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Abstract. Different biological proxies such as pollen, cysts,
and diatoms were identified and quantified in the upper part
of a Belukha ice core from the Russian Altai. The ice core
from the Belukha glacier collected in 2001 (4062 m a.s.l.,
49◦ 480 N, 86◦ 340 E) was analyzed with annual resolution in
the period 1964–2000. Daily data of the frequency of synoptic patterns observed in the Northern Hemisphere along
with daily data of precipitation have been used to identify
the predominant atmospheric circulations (elementary circulating mechanisms, or ECMs) generating the entry of biological proxies on the glacier surface. It was shown that the
high-resolution records of diatoms, cysts, spores, and plant
pollen in the Belukha ice core are the biological proxies for
the changes in the structure of precipitation in the Altai region since these records can reflect changes in the contribution of different atmospheric circulation to annual or seasonal precipitation. The joint consideration of the transport
ability of the biological species and the data of precipitation
allowed us to determine the main modern sources of biological proxies deposited at the Belukha glacier. The main
sources of diatoms in the Belukha ice core are water bodies
of the Aral, Caspian, and northern Kazakhstan basins; coniferous tree pollen originated from the taiga forest of the boreal
zone of western Siberia; pollen of deciduous trees and herbs
from steppe and forest-steppe vegetation in the northern Altai
and eastern Kazakhstan; and cysts and spores of plants were
transported from local water bodies and forests. The identified source regions of the biological species are supported
by back trajectory analyses and are in good agreement with
emission source regions of the trace elements in the ice core.

1

Introduction

The biological species in an ice core of inland glaciers as the
biological species in a sediment core of lakes are proxies for
the paleoclimatic changes at the adjacent territories (Birks,
1981; Webb, 1985; Warner, 1988; Faegri and Iversen, 1989;
Bennett et al., 1990; Holmes, 1992; Roberts, 1998; Eichler
et al., 2011). The analysis of biological species in ice cores
provides a valuable tool for the reconstruction of climate dynamics, regional vegetation, biological productivity, and forest fire history (Nakazawa and Fujita, 2006; Eichler et al.,
2011; Mitrofanova et al., 2012). Plants and algae are characterized by specific seasonal growth and pollen production.
Diatoms and chrysophycean algae are abundant in different
water bodies during spring and autumn months, coniferous
trees flower mainly in late spring to early summer, and deciduous trees and herbs at the end of spring and during all
summer and early autumn. This seasonal occurrence of different species can be used as an additional and complementary tool to conventional methods for dating of an ice core
(Nakazawa et al., 2004, 2005; Uetake et al., 2006; Santibañez
et al., 2008).
The vast majority of aerosols (about 80 % of the total
quantity) fall out to the ground surface with precipitation,
and only near 20 % fall out through dry depositions (Croft
et al., 2010). This statement is confirmed by other investigations and measurements (Fujita et al., 2000; Cong et al.,
2010; Chou et al., 2011; Croft et al., 2012). The biological
objects transported for a long distance, with other aerosols
serving as the nucleus of atmospheric moisture condensation, can easily be involved in precipitation. Therefore we can
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assume that the biological objects as a component of aerosols
mainly enter to the glacier surface with precipitation and not
through dry depositions. Dry condition (the occurrence of
updrafts and strong wind) promotes the admission of the biological species in the atmosphere, but after transporting for a
long distance precipitation (not dry depositions) determines
their falling on the ground surface. Therefore, atmospheric
circulation patterns together with data on precipitation can
give information about sources of biological objects in the
ice layers. The high resolution of the ice core layers (up to
one year) can provide the additional possibility of using the
biological species as proxies for estimation of different atmospheric characteristics. Glaciers located on the boundary between contrasting climatic and vegetation zones are of most
interest in this context.
The glaciers of the Altai Mountains located on the boundary between contrasting climatic and vegetation zones – i.e.,
the boreal forest zone in the north and the vast steppe belt
of Kazakhstan to the west and southwest, and Mongolia to
the south and southeast (Fig. 1) – are a good tool for the
analysis of the regional climatic and environmental records.
This region is equidistant from all the oceans and is affected by the major northern Eurasian circulation systems,
i.e., the westerly jet stream and the Siberian High. The Atlantic, Arctic and Pacific oceans are considered to be the
external moisture sources for this territory. Internal moisture sources refer to evaporation from continental sources,
such as the closed Aral and Caspian basins, or convection
from local basins, subjected to increased continental recycling (Aizen et al., 2005, 2006). Moisture transferred from
the Mediterranean and the Black seas to the Altai Mountains
is also considered to be evaporated from the internal moisture source. Thus, the Altai glaciers, in addition to climatic
and environmental records, store information on internal and
external hydrological cycles.
Ice cores from glaciers in the Altai Mountains have been
proven to be invaluable archives of past eastern European air
pollution (Olivier et al., 2006; Eichler et al., 2012), temperature changes in Siberia (Henderson et al., 2006; Eichler et al.,
2009a; Okamoto, 2011) and variations in forest-fire activity
and biogenic emissions from Siberian boreal forests (Eichler
et al., 2009b, 2011). In the Altai region, glaciers are located
above the tree line and the zone of alpine vegetation in the
nival-glacial belt (Galakhov and Mukhametov, 1999); therefore all biological species found in glacial ice originated in
other areas. Thus, biological species in the Altai glaciers can
be a proxy record for changes of atmospheric conditions and
atmospheric circulation pattern over the Altai and adjacent
areas.
In this work, we investigate the relationship between concentrations of different biological objects (pollen, spores,
cysts, and diatoms) discovered in the ice core from the
Belukha glacier, Russian Altai (4062 m a.s.l., 49◦ 480 N,
86◦ 340 E), and contributions of different types of dominant
atmospheric circulation to annual precipitation in the Altai
Clim. Past, 9, 2399–2411, 2013
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Figure 1. Distribution of glaciers and ice around the world (except Antarctica) (GLIMS
Fig.
1. Distribution of glaciers and ice around the world (except
Glacier Database, 2012) and Glaciers of Central Altai (Kobyalko and Ostanin, 2012).
Antarctica) (GLIMS Glacier Database, 2012) and glaciers of central
Altai (Kobyalko and Ostanin, 2012).

