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ABSTRACT. Glaciers of both the Arctic a nd mid-latitude mountain systems within 
Eurasia have retreated intensively during the past century. Measured and reconstructed 
glacier mass balances show that glacier retreat began around the 1880s. The mean annual 
mass-balance value for 1880- 1990 was -480 mm a 1 for glaciers with maritime climatic 
conditions, a nd - 140 mm a- I for continenta l glaciers. It can be concluded that warm ing 
in the Caucasus occurred during at least the last 60 years, according to the distribution 
of crystal sizes in an ice core from the Dzhantugan firn plateau. Temperatures measured in 
1962 at 20 m on the Gregoriev ice cap, Tien Shan, were - 4.2°C while in 1990 they were 
- 2°C, a warming of 2.2°C over 28 years. Changes in the isotopic composition of glacier 
ice during the 20th century indicate recent and continuing warming in different regions 
of Eurasia. The 8180 records reveal an enrichment at the Gregoriev ice cap during the last 
50 years, whi le surface tempera tures at the Tien Shan me teo rological stat ion have 
increased O.5°C since 1930. 

INTRODUCTION 

Contemporary glaciers in the Arctic islands and low- and 
mid-latitude mounta in systems or Eurasia cover more than 
200000 km2 Evidence from moraine studies and glacier 

mass-balance measurements (D yurgerov, 1995) shows that, 
within Eurasia, g laciers have been retreating during the last 
100 years since the end or the Little Ice Age. This has 
resu lted in a glacierized area reduced by 10- 30 %, depend
ing on the mountain region. The rate decreases rrom west to 

east, with relaxation of the influence of western atmospheric 
circulation (Krenke, 1982). The a ltitude, orientation and 
geography of the ranges influences how different mountain 
systems react to climate change. Glaciers with different 
sizes, shape, orientation and a ltitude have differcnt response 
rates. The rate or reduction in glacier water resources has 
increased measurably because of natural and man-made 

climate changes during the past century (Dowdeswell, 

1995); up to 1 % per year in the mountains of Central Asia 
(D yurgerov, 1996). Glacier mass-balance a nd ice-core inves
tigations allow us to identiry the climate that has influenced 
glaciers during the last 100 years. 

DATABASE 

A long-term series or observed, and reconstructed, glacier 
mass balance and observations or glacier ret reat, from the 
mid-19th cenlury to the present, are used to investigate 
glacier behavior over the past century (see Fig. I; Table I). 
The method of glacier mass-balance reconstruction is pro
vided by Mikhalenko and Solomina (1996). The results of 
deep ice-core drilling at the Eurasian glaciers were also used 
in the analysis (Table 2). Iso topic composition, ice-crystal 
di stribution and borehole temperatures were studied first. 
Isotopic composition refl ects condensation temperatures 
during the formation o[solid precipitation. Changes in crys
ta l size indicate flu ctuations of climate conditions during ice 
rormation. Repeated measurements of ice temperature in 
bore holes provide information about changes in the thermal 
regi me of the glaciers. 

RESULTS 

'. Glacier tnass-balance evidence 
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~Fig. 1. Location of investigated glaciers. 

The measured and reconst ructed mass-ba lance series show 
there were no major changes in glacier volume and extent 
during the 19th century (Fig. 2). Unti l 1880, the cumulative 
mass-balance curves are pa rallel and close to zero. Glacier 
mass balance was influenced by negligible oscillations with
out any considerable trend. G lacier front positions in most 
mountain systems were stabl e. 

Since 1880, there are two types of mass-ba lance curve 
(Fig. 2). The first reflects changes for the glaciers in regions 
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Table 1. Glacier reconstructions 

Mountain system Glacier Coordinates Observation Basic Period of Source 
/Jeriod meteorological station reconstructions 

Lal.N Long.E 

Caucasus Dzhankllat 43°12' 42°46' 1967 present Pyatigorsk 1871- 1977 DYllrgerovand Popovnin (1988) 
Terskol 

Polar Urals IGAN 1957 81 Syktyvkar 1817- 1959 Troitski y and others (1963) 
Khadata Voloshina (1988) 

Panlirs Abramov 39°40' 71 "30' 1967- presenl Fergana 1882- 1992 Glazy rin and others (1993) 

