
Since 1978 total solar irradiance (TSI) from space is available (Fröhlich, 2006). Extending
solar variability data into the pre-satellite era is necessary to identify centennial trends.
Reconstructions prior to AD 1610 are based on 14C measurements in tree-rings or 10Be
from ice cores drilled in Greenland and Antarctica (Steinhilber et al. 2012, Fig. 7.1).
Although the different records agree well in their shape, the amplitude of the changes
remains unclear (e.g., Krivova et al., 2011; Lean et al., 2011). Further efforts are neces-
sary to improve our understanding in the terrestrial-solar relationship. Here we present
the first non-polar 10Be ice core measurements.
Cosmogenic nuclides (10Be and 14C) are produced in the atmosphere by interaction of
galactic cosmic rays with gases (Masarik and Beer, 2009). The produced 10Be attaches
to aerosols and reaches the earth surface within 1-2 years (Steinhilber et al., 2012). The
10Be production rate and solar irradiance are anticorrelated, due to magnetic shielding
by solar wind and the geomagnetic dipole field (Masarik and Beer, 2009). This relation-
ship allows using 10Be concentration as a proxy for solar activity. The ice core based
10Be reconstructions all originate form polar regions were the stratosphere-troposphere
exchange is reduced compared to mid latitudes (Field et al. (2006), Fig. 7.2). Thus, an
additional 10Be record from non-polar regions is an important contribution to improve
our understanding of global production rates of cosmogenic nuclides. The location of
Tsambagarav combined with the period covered by the ice core, provides a unique op-
portunity to reconstruct 10Be production rates.

127



7 10-Beryllium

rate of an ice core is not trivial and is associated with additional
uncertainties. In the polar regions of Greenland and Antarctica,
snow accumulation rates have been rather stable during the
Holocene so that 10Be concentrations and fluxes yield similar
results (SI Appendix, Section S7). For the sake of simplicity we
use the concentrations below.

From this discussion it is obvious that individual radionuclide
records may contain a significant system component which, if
not eliminated, would be incorrectly attributed to variations of
the cosmic radiation. In fact, system effects are probably the main
reason for the observed differences between the existing recon-
structions of cosmic radiation based on single radionuclide
records only (7–10).
Results
Here we present a cosmic ray record for the past 9,400 y for which
the system effects were minimized. This high-resolution and low-
noise paleocosmic ray record is used to derive solar activity that in
turn provides a powerful tool to search for the solar fingerprint in
climate records.

Our approach first combines several hemispheric 10Be records
with the global 14C record with high temporal resolution
(Fig. 2 A, C, and D and Table 1) and then follows the study of
Abreu, et al. (11) by using principal component analysis (PCA)
to extract the common production signal. With PCA it is possible
to disentangle the cosmic ray-induced production signal from the
system effects. The successful separation is based on the assump-
tion that the production signal is common to all records (corre-
lated), whereas the system effects are different (uncorrelated) in
each record. If system effects affected the radionuclide records
spatially and temporarily in a similar way, PCA would “misinter-
pret” these effects as common variation which in turn would be
wrongly attributed to cosmic radiation changes. However, it is
known that climate effects differ spatially; hence it seems justified

to assume that they affect the different radionuclide records from
different hemispheres and archives differently.

The three main records of our reconstruction [10Be from
European Project for Ice Coring in Antarctica-Dronning Maid
Land (EPICA-DML), Antarctica; 10Be from European Green-
land Ice Core Project (GRIP) (12, 13), Greenland; and global
p14C from tree rings (14)] represent both hemispheres and are
measured in different archives. These three records cover a time
range from 1,194 to 9,400 y before present (BP) (SI Appendix,
Section S1) and have a temporal resolution of a few years.
The new 10Be dataset from the EPICA-DML ice core consists
of 1,846 data points with an average temporal resolution of about
4.5 y and therefore provides an essential part for the reconstruc-
tion. To homogenize the different records, 22-year averages are
calculated for each individual record. Then PCA is applied to the
22-year averages. The first principal component explains 69% of
the total variance (SI Appendix, Section S6). This is a striking re-
sult because it implies that the 14C production changes through-
out the Holocene are very similar to the 10Be changes found
in polar ice cores from the two different hemispheres. Again,
because 10Be and 14C are produced in a very similar way and
because system effects are not expected to correlate with the pro-
duction signal, we conclude that the first principal component is
the best representation of the global production rate and here-
with of the cosmic ray intensity at Earth. The production signal
obtained from 10Be from GRIP and EPICA Dronning Maud