region. The main goal of our work was to show that changes
28
of concentrations of the biological objects in the layers of
the Belukha ice core can reflect the changes in the structure
of precipitation in the Altai region (i.e., can reflect changes
in the contribution of different atmospheric circulation to annual or seasonal precipitation). In this case the biological
objects in the Belukha ice core can be the proxies for the
changes in the structure of precipitation in the Altai region.
The second goal of our work was to identify the sources of biological objects discovered in the Belukha ice core. In a previous study pollen was already investigated in this ice core
covering the time period 1250–2001 (Eichler et al., 2011).
The analysis revealed that the most remarkable vegetational
shift during the investigated 750 yr in the Altai region was a
distinct decline of Pinus sibirica forests and a strong expansion of the Artemisia steppes around 1540–1680 AD, following very dry conditions and a period of exceptionally high
forest-fire activity. However, this previous study was based
on low-resolution and discontinuous pollen data only, with
one sample covering about 30 yr.
Here we provide a high-resolution analysis of biological
species in the Belukha ice core with annual resolution and
get the records of the biological object concentration changes
in the Belukha ice core for the period 1964–2000. Then
using the daily data on the frequency of synoptic patterns
(daily calendar of successive change of ECMs – elementary
www.clim-past.net/9/2399/2013/
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circulating mechanisms) observed in the Northern Hemisphere (Dzerdzeevskii, 1968, 1969; Kononova, 2009) and instrumental data of daily precipitation from the Kara-Tyurek
weather station (located close to the Belukha glacier), we calculated the contribution (in %) of each from 41 EMCs to annual (or seasonal) precipitation in the study area for the period 1964–2000 (for each year and for period in whole). In
other words, we calculated how much precipitation fell down
in the Altai region at different types of ECMs during a year
(or a season of flowering and sporulation), and then calculated the percentages relatively the total annual (or seasonal)
precipitation.
To determine the atmospheric processes that contribute to
the deposition of biological objects at the Belukha glacier, we
compared the changes in the amount of precipitation in the
Altai region at different types of ECMs for years with maximum and minimum concentrations of biological proxies in
the ice core. For this purpose for years with highest concentration of biological proxies, we identified the types of atmospheric circulation pattern providing, in the period of flowering and sporulation, the higher amount of precipitation relative to the average of these types for the corresponding circulation period. For years with the minimum concentration
of biological proxies, we identified the types of atmospheric
circulation pattern providing the lower amount of precipitation relative to the average of these types. If for years with the
highest and the minimal concentrations of biological proxies
we determined the same types of ECMs, it meant that these
ECMs can define the deposition of biological objects onto
the Belukha glacier. For these ECMs we calculated Pearson’s
correlation coefficient between concentrations of biological
objects in the layers of the Belukha ice core and contribution (in %) of EMC in annual precipitation. The analysis of
the obtained results allowed us to identify the main sources
of biological proxies deposited onto the glacier and showed
that biological object discovered in the Belukha ice core can
reflect changes of the contribution of different atmospheric
circulation to annual (or seasonal) precipitation.

2
2.1

Environmental setting and data sources
Regional settings

The Altai mountain range has a northwest to southeast extension of ∼ 2100 km and is located on the boundary between
Russia, Kazakhstan, China, and Mongolia. This region exhibits the highest degree of continentality in the world. The
high-mountain part of the Altai (Belukha glacier, Katunsky
ridge, Fig. 1) investigated in this study is characterized by a
decrease of the mean annual precipitation near the snowline
along the west–east axis from 2000 mm to less than 500 mm
(Naroznyi and Osipov, 1999). As a result, the altitude of
the snow line rises from 2400 m a.s.l. in the western part of
Katunsky ridge to 3350 m a.s.l. at the Mongolian border. The
www.clim-past.net/9/2399/2013/
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main precipitation season in the Altai is in summer, whereas
winter (December–February) accounts for less than 5 % of
the annual precipitation (Henderson et al., 2006). This is due
to the prevailing stable Siberian High in winter and the predominance of cold and dry Arctic air masses. In summer humid air masses from the Atlantic Ocean and recycled moisture from central Asian sources are the main sources of precipitation (Aizen et al., 2005). In spite of the arid climate, the
high altitudes of the ridges (up to 4506 m a.s.l., Belukha east
summit) are favorable to glacier formation (Revyakin et al.,
1979).
2.2