Tien Shan TlIYllksll 43°00' 77°06' 1956- present Mynzhjlky 1937- 56 Dyurgerov (1995) 
Alma-Ata 1879- 1964 Makarevich and others (1969) 

Golubina 42°27' 74°30' 1958 present Baytik 1914--82 Aizen (1988) 
Sa ry-Tor 41"50' 78°11 ' 1985- 89 Tien Shan 1930- 88 Ushnurtscv (1991) 
Karabatka k 42°08' 78°16' 1957- present Chon-Kyzi lsu Dikikh and others (1995) 

Dzungaria ShUlllSkogo 45°05' 80°14' 1967 92 Sarkand 1930- 84 Cherkasov (1991) 
Alta i MaliyAktrll 50°05' 87°45' 1971 - present Barnaul 1838- 1985 Narozhnyy (1986) 
Suntar-H ayata Glacier No. 31 62°30' 142°30' 1957 59 Tomtor 1943- 60 Koreisha (1963) 
Kamchatka Kozelskiy 53°14' 158°49' 1973- present Petropavlovsk- 1891- Vinogradov and Murav'yev 

K amchatskiy (1992) 

Table 2. Ice-core drilling sites 

M ountain system Glacier Coordinates Altitude of Year Source 

Lal. N 

FranzJ osefLand Windy Ice Cap 80°47' 
Graham Bell Island 

Kunlun Shan Guliya ice cap 35°17' 
Ticn Shan Gregoriev ice cap 41"58' 
Qilian Shan Duncle ice cap 38°06' 
Alps Colle Gnifcni 
Caucasus Dzhantugan lirn plateau 43°12' 

with a high intensity of mass exchange (modulus sum ofaccu
mulation and ablation) such as the Dzhankuat, Abramova 
and Kozelskiy glaciers. For such glaciers the average mass 
balance for the last 110 years is - 480 mm a- I. Another group 
of glaciers, within the Tien Shan, the Altai, the Pola r Urals, 
the mountains of northwestern Siberia and Dzungaria, is 
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Fig. 2. Cumulative curves if glacier mass balance. 
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drilling site 

Long.E m 

63°32' 509 1994 Mikhalenko and others (1996) 

81"29' 6200 1992 Thompson and others (1995) 
77°55' 4609 1990 Thompson and others (1993) 
96°24' 5325 1986 Thompson and others (1993) 

4450 1982 Wagenbach (1994) 
42°46' 3850 1980 Golllbev and others (1988) 

characterized by less negative mass-balance values 
(-140 mm a I) for the same period (Fig. 2). Glacier fronts 
retreated several kilometers in the first group, but only hun
dreds of meters in the second. Changes in the alti tudes of 
glacier tongues in the maritime regions (Caucasus and Kam
chatka) were much more considerable compared with those 
in more continental a reas. 

Because of these mass-balance changes, Caucasus 
glaciers retreated from 700- 750 m up to 3 km during the las t 
100 years. Glacier fronts receded to elevations 150- 170 m 
higher. The Dzhankuat glacier retreated 800 m in length 
and 25 m in elevation (Solomina, in press). The effect on 
Pamir glaciers is more because of their greater size (values 
of retreat for the big western Pamir glaciers are up to 
4000 m ). On the other hand, glaciers in the interior re
treated much less tha n on the periphery, in both the Pamirs 
and Tien Shan. 

According to estimates of glacier front positions a fter the 
end of the Little Ice Age (Solomina, in press), the height of 
glacier fronts in the north and east of the Tien Shan has risen 
300- 400 m. In the interior Tien Shan this value is less (0-
70 m ). Retreat in the Altai is also less (200- 2300111; mean 
value 600 m; altitude changes 90 m ). In the Polar Urals 
and northeastern mountains of Siberia, glacier reduction is 
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much less (200 m leng th and some meters elevation). Finally, 
in Kamchatka, glacier fronts are now located 50- 60 m higher 
than their Little Ice Age moraines. 