Fig. 1. Cartoon illustrating some basics of the radionuclides 14C and 10Be in
the Earth’s system. Both radionuclides are produced in a very similar way by
nuclear reactions of cosmic ray particles with the atmospheric gases (3). After
production, their fate is very different (system effects). 10Be attaches to
aerosols and is transported within a few years to ground (34). 14C oxidizes
to CO2 and enters the global carbon cycle, exchanging between atmosphere,
biosphere, and the oceans (4).

A

B

C

D

Fig. 2. Radionuclide records used for this study. 10Be concentration records
are green (Greenland) and red (Antarctica) and 14C is black. Time is given as
year before present (BP where present refers to 1950 AD). All records are
mean normalized (divided by the mean) 22-year averages. (A) New 10Be re-
cord from the EDML ice core (red) and of the existing 10Be record from
the GRIP (GR) ice core (green). The data are plotted on the time scales EDML1
(35) for EDML and GICC05 (36, 37) for GRIP. (B) Δ14C, the deviation of the
atmospheric 14C∕12C ratio from a standard value, measured in tree rings
(14) and (C) 14C production rate p14C (PC), calculated with a box-diffusion
carbon cycle model (4) fromΔ14C (14) over the last 9,400 y. (D) 14C production
rate p14C (PC) and 10Be concentrations for several available ice cores
(GR: GRIP; D3: Dye-3; NG: NorthGRIP; MI: Milcent; SP: South Pole; DF: Dome
Fuji) over the last 1,200 y. Grand solar minima are marked by yellow bands
and capital letters: O: Oort, W: Wolf, S: Spörer, M: Maunder, D: Dalton,
G: Gleissberg.

5968 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1118965109 Steinhilber et al.

Figure 7.1: Examples of radionuclide records. (A) 10Be record from the EDML in Antarctica (red)
& GRIP in Greenland (GR) ice core (green). (B) ∆14C measured in tree rings. (C ) 14C production
rate. (D) 14C production rate and 10Be concentrations for several available ice cores (modified from
Steinhilber et al. 2012).

The method to analyze 10Be in an ice core is described in Section 3.7. At this time a
total of 134 samples have been processed for 10Be analysis, covering the period AD 2009
to 1717. Strong thinning of annual layers combined with relative large sample volumes of
200 to 250 g impeded annual resolution. With increasing depth the resolution decreases
but never exceeds 5 years, for possible identification of the 11-year solar cycle (Steinhilber
et al., 2009). For the period AD 2009-1970 AMS measurements of the first 26 samples are
presented in Fig. 7.3, together with neutron counting rates (NCRs) of McMurdo station
and Sun spot numbers (SSN). The 10Be concentration and the 10Be flux allow speculat-
ing on the occurrence of the 11-year cycle. A significant peak around 1991 disagrees with
the expected trend of low 10Be concentration and flux. Input of sulfate aerosols through
stratospheric volcanic eruptions enhance the scavenging of 10Be (Baroni et al., 2011)
and thus increase the 10Be concentration and flux artificially. For the industrial period
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short-term production changes is significantly damped by
the carbon cycle (decreasing 14C’s usefulness as an indicator
of multidecadal changes in solar activity [Bard et al.,
1997]), and whose records may also be affected on centen-
nial timescales by changes in the carbon cycle. In contrast,
10Be’s short atmospheric residence time circumvents these
complications and leads to high-resolution signals in well-
dated polar ice core records [McHargue and Damon, 1991].
[6] A complicating factor is the possibility that climatic