Sources of the meteorological data

For climatic analysis, we used 70 yr long-term meteorological daily data on precipitation from the Kara-Tyurek
(49◦ 570 N, 86◦ 290 E; 2600 m a.s.l.) weather station located
15 km northwest of the Belukha glacier (RIHMI-WDC,
2012). Meteorological data from this station agree well
with data of the Ak-kem weather station located 10 km
north of the Belukha, but in contrast to the Ak-kem station the Kara-Tyurek instrumental data are continuous for the
period 1940–2012.
Among all Altai weather stations, the data from these two
stations have the highest correlation with air temperature
and precipitation at Altai glaciers (Revyakin et al., 1979;
Galakhov and Mukhametov, 1999).
3
3.1

Methods
Sampling

The drilling site is located on the Belukha glacier in the Russian Altai Mountains. In July 2001 a 139 m-long ice core was
retrieved from the glacier saddle between the Belukha east
and west summit (4062 m a.s.l., 49◦ 480 2600 N, 86◦ 340 4300 E)
(Olivier et al., 2003). The ice core was transported frozen to
the Paul Scherrer Institute (PSI), Switzerland, for sampling
and glaciochemical, diatom, spore, and pollen analyses. Each
ice core section with a length up to 70 cm (diameter 7.8 cm)
was processed in the cold room at −20 ◦ C. For cutting and
decontamination a band saw with stainless-steel blades and
Teflon-covered tabletops and saw guides were used. Outer
core parts (0.5–1 cm) were used for δ 18 O, 210 Pb, 3 H, diatom, spore, and pollen analyses. Inner sections were taken
for analysis of the major ions and trace elements.
3.2

Dating

Applying a combination of different dating methods the ice
core was found to cover the period 1250–2001 AD (Eichler
et al., 2009a). The time scale was derived using the 210 Pb
record, a three-parameter annual layer-counting methodology, and a nonlinear regression (Haefeli, 1961) through
the reference horizons related to the maximum of nuclear
Clim. Past, 9, 2399–2411, 2013
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weapons testing (1963 – 3 H maximum) and different volcanic eruptions (Henderson et al., 2006; Olivier et al., 2006;
Eichler et al., 2009a). Volcanic horizons are marked by nondust SO4 2− (exSO4 2− ) concentration maxima and corresponding minima in the temperature record. The dating uncertainty is one year for the period 1964–2000 investigated
in this study.
3.3

Analyses of diatoms, spores, and pollen

31 ice core samples were prepared for the analyses of diatoms, spores, and pollen. Sample processing was carried out
using standard hydrobiological methods (Wetzel and Likens,
2000). About 0.3–0.5 kg ice was melted in a pre-cleaned
glass container and subsequently the melt water was filtered
(membrane filter, pore size 1 µm). The filter was rinsed with
approximately 5 mL ultrapure water (Milli Q, 18 M cm
quality). The biological objects in the suspended sample
were counted using the counting chamber “Nazhotta” with
a volume of 0.085 mL and a light microscope (Laboval 4) at
600× magnification. The results were expressed as unit or
cell abundance using the formula
N = n × V1 × (V2 × V3 )−1 × 1000−1 ,

2
3
4

Figure 2.
2. Monthly
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Kara-Tyurek
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explain how dominant airflow brings this or that particular
type of biological proxies to the Belukha glacier.
3.4

(1)

where N is number of biological objects, units L−1 ; n is
number of biological objects in the counting chamber; V1 is
volume of the concentrated sample, mL; V2 is volume of the
sample, mL; and V3 is volume of the counting chamber, mL.
Subsamples of biological material were dried on coverslips, coated with Au–Pd, and observed in a HITACHI S-3400 N scanning electron microscope for
species identification.
Microscopic biological objects, their qualitative (taxonomic composition) and quantitative (relative participation
of each taxonomical group in each ice sample) properties
are used in this article for determining from what type of
landscape they can originate. We based on the fact that each
type of landscape produces specific type of pollen specters
and other specific biological taxa such as diatoms, cysts of
chrysophycean algae, etc. Here it should be noted that we
put chrysophycean cysts, algae, Bryophyta and fungal spores
in one group, because of their morphological similarity.
Geographic analyses revealed where major areas of such
types of landscape are located. The Belukha Mts. geographically on a high scale are located on the boundary of different
types of landscapes with different types of climate: boreal
forest zone with wide deciduous (Betula pendula) and coniferous (Pinus sylvestris, Pinus sibirica, Abies sibirica, Picea
obovata) forests in the north; desert, steppe and forest steppe
(with Pinus sylvestris and Betula sp.) in the west; steppe and
deserts in the south (in Mongolia) and mountain larch forests
(Larix sibirica) and alpine and tundra-steppe vegetation in
the east. Taking into account this background information
the proper ECMs have been chosen which can most clearly
Clim. Past, 9, 2399–2411, 2013
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Classification of circulation mechanisms in the
Northern Hemisphere (outside of tropics)

