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Retreat of mountain glaciers of northern Eurasia since the

Little Ice Age maximum

Orca N. SoLomiNa
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ABSTRACT. Analysis of aerial photographs of about 1000 glaciers located in the
mountain ranges of the former Soviet Union — Caucasus, Polar Urals, Pamir-Alay, Tien
Shan, Altay, Kodar, Cherskiy range, Suntar-Khayata, Koryakskoye Nagorye, Kamchatka —
shows that variations in the magnitude of glacier retreat since the Little Ice Age maximum
are significant and probably connected to climatic continentality. On average, the scale of
glacier shrinkage is much smaller in continental Siberia than in central Asia and along

the Pacific margins.

INTRODUCTION

The magnitude of glacier variations is one of the most
important indicators of global change. Although the
interpretation of the climatic causes is very complex, glacier
variations are proof of large-scale events like the Little Ice
Age (LIA) or modern global warming.

The positions of the LIA moraines are often used as a
reference point to estimate the magnitude of past glacier
variations including recent variations and those further
back in time into the Holocene and Late Pleistocene (Furrer
and others, 1987; Grove, 1988). The well-known moraines
deposited around the 1830s in the Alps are used for this
purpose: two inventories include detailed information
about glacier size in the mid-19th century, in the 1920s and
in 1969 and 1975, respectively, for Austria (Gross, 1987) and
Switzerland (Maisch, 1992).

The data on LIA glaciers in the mountainous areas of the
former Soviet Union (FSU) are insufficient to allow this kind
of detailed reconstruction. The first regular descriptions and
maps of glaciers date from the 1880s—1910s in the Caucasus
(Podozersky, 1911) and from the beginning of the 20th century
(Korzhenevskiy, 1930) and in Altay
(Sapozhnikov, 1926). In some regions of northeast Siberia the
first glaciological expeditions were conducted only in the
1950s in connection with the International Geophysical Year
(Preobrazhenskiy, 1960; Koreysha, 1991). The lack of historical
information can be partially offset by moraine dates obtained

in central Asia

by lichenometry in combination with radiocarbon and tree-
ring analysis. These dates are much less accurate than those
obtained from historical descriptions, but allow us to
determine the position of LIA moraines in general.

The aim of this paper is to estimate the magnitude of
glacier retreat from the LIA maximum to the second half of
the 20th century in the FSU, on the basis of aerial
photographs and chronosequences of vegetation development
on Holocene moraines. Although very general, these data can
reveal global change trends on a century scale in remote and
poorly studied areas with short and rare meteorological and
glaciological datasets.
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MATERIALS AND METHODS

An inventory containing 998 glaciers in the Caucasus, Pamir-
Alay, Tien Shan, Altay, Kodar, Suntar-Khayata, Cherskiy
range, Koryakskoye Nagorye and Kamchatka was assembled
by M. 1. Bodnya, G. M. Varnakova, T. N. Pokrovskaya, E.S.
Filatov, Ya. D. Muraviev, V. N. Mikhalenko and O. N. Solomi-
na (principal investigator). The data are available in numer-
ical form as an appendix to Solomina (1997).

The number of glaciers included in the inventory for each
region is proportional to the total number of glaciers in the
region (Fig. 1). The distance from the largest fresh-looking
end moraine, which was covered by no or only sparse vegeta-
tion and thus could be distinguished from older moraines by
a lighter colour on aerial photographs, to the front of the
glacier, and the elevation of the foot of this moraine were
measured using available black-and-white aerial photographs
of 1:30 000 to 1:70 000 scale from the 1950s—80s together with
maps of 1:100000, 1:50 000, and 1:25000 scale. First we
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Fig. 1. Location of the regions included in the inventory.
Shaded columns: number of glaciers in the mountain region;
white columns: number of glaciers included in the inventory

(log-scale).
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Fig. 2. Moraines of the LIA maximum dated by lichenometry
in the Caucasus (Serebryannyy and others, 1984), Pamir-
Alay, Tien Shan, Altay and Kamchatka ( Solomina, 1997).

identified the LIA moraines on aerial photographs, then the
margins of LIA glacier snouts were marked on the maps. The
inventory also contains the elevation of the beginning of
lateral moraines, medial moraines and corresponding
nunataks, but these data are not discussed in this paper. The
Glacier Inventory of the USSR (Akademii Nauk SSSR 1969—
82) was the source of information for the length (L) of the
glacier, its highest point (H}) and terminus elevation (Hp).
Where possible we used the most recent aerial photographs
and maps of the largest scale. When selecting the glaciers,
we took into consideration the availability of maps and sum-
mer aerial photographs, and the preservation of the pre-
sumed LIA end moraines. All glaciers were included where
lichenometric, tree-ring or radiocarbon data had previously
been obtained (see Solomina, 1997). We tried to include all
types of glaciers present in a mountainous area.