effects may confound solar signals in the 10Be record [Lal,
1987]. Processes that affect the distribution of 10Be in the
troposphere, such as changes in stratosphere-troposphere
exchange (STE) or aerosol scavenging efficiency, both of
which may change with climate, could distort the degree to
which ice core records reflect production changes. Similarly,
because a more or less active hydrologic cycle may dilute or
exaggerate 10Be snow concentrations, any process that
affects precipitation (ENSO events [Brönnimann et al.,
2004]; changes in thermohaline circulation; long-term
changes in the North Atlantic Oscillation/Arctic Oscillation)
could also obscure a production rate signal. Figure 1 shows
the climatological wet and dry 10Be deposition from one
of the control runs (described in the following section),
demonstrating the strong link between deposition and pre-
cipitation. Midlatitude storm tracks are the dominant regions
for wet deposition since the storms, which follow the
latitudes associated with high 10Be production, are effective

in mixing 10Be-rich air from the stratosphere into the
troposphere. Over ice sheets, the magnitude of dry 10Be
deposition is comparable to that for wet deposition. It is
therefore likely that changes in hydrological and scavenging
processes will be linked to changes in 10Be deposition and
concentration.
[7] Studies involving 10Be have often used accumulation

models [Cuffey and Clow, 1997] or oxygen isotope ratios
[Dansgaard et al., 1993] to estimate 10Be flux from ice
core concentrations. Finkel and Nishiizumi [1997] and
Muscheler et al. [2000] are two examples of such an
approach. The main weakness of the concentration-to-flux
method is that changes in flux may not necessarily mean
that there are also changes in 10Be production; also, it is not
always clear whether snow concentration or flux is the most
appropriate indicator for changes in atmospheric concentra-
tion [Alley et al., 1995]. If 10Be is to be unambiguously used
to infer solar variation, we first need a way to account for
the effects of climate as they appear in the ice core record;
otherwise, it is possible that the coincident variation of
climate signals and 10Be snow concentrations may lead to a
misattribution of the change to solar forcing. This paper will
examine the ways in which production- and climate-related
changes impact 10Be deposition. The first experiments to be
discussed focus on 10Be’s production function and are
designed to calibrate how production changes are recorded
latitudinally. We also look at simulations involving doubled
CO2 to see how ice core records might change in a warmer
climate. Next we examine how 10Be flux responds during
periods of reduced North Atlantic Deep Water (NADW)
production using two experiments forced with ocean circu-
lation changes. Finally, we look at potential impacts from
persistent volcanic eruptions.

2. Goddard Institute for Space Studies ModelE
Description

[8] We have used the latest version of the Goddard
Institute for Space Studies (GISS) ModelE general circula-
tion model (GCM) [Schmidt et al., 2006]. This version of
the model has 20 layers in the vertical and a model top at
0.1 mb. Models with boundaries lower than this have been
shown to seriously misrepresent stratosphere-troposphere
exchange (STE) and poorly simulate variability in the lower
stratosphere [Rind et al., 1999], which may be important in
this application. Horizontal resolution is 4! ! 5! (latitude !
longitude). Tracers are advected, mixed and convected by
all processes consistent with the model mass fluxes.
[9] We assume that once produced, beryllium isotopes

immediately attach to sulfate aerosols and are 100% soluble.
This implies that there are always sufficient sulfate aerosols
available to scavenge the 10Be. Aerosol gravitational set-
tling is included, as is a term that allows fine aerosols to
settle faster in the stratosphere where the mean free path
exceeds the particle radius [Koch and Rind, 1998]. In
stratiform and convective clouds, aerosol species are trans-
ported, dissolved, evaporated and scavenged (with water
cloud autoconversion and by raindrop impaction beneath
clouds) according to processes for each cloud type. Disso-
lution of beryllium isotopes is permitted only in proportion
to cloud growth, and beryllium evaporation (i.e., the return

Figure 1. Climatological (a) wet and (b) dry deposition of
10Be from the fixed SST control run.