To describe the atmospheric circulation patterns over the
Altai region we used daily data on the frequency of synoptic patterns observed in the Northern Hemisphere (Dzerdzeevskii, 1975) for 6 sectors including the Siberian region. This classification was adopted by the World Meteorological Organization and described by Barry and
29
Perry (1973). In the framework of this classification, it is assumed that fluctuations in atmospheric circulation are considered as the main component of climate variability and
typical location and movement of cyclones and anticyclones
occur regularly. Based on the analysis of synoptic (baric topography at 500 hPa) daily maps, 41 ECMs were identified.
The important feature of the ECMs is that they are seasonal in nature; therefore ECMs are subdivided into summer
(s) and winter (w) subtypes. Characteristic indicators of the
ECM identification were the presence or absence of blocking processes in the hemisphere, their quantity and direction as well as the amount and direction of cyclones coming
from south (from the Mediterranean, Black and Aral seas).
The border between the regions of high and low pressure
passes along the isoline 1015 hPa. Each ECM has a unique
cyclone and anticyclone trajectory scheme and description of
fluctuation for the period 1899–2008 (Dzerdzeevskii, 1968;
Kononova, 2009).
This used classification of atmospheric circulation patterns
is the longest one. It takes into account the diversity of the
circulation processes during all seasons for the study area, including rare ones coming from the east. Therefore, the use of
this classification for the Altai region is preferable relative to
other regional classifications of macrocirculation processes
www.clim-past.net/9/2399/2013/
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Table 1. Biological proxies discovered in the Belukha ice core.
Concentration in the
ice core, units L−1

Objects

Species

Diatoms

Hantzschia amphioxys

0–11.1

Pinnularia borealis

0–108.0

North-alpine, littoral

Encyonema minutum

0–1.9

Cosmopolite, littoral

Cysts of chrysophycean
algae and spores of
plants (ferns and
Bryophyta)

Spherical smooth forms
(not identified)

Pollen of coniferous
trees

Pinus sylvestris
(dominant)

Pollen of deciduous trees
and herbs

From few to thousands
of kilometers

Cosmopolitan, in
reservoirs and mosses on
the rocks

Mostly in cool-water
reservoirs
Boreal zone and forest
belt

500–1700 km

Boreal forest zone and
forest altitude belt

Pinus sibirica

500–1700 km

Boreal forest zone and
forest altitude belt

Picea obovata

few km

Forest belt

Larix

local

Forest belt

250–400 km

Forest-steppe zone

Artemisia

300–500 km

Steppe

Chenopodiaceae

300–500 km

Desert

Poaceae

few km

Steppe

22.2–158.5

0–33.3

developed for central Asia or for the winter period of Altai (Popova, 1972; Narozhnyi et al., 1993; Subbotina, 1995;
Aizen et al., 2004, 2005, 2006).
In our work we used a daily calendar of successive change
of ECMs (Kononova, 2009) and daily data on precipitation
from the Kara-Tyurek weather station for calculating the contribution of each from 41 EMCs to annual (or seasonal) precipitation for the period 1964–2000. For this, we compared
the daily calendar of successive change of ECMs with daily
precipitation, determined ECMs under which precipitation
fell down, and calculated the contribution (in %) of each
identified ECM to annual (or seasonal) precipitation.
4

Geographic referencing

From few to thousands
of kilometers

Betula sp.
(dominant)

6.0–61.9

Distance of transport

Results

The different biological species identified in the Belukha ice
core, including diatoms, pollen, cysts of chrysophycean algae, and spores of plants, are summarized in Table 1. The
flowering and sporulation periods of the identified species
between March and November (Fig. 2) correspond with the
main precipitation season in the Altai.
To determine the atmospheric processes that contributed
to the deposition of biological objects at the Belukha glacier
in the period 1964–2000, we compared the changes in the
www.clim-past.net/9/2399/2013/

amount of precipitation in the Altai region at different types
of ECM for years with maximum and minimum concentrations of biological proxies in the ice core. For this purpose
for years with the highest concentration of biological proxies, we identified the types of atmospheric circulation pattern
providing the higher amount of precipitation relatively to the
average of these types for the corresponding circulation period. It appeared that there was no or significantly less precipitation under selected types of circulation than the average
in years with a minimum concentration of biological proxies.
The studied time period included two circulation periods for
the Siberian region; the first lasted until 1980, and then it was
replaced by the second one (“zonal circulation period”) during 1981–2008 (Kononova, 2009). Since the maximum concentration of all identified biological objects in the ice core
are within the period 1980–1990s, the calculation of average precipitation values for various types of ECM was performed for the period 1981–2000. A further justification for
the use of this period only is that pollen productivity of individual plant species within the same plant communities can
vary from year to year depending on the climatic conditions
(Pardoe et al., 2010). However, pollen productivity for years
within the dominant zonal circulation regime having similar

Clim. Past, 9, 2399–2411, 2013
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Fig. 3. Ice core records of diatoms (a); pollen of coniferous trees (b); cysts of chrysophycean algae and spores of plants (ferns and Bryophyta)
(c); pollen of deciduous trees and herbs (d). (x – sample is missing; 0 – biological objects are not discovered).

climatic conditions (Bezuglova et. al., 2012) is assumed to
be not significantly different.
4.1

Diatoms

Diatom algae are not abundant in the Belukha ice core and
have a low biodiversity. We identified the following species:
Achnanthidium minutissimum (Kütz.) Czarnecki, Pinnularia
borealis Ehr., Fragilaria ulna (Nitzsch) Lange-Bertalot var.
ulna, Hantzschia amphioxys (Ehr.) Grun., Navicula cryptocephala Kütz., and Encyonema minutum (Hilse) Mann. Both
H. amphioxys and P. borealis were most frequently observed
among them. The largest numbers of P. borealis and H. amphioxys were observed in the layer where diatoms in total
had the maximum number (Table 2, Fig. 3a). It could be explained by the coming of more dry periods just after the humid ones, because these species are benthic and can be transported with an air mass from the bare littoral zone of different
water bodies. In other layers mostly H. amphioxys was more
abundant. We did not find specific (rare or endemic) diatom
species. Most of the diatom species were pennate forms that
live in bottom communities (phytoperiphyton or phytobenthos) of littoral zone in lakes and water streams. According
to their geographical distribution they belong to the group of
cosmopolitic forms. Valves of diatoms from the catchments
can be transported by wind over thousands of kilometers. For
example, frustules of fossil diatoms from Pleistocene sediments located in the south of Sahara were transported with
air mass and fell down with the rains from time to time in
London (Ross, 1988).