Ice-core evidence 

Ice cores from glaciers provide information about crystal 
size, microparticle concentration, isotopic composition and 
temperature in boreholes. These data may indicate trends in 
globa l climate. From 1980 to 1985, ice coring was carried out 
at the Dzhantugan firn plateau, part of the accumulation 
a rea of Dzhankuat glacier. One of the objectives was to 
determine the characteristics of the urn- ice layer under 
conditions of infiltration- recrystalli zation ice formation 
(Golubev and others, 1988). 

Ice crystal diameter, mm 
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Fig. 3. Variation in grain-size with depth (1); the main zones 
( A, B, C) !if the growth !if crystals in the snow--firn sequence 
if the Dzhantuganfirn plateau (2); and the boundaries !if 
zones (3) (after Golubev and others, 1988). 

Changes in crystal size, shown in Figure 3, can be 
divided into three parts. The upper part presents the whole 
snow layer (3- 5 m ) in zone A, where the snow structure 
transform s due to winter diffusion, mass transfer and infil
tration, and freezing of melting water in summer. The aver
age rate of crystal growth in this zone is 0.2- 0.3 mm a - I. At 

5- 30 m (zone B in Fig. 3) the structure of ice transforms 
mainly due to the inOuence of infiltrating meltwater. The 
rate of crystal g rowth here is 0.05- 0.1 mm a '. A third region 
is the zone below the boundary between lirn and ice (zone 
C ) where the structure transforms due to all recrystalliza
tion processes. The rate of crystal growth here depends on 
the temperature of the layer slightly changing in time and 
depth, and the va lues of tensions which generally increase 
with depth. The rate of crystal change in this zone, within 
ice layers of different types, is equal on average to 2 x 10 2 , 
mma. 
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The rate of crystal growth with in all types of ice layers is 
practically the same. So the considerabl e va riations of mean 
crystal sizes shown in Figure 3 may onl y be caused by 
climate changes, while the ice layer li es within the zone of 
active ice formation (upper 5- 10 m with an age of 2- 4 
years ). Structural and stratigraphic features of the snow
Urn layers formed within this zone remain stable under 
recrysta llization. However, crystal size is inOuenced by 
slight oscillations caused by air bubbles a nd mineral particle 
content (Al ley and others, 1986). 

From a comparison of crysta l-size changes with precipi
ta tion and average winter air-temperature data, from the 
nearest weather station at Mesti a, we can conclude that in 
cooling a nd drying periods the average crystal size 
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Fig. 4. (a) Borehole temperatures from Gregoriev ice cap; ( b) 
Decadal averages !if surface temperatures at the Tien Shan 
and Delingha meteorological stations; (c) Decadal averages 
!if {jIB 0 values in two summit cores from the Gregoriev and 
Dunde ice caps. 
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Fig. 5. Oxygen isotope ratios from Fran;:;:Josif Land ( Windy dome, Graham Bell Island), the western Kunlun (Guliya ice cap), 
the Tien Shan (Gregoriev ice cap ), the Qjlian Shan ( Dunde ice cap) and the Alps (Colle Gnifetti). 

increases a nd in warming periods it decreases. The range of 
precipitation change at the plateau during the last 60 years 
is about ± 20%, and that of the average winter air temper
ature is ± 30%, from the mean annual value. If the lower

ing of precipitation and temperature is synchronous, the 
temperature gradients in the active layer of the snow- firn 
horizon can increase by up to 35- 40%, compared with per
iods of simultaneous warming and greater precipitat ion. 
Thus the average grain-sizes grow in periods of low winter 
temperatures and precipitation, compared with the warmer 
and higher-snowfall periods. Moreover, in these periods, ice 
formation occurred close to the percolation zone (Paterson, 
1994), and many layers of infiltration ice were formed which 
also afTected the growth of the average crystal size in the 
horizon. So, cool periods with low precipitation correspond 
with growth of the average crystal size, and a relat ive 
decrease in average crystal size indicates periods when ice 
formation occurs close to the wet-snow zone. 

Repeated measurements of ice temperatures in bore
holes also m ay show changes in the thermal regime of a 
glacier layer. In 1990, two boreholes were drilled in the Gre
goriev ice cap, Tien Shan, to depths of 16 and 20 m (seeTable 
2). The temperature profiles (Fig. 4a) measured indicated a 
temperature increase of 2.2 a C compared with the temper
ature profile measured in 1962. These data support evidence 
of a recent warming in the Tien Shan. 