D15107 FIELD ET AL.: CLIMATE AND PRODUCTION IMPACTS ON 10Be

2 of 13

D15107

Figure 7.2: Annual mean wet deposition of 10Be [kg· m-2· s-2]

identification of volcanic eruptions is hampered through anthropogenic emissions, which
prevent an unambiguous identification of volcanic eruption (Section 4.4, Fig. 4.4). The
Vostock, Antarctica sulphate concentration can be used to circumvent the predominating
anthropogenic signal, and reconstruct 10Be production rates (Baroni et al., 2011). Before
AD 1940 the anthropogenic emissions have not altered the Tsamabagarav sulfate record,
enabling direct correction of volcanic eruptions without requiring the Vostock data.

A reconstruction back to AD 1250 is intended, depending on the remaining ice. Such a
record would be beneficial in two points: First, new insights in the global 10Be produc-
tion help to better understand past solar variability. Second, periods with significant low
solar activity, such as Maunder (AD 1645-1715), Dalton (AD 1790-1830) or Spörer (AD
1415-1535) Minimum can be used as additional dating parameter of the ice core. A 10Be
record from the Altai offers the unique opportunity to directly investigate the correlation
between solar forcing and temperature reconstruction from the Belukha ice core (Eichler
et al., 2009).
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Figure 8: NCRs of McMurdo neutron monitor 10Be concentration, 10Be flux and SSNs for the
period 1970 - 2009.

Tsambagarav ice core from Mongolia, Guoqu ice core from Tibet (Grigholm et al., 2009) and
EPICA ice core from Antarctica (Traufetter et al., 2004). The records from Guoqu and EPICA
clearly show a sulfate peak near 1991 which can be associated with the Pinatubo volcanic eruption
that occurred in 1991. However, it is di�cult to attribute any sulphate peak during the period
of strong anthropogenic emissions (1945-present) to a particular volcanic eruption in the sulfate
measurements of the Tsambagarav ice core (p.c. Margit Schwikowski). In the sulfate record of the
Tsambagarav ice core, the 1991 peak is superimposed on the anthropogenic sulfate emissions that
dominate the sulfate record over the past 40-50 years. Therefore, relying on the sulfate records from
Tibet and Antarctica, we associate the abrupt 10Be peak with the Pinatubo eruption. In order to
correct 10Be concentrations and thus 10Be flux, we plan to use the method suggested by Baroni et
al. (2011), in which the authors use the relationship between 10Be and sulfate concentrations in the
Vostok ice core to reconstruct 10Be production rates, which reflect past solar activity.
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8 Outlook

A number of challenges related to alpine ice cores and regionally resolved climate recon-
structions have been addressed in this thesis. The successful collection of an ice core
in such a remote area as the Mongolian Altai enables a variety of possible paleoclimate
investigations, especially in combination with the Belukha ice core. In the following ideas
of potential future work that sprout while processing the ice, analyzing data or discussing
results are enumerated.

• The physical meaning of the water stable isotope record (δ18O) remains unclear.
There are strong indications that its composition is controlled by both tempera-
ture and atmospheric moisture source. Although significant correlation with Khovd
temperature data for the past 60 years was observed, the long-term trend showed
unexpected values. Since the LIA signal was absent in the record, δ18O was not
considered as temperature proxy. Additional work is required to disentangle the
temperature signal from the atmospheric moisture origin. Deuterium (δD) mea-
surements and d-excess combined with high-resolution model studies may provide
valuable insights.

• The unique location of the Altai between the Siberian forest and the desert of
Central Asia makes it an interesting site for paleoclimate archives. To the north
the precipitation is mostly related to cyclones controlled by westerly winds, whereas
to the south the Monsoon is the major moisture contributor. Relating Altai records
from Belukha and Tsambagarav with Tibetan and Tien Shan records can help to
reconstruct regional atmospheric circulation, such as temporally varying northward
intrusion of the Monsoon. Major changes in atmospheric circulation can affect the
origin of the moisture source and thus explain unexpected pattern of the water
stable isotope record.