Clim. Past, 9, 2399–2411, 2013

The ice core total and species-specific diatom records for
the period 1964–2000 are shown in Fig. 3a. The most pronounced concentration maxima and minima occur during the
periods 1982–1984 and 1995–1997, respectively. Types of
ECMs leading to higher precipitation in 1982–1984 compared to the average of these types (period 1981–2000) are
presented in Table 2. Characteristics and trajectories of these
ECMs including the example of the dynamic scheme of type
10a are given in Table 2 and Fig. 4a. The analysis of these
data shows that four ECMs (2b, 5a, 8b(s) and 10a) provide major precipitation relative to the mean average of these
types in the years of maximal concentration of diatoms in the
ice core. At the same time these types of circulation showed
no or considerable less precipitation in years when diatoms
were absent (1995–1997). During the diatom minimum year
1997, precipitation within type 10a was considerably higher
than average. However, this precipitation occurred during the
winter season, when the most water bodies (the main source
of diatoms) were covered by ice. The correlation coefficients
between number of diatom in the layers of the ice core
and contribution of four predominant types of ECM to total amount of precipitation in the period 1980–2000 are quite
high: r 2 = 0.71 for 2b type of circulation; r 2 = 0.69 for 5a;
r 2 = 0.57 for 8b(s); and r 2 = 0.56 for 10a. The correlation
coefficient between number of diatom and total contribution
of four predominant types of ECM (2b + 5a + 8b(s) + 10a)
is 0.63 (p < 0.01).
Thus, for the period 1980–2000 most of the diatoms were
transported to the Belukha glacier by cyclones that moved
over the Black Sea, the Aral and Caspian basins as well as

www.clim-past.net/9/2399/2013/
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Table 2. Characteristics of atmospheric processes and a description of the trajectories of air masses over the Altai region and amount of
precipitation (% of the annual) at 2b, 5a, 8b(s) and 10a ECM types in years of maximal (1982–1984) concentrations and absence (min)
(1995–1997) of diatoms in the Belukha ice core (months of main precipitation are pointed in brackets).
ECM

Meteorological Trajectories of air
events over
masses
Altai region

Precipitation, %
Average
for period
1981–
2000

1982
(max)

1983
(max)

1984
(max)

1995
(min)

1996
(min)

1997
(min)

2b

Mediterranean
cyclone

Over the Black and
Caspian seas towards
the south of the Ural
and western Siberia, and
then to the northeast

1.4

10.1
(May,
Nov.)

3.9
(May)

2.8
(Jul.–
Aug.)

0

0

0

5a

Mediterranean
cyclone

Southern cyclones from
the eastern Mediterranean Sea move through
the Aral–Caspian region
to basins of the Ob and
the Yenisei rivers

0.8

4.4
(Aug.)

5.9
(Aug.)

0.92
(Aug.)

0

0

0.5
(Nov.)

8b(s)

Mediterranean
cyclone

Through the south of the
Urals in the northeast direction

1.1

3.7
(Jun.–
Aug.)

4.8
(Aug.)

2.8
(Jun.–
Jul.)

0

0

0

10a

Cyclonic
breakthrough
from northern
Kazakhstan

Ultrapolar
invasions
through the Russian
Plain closed up with
local cyclonic from the
north of Kazakhstan and
further to the northeast

3.2

6.2
(May,
Oct.–
Dec.)

8.9
(Apr.–
May,
Jul.,
Nov.)

3.9
(Apr.,
Dec.)

1.5
(Jan.)

0

4.1
(Feb.,
Nov.)

over the southern Ural and northern Kazakhstan. Water bodies of these regions are thus major sources of diatoms in the
Belukha glacier.
4.2

Pollen of coniferous trees

Pollen of coniferous trees is the most abundant biological object in the Belukha ice core, i.e., Siberian pine (Pinus sibirica), Scot’s pine (Pinus sylvestris), Spruce (Picea obovata)
and more rarely Larix. Due to two special air sacs pollen
grains of pine can be transported up to 1000 km. At the territories adjacent to the Belukha glacier, pine pollen of Pinus sylvestris and Pinus sibirica ripens during June – the
first decade of July. Pollen of spruce (Picea obovata) is two
times bigger and heavier than pollen of pines, its air sacs are
smaller and it cannot move so far. Spruce pollen ripens in
June. Larix pollen has no air sacs and does not fly far from
native trees standing on mountain slopes. Its pollen ripens
in April (the last decade) – May. We consider that pollen of
spruce originates also from local spruce stands, growing in
mixed forests in the valley of the Chuya River (Ogureeva,
1980). All pollen of Pinus sylvestris and part of pollen of Pinus sibirica (excluding pollen from mountain forests) have a
www.clim-past.net/9/2399/2013/