The accuracy for the definitions of the location of the mo-
raines is £10 m for maps of 1:25000 scale (Tien Shan, some
regions of Pamir-Alay, Caucasus and Kamchatka), and
£50m for areas where only 1:100 000 maps were available
(Siberia). The date of the “actual” position of glacier fronts
considered here ranges from the 1950s to the 1980s due to the
dates of maps and aerial photographs available for these
regions. The data on glacier retreat obtained by Panov
(1993) for the Caucasus, and by Revyakin and Mukhametov
(1986) for the Altay, and a large set of historical descriptions
of individual glaciers were analyzed to specify the age of
moraines and the former positions of the glacier fronts.

The degree of primary succession combined with lichen-
ometry was used to outline the terrains exposed by glacier
retreat after the LIA maximum. Lichenometry shows that
everywhere in the mountains of the I'SU, except the Caucasus,
the moraines deposited from the 17th to the mid-19th century
are not completely covered by vegetation and therefore
could be recognized on aerial photographs.

Figure 2 shows lichenometric dates of the most reliably
dated outermost LIA moraines, selected from a large data-
set of 80 moraines. The complete list is available in Solomina
(1997). According to lichenometry in the Tien Shan, Pamir-
Alay, Polar Urals, Altay and Kamchatka, the maximum
glacier advances of the last millennium occurred between
the 17th and mid-19th centuries and the magnitudes of
several advances that occurred in the 17th, 18th and mid-
19th centuries were approximately identical (Solomina,
1997). Only in the Caucasus did the 13th-century advance
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considerably surpass the later advances, and the difference
in magnitude of glacier fluctuations between the 13th and
19th centuries is too big to be overlooked, even for our rather
rough estimations (Serebryannyy and others, 1984). Accord-
ing to Serebryannyy and others (1984), the 70—100 year old
moraines are almost completely covered by vegetation and
therefore they are the last ones to be distinguished from old-
er moraines on aerial photographs. For this reason the esti-
mates of glacier retreat given here for this area concern the
stages of the 1880s and 1900s. Since the advances between
the 17th and mid-19th centuries were larger, these estimates
should be regarded as minimum values for the LIA.

Up to now no data exist on the age of moraines in Suntar-
Khayata, Kodar, the Cherskiy range and other territories of
northeast Siberia. However, the snouts of these glaciers are
bordered by fresh-looking moraines. Severe climate and
permafrost contribute to a slow moraine colonization. Thus,
comparing these moraines with those of known age in
adjacent regions such as the Altay mountains, one could sug-
gest that these moraines were formed within the last several
hundred years; they can be considered as LIA moraines. The
tree-ring reconstruction covering a broad area near the north-
ern timberline (west—east transect, 42-152° E) shows two
main thermal minima, at the end of the 17th century and from
the end of the 18th to the first half of the 19th century, that
probably triggered the glacier advances in northeast Siberia
(Schweingruber and Briffa, 1996).

Table 1. Descriptive statistics of length change (AL) and
change in terminus height ( AH ) of Eurasian glaciers since
the LIA maximum

Mountain area Number Min. Max. Median Mean Std ~ Skew- Kurtosis

of obser- dev.  ness
vations
m m m m
Caucasus (end of
19th—beg. of
20th century) 70 150 2800 480 611 471 243 811

Pamir-Alay
non-surging 231 30 3600 500 706 577 181 419
Pamir-Alay

surging 32 100 3600 1000 1330 1001 105 022
Tien Shan 341 200 4200 825 976 561 145 35
Altay 120 90 2300 458 558 396 202  4.53
Kodar 23 0 500 100 130 143 136 121
Suntar-Khayata 37 0 700 200 259 199 045 -0.82
Cherskiy range 52 0 1000 250 278 185 134 327
Koryakskoye

Nagorye 63 0 2000 600 686 537 046 -06
Kamchatka 29 0 1400 600 602 353 041 -066
AH

Caucasus (end of
19th—beg. of

20th century 70 200 530 90 125 104 151 215
Pamir-Alay

(non-surging) 231 10 670 90 137 128 163 25
Pamir-Alay

(surging) 32 10 650 130 207 186 108 0.1
Tien shan 341 1065 120 148 124 308 1708

5
Altay 18 10 160 75 84 46 029 -136
Kodar 23 0 100 20 19 21 224 631
Suntar-Khayata 37 0 200 40 35 44 097 114
0

Cherskiy range 52 240 60 74 50 118 189
Koryakskoye

Nagorye 63 0 330 140 142 112 072 067
Kamchatka 29 0 250 105 103 65 01 —070
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Ivg. 3. Length change of glaciers since the LIA maximum
(from the 17th to the mid-19th century). For the Caucasus
the length loss is estimated since the end of the 19th or the
beginning of the 20th century.