• The outcome of PCA with the Tsambagarav ice core records depends on the period
considered (see Table 5.1 & 6.4). Changes in the attribution of the loadings within
the different PCs suggest a nonsteady proxy-climate parameter relation. Additional
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8 Outlook

analysis and data processing could help to investigate this relation beyond the
calibration period.

• The collapse of the U.S.S.R resulted in strongly reduced economic and mining
activities leading to a decrease in emission of pollutants. However, subsequently
the economic boom of China and its demand in natural resources especially of
rare-earth elements required in the production of the micro-electronic industry,
initiated enhanced mining in Mongolia. Lung diseases and other mining-sector
health risks pose major difficulties for the country. A solution considering both
economic growth and health issues will be a crucial challenge for the upcoming
decade. The Tsambagarav ice core could help to put the current air pollution from
mining into a longer perspective, through analysis of trace elements with the CIM
ICP-SFMS.

• A Black Carbon (BC) concentration record could be used to (i) investigate radiation
effects potentially related to glacier retreat analogous to former studies from the
Himalayas and (ii) to derive a forest fire history in the Altai similar to the work on
the Belukha ice core where geochemical records, pollen analysis and charcoal mea-
surements were combined. Comparison of geochemical records between Belukha
and Tsambagarav provided encouraging results regarding the geographical extent
of forest fire proxies (see Section 6.3.4).

• The Mongolian Altai is an arid region. Changes in precipitation affect the nomadic
population and their cattle living in the steppe. A humidity record with higher
resolution than presented in Section 4.6 could be useful to reconstruct the natural
variability of precipitation and drought occurrence in this region. Combined with
reconstructed atmospheric circulation pattern, strategies could be designed to avoid
water shortage in future. Which record to use as proxy for reconstructing humidity
remains unclear, especially since the mineral dust related species could not be linked
to general humidity trends.

• The arid part of the Altai together with northwestern China is a major contributor
in atmospheric dust supply to the Northern Hemisphere. However, mineral dust
storm evolution and dust emission processes in the past remain unclear due to the
scarcity of geological archives in this region. Although related to local sources the
mineral dust related geochemical records could provide a long-term perspective of
dust storms and atmospheric dust input.
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• The Siberian High is controlling winter climate in the Altai and Siberia. Connec-
tions between varying intense anticyclonic conditions and the regional climate have
been identified. The Tsambagarav ice core is located within the area of influence.
Consequently geochemical records might provide adequate proxies for reconstruct-
ing anticyclonic intensity and extent, similar to the non-sea-salt potassium (nssK)
record from GISP2 used to derive a Siberian High index. However, one should keep
in mind that the majority of precipitation occurs during summer month, compli-
cating the reconstruction of a winter phenomena.

• Ongoing projects like 10Be and pollen analysis need to be further conducted. Re-
sults from these records can help for a more in depth interpretation of the already
performed measurements.

• With two ice cores from the Altai we dispose of optimal prerequisites to provide
profound climate reconstruction for this region of Central Asia. In this regard an
additional ice core from e.g. the Sutai Uul (see Section 2.1) or from the Belukha
saddle this time reaching bedrock might be very beneficial. These extra records
would be especially valuable for the aforesaid analysis and interpretations.
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9 Appendix

9.1 Supplementary information: Late-Holocene temperature
reconstruction from Siberia

Figure 9.1: Accumulation rates (mm/year) at the Tsambagarav ice core site against Ca2+ concentration
in ppb for the period AD 1815 to 2008.
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b1
8 V

Figure 9.2: . Stable isotope record (δ18O) for Tsambagarav (green) and Belukha (blue). 20-year
resolution values (thin line) smoothed with a 5-point binomial filter (bold curves).

Figure 9.3: Correlation between 20-year PC2 means from Tsambagarav and March-November temper-
ature means from the Belukha δ18O in the period 1580-1980. Given are the 95% confidence bands and
2σ uncertainties of the slope and intercept values.
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