long-distance origin from the boreal forest zone of western
Siberia and the planes adjacent to the Altai Mts.
The concentration record of conifer tree pollen during the
period 1964–2000 is presented in Fig. 3b. Maximum concentration falls on 1983, whereas a minimum was detected in
1986 and 2000. The analysis of ECMs demonstrated that the
larger contribution to the annual precipitation in 1983 (compared to 1981–2000) was for three predominated types of circulation: 7b(s), 8d(s), 11d (Table 3). Here, we need to point
out that in 1983 more than two thirds of precipitation under
types 8d(s) and 11d, and the whole precipitation under type
7b(s) was during the flowering season of pines, while in 1986
the major precipitation of 8d(s) occurred in the autumn and
winter periods, when conifer pollen was not produced. The
flowering season of pines has a very short period at the adjacent territories; therefore the concentration record of conifer
tree pollen has to compare with changes of the dominant
ECMs contribution relative to seasonal (“flowering”) precipitation. The correlation coefficients between concentration of
conifer tree pollen in the layers of the ice core and contribution of three predominant types of ECMs to total amount of
seasonal (the last decade of April – the first decade of July)
precipitation in the period 1980–2000 are sufficiently high:
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1
Fig. 4. Dynamic
ECMs: (a)
10a; (b) 8d(c);
12a; (d)a)8c(s).
high and
low pressure passes
2 schemes
Figure of
4.the
Dynamic
schemes
of the(c)ECMs:
10a;The
b)border
8d(c);between
c) 12a;thed)regions
8c(s).ofThe
border
along the isoline 1015 hPa (bold curve). Arrows show the cyclonic (dark) and Arctic invasion (double light) tracks. Letters “H” and “L”
betweenand
thelow
regions
of high
and low
pressure
passes along
the isoline
hPaglacier.
(bold curve).
denote high 3
(anticyclone)
atmosphere
pressure
(cyclone),
respectively.
Red asterisk
(*) – 1015
Belukha

4

Arrows show the cyclonic (dark) and Arctic invasion (double light) tracks. Letters "H" and

r 2 = 0.44 for
of high
circulation;
r 2 = 0.58
for 8d(s);
forests
Siberia
and localRed
mountain forests.
5 7b(s)
"L" type
denote
atmosphere
pressure
(anticyclone)
and of
lownorthwestern
one (cyclone),
respectively.
and r 2 = 0.51 for 11d. The correlation coefficient between
Since spruce pollen (Picea obovata) is too heavy and cannot
6
asterisk (*) – Belukha glacier.
number of conifer tree pollen
and total contribution of prebe transported over longer distances, it originates most likely
dominant types
of
ECMs
(7b(s)
+
8d(s)
+
11d)
to
seasonal
from local spruce forests growing in the valley of the Chuya
7
amount of precipitation is 0.61 (p < 0.01).
River.
The origin and trajectories of the major circulation processes transporting pollen of conifer trees to the glacier are
4.3 Cysts of chrysophycean algae and spores of plants
presented in Table 3. Figure 4b demonstrates the dynamic
(ferns and Bryophyte)
scheme of the 8d(s) type of atmosphere circulation. The data
from Table 3 and Fig. 4b show that the major amount of preCysts of chrysophycean algae and spores of ferns and
cipitation in spring–summer of 1983 occurred at the Belukha
Bryophyta were found to be present in the ice core mainly
glacier during ultrapolar invasions, when air masses arrived
by forms with a smooth surface. It is known31
that in eutrophic
in the Altai region after passing above the large taiga zone
water
bodies
as
well
as
in
shallow
pools
the
smooth forms
of western Siberia. During this year considerable amount
of
chrysophycean
cysts
mostly
prevail.
This
is different in
of precipitation fell on the Belukha glacier also due to foroligotrophic
and
deep
pools,
where
forms
with
different elemation of local cyclones on the periphery of the powerful
ments
on
the
surface
dominate,
which
provides
their floating
Siberian High. Thus, we can conclude that the main sources
in
the
water
column
(Bazhenova
et
al.,
2012).
Similar
to diof conifer pollen in layers of the Belukha glacier were taiga
atoms, cysts of chrysophycean algae and spores of ferns and
Clim. Past, 9, 2399–2411, 2013
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Table 3. Characteristics of atmospheric processes and a description of the trajectories of air masses over the Altai region and amount of
precipitation (% of the annual) 7b(s), 8d(s) and 11d ECM types in year of maximal (1983) and minimal (1986 and 2000) concentrations of
the pollen of coniferous trees in the Belukha ice core (months of main precipitation are pointed in brackets).
ECM

Meteorological Trajectories of air
events over
masses
Altai region

Precipitation, %
Average
for period
1981–
2000

1983
(max)

1986
(min)

2000
(min)

7b(s)

Cyclone–
anticyclone

The formation of local
cyclone on the northern
periphery of the Asian
anticyclone

0.9

3.5
(May)

0

0

8d(s)

Ultrapolar
invasions

From north to south
through the whole
territory of the Ob’ basin

1.8

13.1
(May–
Jul.)

4.5
(Jul.–
Sep.)

0

11d

Ultrapolar
invasions

From northeast to southwest through the whole
territory of eastern
Siberia

2.0

12.3
(Jun.–
Jul.,
Sep.)

1.4
(Dec.)

1.7
(Nov.)