Further evidence of recent warming in this region comes 
from near-surface temperature observations at the Tien 
Shan meteorological station (3614 m a.s.l.; 6 km from the 
Gregoriev ice cap) and from the weather station at Delin
gha (3200 m a.s.\.; 100 km from the Dunde ice cap; see Table 
2). Figure 4b shows a warming ofO.5 a C during the past 60 
years at the Tien Shan station and of I ac at Delingha. Fig
ure 4c reflects the decadal averages of {j 180 from both the 
Gregoriev and Dunde ice caps which demonstrate that over 
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the las t 4·0 years 180 becomes isotopically enriched by 
approximately 1%0 (Thompson and others, in press ). 

Isotope ratios from ice cores in difTerent parts of Eurasia 
show considerable enrichment in 180 in the 20th century. 

Oxygen isotopic ratio curves from FranzJosefLand (Windy 
Ice Cap, Graham Bell Island), western Kunlun Shan (Gu
liya ice cap), Tien Shan (Gregoriev ice cap), Qilian Shan 
(Dunde ice cap) and the Alps (Colle Gnifetti ) (see Table 2) 
are shown in Figure 5. Enrichment by IBO is observed at all 
cores. This isotopic enrichment is evidence that condensa
tion temperatures increase considerably with the formation 
of solid precipitation. Such similarity in changes of isotopic 
composition at glaciers situated thousands of kilometers 
from each other suggests that this recent, continuing warm
ing in Central Asia, the Arctic and the Alps may be a large
scale feature of the current climatic regime. 

DISCUSSION 

The analyses of measured and reconstructed glacier mass 
balances, crystal-size di stribution, oxygen-isotope ratios 
and ice temperatures measured in boreholes provide evi
dence of climate warming in the 20th century in Eurasia. 
While the glacierized area has been reduced in total, the 
glaciers situated in maritime climatic zones retreated much 
more quickly than in continental regions. However, since 
the 1970s, glaciers on the Pacific coast (Kozelskiy glacier) 
have begun to advance because of increasing accumulation. 

Ice cores also conta in information about global warm
ing. In particular, ice crystals in the central Caucasus grow 
in cool, dry periods and decrease in warm period s. This 
characteristic feature is more stable than the isotopic- geo
chemical composition which, in warm conditions, changes 
considerably due to percolation of meltwater. 
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The simila rity of isotopic enrichment on the G regori ev 
and Dunde ice caps, 1700 km apart, coupled with both the 
local meteorological observations and the 2.2°C increase in 
borehole tem peratures on Gregori ev, strongly indicate 
recent warming in this par t of Central Asia. 

Considerable enrichment by 180 in the upper pa rts of ice 
cores indicates recent, continuing warming in Eurasia 
during the past century. 

CONCLUSIONS 

(1) Measured and reconstructed glacier m ass bala nces 
prove the considerable reduction in glacierized area 
from the 1880s. T he rate of glacier degradation in marine 
climates was th ree times that of glaciers in continental 
condi tions (-480 and - 140 mm a- I, resp ectively). 

(2) The average crysta l sizes refl ect the climatic conditions 

in which the snow- firn layer was formed. In cool, dry 
periods crystal sizes increase and in warm, wet periods 
they decrease. During the last 60 years in t he centra l 
Caucasus, a stable warming trend is reflected in average 
crystal sizes. 

(3) O xygen isotopic ratios from the Gregoriev ice cap, 
coupled with the 2.2°C increase of bore hole temper
atures over the last 28 years, and an increase in surface 
temperatures in the central Tien Shan ofO.5°C over the 
last 60 years, p rovide strong evidence for a recent warm
ing in this area. 

(4) Enrichment of 180 provides evidence of a considerable 
increase of condensation temperat ures over the past cen
tury. 

(5) Different data on glaciers' changes, their m ass balance, 
crystal sizes, temperatures and isotopic composition 
support a conclusion that climate warming is continuing 
during the 20th century. M oreover, the wide distribu
tion of glaciers investigated in this study implies and 
confirms the global scale of the global-wa rming phe
nomenon. 
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