Bryophyta can be transported over hundreds to thousands of
kilometers
The concentration record of chrysophycean algae cysts
and spores of plants in the Belukha ice core is presented in
Fig. 3c. Maximum and minimum concentrations were found
during 1995–1997 and 1984–1986, respectively. During the
maximum years only three types of ECMs occurred (3, 6 and
12a), revealing higher than average precipitation (compared
to 1981–2000). However, during types 3 and 6 precipitation
was also higher than average in the minimum years (1984–
1986 yr). For this reason, these types of ECMs were excluded
from the analyses. Thus, type 12a is most probably the main
type of ECM controlling the transport of cysts to the Belukha
glacier (Table 4); the correlation coefficient between concentrations of chrysophycean algae cysts and spores of plants
in the ice core and amount of precipitation at 12a type circulation is 0.55 (p < 0.01) for the period 1980–2000. Under this type of circulation, a powerful anticyclone formed
above the Asiatic part of Eurasia blocks the movement of
western air masses (Fig. 4c). As a result, during such periods the main precipitation in the Altai originates from local cyclones (Table 4). The ECMs of this type most often
are formed during the transition from the cold to the warm
season, when the Arctic cyclone reaches its maximal power,
and in southern areas the underlying ground surface is heated
enough. Thus, the local water bodies and forests are probably
the main sources of chrysophycean algae cysts and spores of
plant.

www.clim-past.net/9/2399/2013/

4.4

Pollen of deciduous trees and herbs

Pollen of deciduous trees (Betula sp.) and herbs (including
pollen of Artemisia, Cyperaceae, Asteraceae, and Poaceae
families) is less abundant in the Belukha core. Pollen of birch
(Betula) prevails among other species. The season of birch
flowering is May. Its pollen can be transported up to 400 km,
and the closest birch forests are located 200–300 km to the
west. The pollen maximum in the ice core was observed during 1983–1986, while a complete absence of pollen was observed in 1982, 1987, 1990, and 1995–1997 (Fig. 3d). Table 5
represents the ECMs, leading to higher than average precipitation in 1983–1986 and no precipitation in 1982, 1987,
1990, and 1995–1997. We excluded type 5b from the analysis, since in 1983–1986 the precipitation under this type of
ECM occurred only in autumn, when plants did not bloom.
Thus, only two summer types of ECMs – 8c(s) and 8d(s)
– might control the transport of deciduous and herb pollen
to the Belukha glacier (Table 5); for the period 1980–2000
the correlation coefficients between concentrations of pollen
in the ice core and amount of precipitation at 8c(s) and
8d(s) types of circulation are 0.47 and 0.62 respectively. The
correlation coefficient between pollen concentration and total amount of predominant types of ECMs (8c(s) + 8d(s))
is 0.68 (p < 0.01). Both types of circulation are characterized by powerful ultrapolar invasions from the northern areas of western Siberia to the south, where they hit warm
continental air masses (Fig. 4d). This leads to the formation of an occluded front, when warm air masses uplift intensively (convective uplifting currents), involving aerosols
from the underlying surface, including the plant pollen. The
uplifting warm air masses replace cold air masses resulting in
Clim. Past, 9, 2399–2411, 2013
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Table 4. Characteristics of atmospheric processes and a description of the trajectories of air masses over the Altai region and amount of
precipitation (% of the annual) 12a ECM types in years of maximal (1995–1997) and minimal (1984–1986) concentrations of cysts of
chrysophycean algae and spores of plants in the Belukha ice core (months of main precipitation are pointed in brackets).
ECM

12a

Meteorological Trajectories of
events over
air masses
Altai region

Anticyclone

Anticyclone
(30–0◦ N,
45–140◦ E)
blocks the
western air
mass transport

Precipitation, %
Average for
period
1981–2000

1995
(max)

1996
(max)

1997
(max)

1984
(min)

1985
(min)

1986
(min)

5.6

10.5
(Mar.–
Jul.,
Nov.)

8.7
(Apr.–
May,
Sep.)

16.5
(May)

0

1.3
(Mar.–
Apr.,
Sep.–
Oct.)

0.10
(Apr.–
May,
Sep.)

abundant precipitation and scavenging of bio-aerosols. Taking into account the fact that the distance of herb pollen transport does not exceed 250–400 km (Sladkov, 1967), the major sources of deciduous and herb pollen in the ice core are
the steppe and forest-steppe areas of the northern Altai and
eastern Kazakhstan.

5

Discussion

The period of instrumental observation of climatic parameters is short (at most 150 yr). In contrast, proxy data from
natural archives such as glaciers, peat and lake deposits can
cover periods of hundreds and thousands of years. The use
of biological species as proxy data for continental ice cores
holds much promise, since the continental glaciers, in contrast to the polar ones, are located in close proximity to the
plant communities and have a high accumulation rate, which
allows a high-resolution palynological analysis to be carried out (Mikhalenko, 2008). However, palynological studies
of continental ice cores are not numerous (Liu et al., 1998,
2005; Nakazawa et al., 2004; Yang et al., 2010; Reese et al.,
2013) although they have good applications.
It was shown that pollen in tropical ice cores can be used
as an indicator of vegetation response to glacial–interglacial
climate change sequences (Reese et al., 2013). The pollen
record (as an independent biological proxy) from a Bolivian
ice cap (Sajama) shows the same paleoclimatic trend as registered by the traditional chemical and physical parameters
in two Peruvian ice cores hundreds of kilometers away and
suggests that climatic changes associated with the LIA occurred synchronously across the central Andes (Liu et al.,
2005). Studies of snow pits and an ice core in the Russian
Altai demonstrated the potential for identifying and separating seasonal layers with high resolution by analyzing pollen
taxa in samples as small as 10 mL (Nakazawa et al., 2004,
2005, 2011, 2012). Ice core pollen data from the Belukha
glacier suggest distinct forest diebacks and the expansion
of steppe in response to dry climatic conditions (Eicher et
Clim. Past, 9, 2399–2411, 2013

al., 2011). The pollen record in the ice core from Qinghai–
Tibetan Plateau (Shen et al., 2005) reveals a regional climate
history similar to those from the neighboring sites, including
the Arabian Sea and the Guliya ice core.
Our research shows that biological proxies can be interpreted not only in terms of accumulation, vegetation and
landscape changes, but also in terms of predominant types of
atmospheric circulations. The diatom, cyst, spore and plant
pollen high-resolution records in the Belukha ice core can
reflect changes in the contribution of different atmospheric
circulation to annual (or seasonal) precipitation in the Altai region. It gives a new tool for investigation of atmospheric circulation in the pre-instrumental era in this region. Here, a special interest is the possibility to determine
the seasonal changes in the structure of precipitation under
the annual resolution of the ice core layers. The joint consideration of the transport ability of the biological object
and the data on precipitation under predominant atmospheric
ECMs allowed us to identify the origin of diatoms, cysts,
spores and plant pollen discovered in the ice core. This result could be demanded and useful for the study of different
aspects of the terrestrial transboundary atmospheric transport
of substances.

6

Conclusions

The high-resolution records of diatom, cyst, spore, and plant
pollen in the Belukha ice core are the biological proxies for
the changes in the structure of precipitation in the Altai region because these records can reflect changes in the contribution of different atmospheric circulation to annual or seasonal precipitation. Since mostly precipitation (not dry depositions) determines the falling of aerosols (including bioaerosols) on the glacier surface and the extinction of plant
species and deforestation of vast areas in Siberia were not
observed for the last 40 yr (the study time interval), the variation of pollen abundance in annual layers of the Belukha ice
core together with other studied biological proxies (diatoms,
www.clim-past.net/9/2399/2013/
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Table 5. Characteristics of atmospheric processes and a description of the trajectories of air masses over the Altai region and amount of
precipitation (% of the annual) 8c(s) and 8d(s) ECM types in years of maximal (1983–1986) concentrations and absence (min) (1982, 1987,
1990, 1995–1997) of pollen of deciduous trees and herbs in the Belukha ice core (months of main precipitation are pointed in brackets).
EÑM

Meteorological Trajectories of
events over
air masses
Altai region

Precipitation, %
Average
for period
1981–
2000

1983
(max)

1984
(max)

1985
(max)

1986
(max)

1982
(min)

1987
(min)

1990
(min)

1995
(min)

1996
(min)

1997
(min)

8c(s)

Ultrapolar
invasions

Ultrapolar invasions
through western
Siberia on the
background
of anticyclone

1.1

4.3
(May,
Aug.)

3.2
(Jun.–
Jul.)

1.8
(Apr.)

3.0
(Aug.)

0

0

0

0.7
(Apr.)

0.5
(Apr.)

0

8d(s)

Ultrapolar
invasions

Ultrapolar invasions
through western
Siberia on the
background
of anticyclone

1.8

12.9
(Apr.–
Jul.,
Sep.)

4.0
(Mar.,
Jul.,
Sep.)

5.2
(Aug.)

4.05
(Jul.–
Aug.)

0

0

0

0

0

0

cysts, spores) can be used as a sensitive indicator of the atmospheric circulation dynamics in the Altai region. It was
shown that different ECMs control the delivery of the identified biological aerosols on the glacier surface: 2b, 5a, 8b(s)
and 10a types of ECMs for diatoms; 7b(s), 8d(s), and 11d for
pollen of conifer trees; 8c(s) and 8d(s) for pollen of deciduous trees and herbs; and 12a type for cysts of chrysophycean
algae and spores of plants. Microscopic algae including frustules of diatoms and cysts of chrysophycean algae grow in
water bodies all year round with their maximums in some
seasons in contrast to the plant pollen produced in particular
seasonal periods. Therefore their combination in the ice core
makes it possible to determine the seasonal changes in the
structure of precipitation under the annual resolution of the
ice core layers, and thereby to get an outlook about past and
future atmosphere circulation changes.
The joint consideration of the transport ability of the biological object and the data of precipitation under predominant atmospheric ECMs generating the entry of biological
proxies on the glacier surface allowed us to determine the origin of diatoms, cysts, spores and plant pollen in the Belukha
ice core. Frustules of diatoms could be brought mostly from
the water bodies of the Aral, Caspian, and northern Kazakhstan basins, and the cysts of chrysophycean algae and
spores of plants from local water bodies and forests surrounding the Belukha glacier. Pollen of coniferous trees prevailing in numbers in different layers of the ice core could be
transported from the taiga forest of the boreal zone of western Siberia, and the pollen of deciduous trees and herbs from
the steppe and forest-steppe vegetation of the northern Altai
and eastern Kazakhstan.
The obtained source regions of the biological species are
in good agreement with back trajectory analyses and emission source regions of the trace elements in the ice core (e.g.,
Eichler et al., 2009b, 2012).
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