RESULTS

The variations of glacier length (AL) and front elevation
(AH) in the mountain regions under study are displayed in
Table 1. On average, the mean (and median) values of glacier
retreat in Siberia are less than in central Asia, on the Pacific
coast (Koryakskoye Nagorye) and even in the Caucasus,
where only the minimum estimates are given. In the histo-
gram (Fig. 3) all glaciers are grouped in 45 classes according
to the length they lost after the LIA maximum. Many Siberian
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Fig. 4. Frequency distribution of relative length change
(AL/L) of glaciers of various mountain areas in Eurasia
since the LIA maximum ( from the 17th to the middle of the
19th century ). For the Caucasus the estimates are given for the
period since the end of the 19th or the beginning of the 20th
century.
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glaciers show minimum values of retreat, whereas those of Pa-
mir-Alay, Tien Shan and Koryakskoye Nagorye evidently lost
much more. Since glaciers in central Asia and Koryakskoye
Nagorye are larger than those in Siberia, this is quite apparent.

To focus on the effect of macroclimatic change we normal-
ized the changes of the length (AL) by the length of the gla-
cier (L) (Fig. 4). In general, normalized length values do not
show high inter-regional variation (except for Koryakskoye
Nagorye), but the curves can still be subdivided into several
groups by the peak of AL/L frequency. The group with the
smallest retreat includes the east Siberian mountain ranges
(Kodar, Suntar-Khayata, Cherskiy range), Kamchatka and
the Caucasus. The relatively small retreat of Caucasus gla-
ciers is related to the fact that in this region the position of
moraines at the end of the 19th century instead of at the
LIA maximum was analyzed (see previous section). The
difference between glacier lengths at the end of the 19th cen-
tury and between the 17th and mid-19th centuries in the
Caucasus is quite significant, amounting to several hundred
meters (Serebryannyy and others, 1984). Kamchatka is the
only region in the FSU where a positive mass balance was
observed for the period 1957-85; some glaciers advanced or
were stable at that time, so they lost less than glaciers in other
regions (Mikhalenko and Solomina, 1996). The relative re-
cession of glaciers is somewhat greater in Altay than in east
Siberia. AL/L for Tien Shan and Pamir-Alay glaciers is
higher and about the same for both regions (0.3). The most
dramatic change occurred in Koryakskoye Nagorye where
the peak is around 0.5-0.6, in contrast to 0.2—-0.3 for all other
regions, including the southernmost areas of central Asia.
The variation of AL/L values in Koryakskoye Nagorye is
very large, and the pattern of its frequency distribution dif-
fers from that in other regions, because more glaciers with
high AL/ L values occur in this region.

The same regional difference is evident in the distribution
of front elevation shift which is several times higher in central
Asian mountains and in Koryakskoye Nagorye (about 140—
150 m) than in Siberia (20, 40 and 60 m in Kodar, Suntar-
Khayata and the Cherskiy range, respectively) (Fig. 5; see also
Table 1). Thus, the small, cold, rather passive glaciers existing
in the severe continental climate of central Siberia appear to
be much less variable than glaciers with high mass-energy
transfer. Krenke and others (1991) arrived at a similar
conclusion by comparing 19th-century maps of the Caucasus
and modern ones. They found a positive correlation between
equilibrium-line-altitude depression (AELA) in the 19th cen-
tury and modern accumulation values.

DISCUSSION

Several potential sources of error should be commented on
here.

l. Errors of moraine mapping and accuracy of measure-
ments. The accuracy is rather low for the LIA scale of
glacier variations. However, even if we take the maxi-
mum error (£50m), the difference between the two
groups of regions (internal Siberia and others) is evident

for both AL/L and AH variables.

2. Errors associated with surging glaciers. Surging glaciers
in Pamir-Alay retreated twice as much as non-surging
ones (see Table 1), but this difference is affected by the
surging-glacier size included in the sample: the average
length of surging glaciers is about 6500 m, whereas the
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Fig. 5. Front elevation change (AH ) of glaciers since the
LIA maximum ( from the 17th to the mid-19th century ). For
the Caucasus the front elevation changes are estimated since

the end of the 19th or the beginning of the 20th century.

length of non-surging glaciers is 3500 m. The AL/L
values are similar for both surging (0.30) and non-surging
(0.32) glaciers.

3. Errors of moraine dating. The possibility of including
moraines that predate or postdate the LIA is not ruled
out due to the spatial variations and temporal discontinu-
ities of plant colonization. However, recognition of vege-
tation differences and other methods based on vegetation
and soil characteristics “are capable of yielding a crude
identification of terrain age” (Matthews, 1992) that is
sufficient to define the temporal boundaries (LIA)
accepted here. Lichenometry used in different regions in
combination with plant-succession descriptions provides
some control on the regularity of the development of local
chronosequences, and the great number of glaciers
included in the analysis diminishes the weight of the
errors in the average values.

The concept of the LIA itself requires some comment in
light of the suggestion that “there is no evidence for a
world-wide, 300400 year long, synchronous cold interval,
affecting all seasons, to which we can ascribe the term ‘Little
Ice Age’” (Bradley and Jones, 1992). We do not discuss this
question in detail here, but the fact that geomorphic evi-
dence of several glacier advances in recent centuries (see
Fig. 2) is found and dated in many regions allows us to use
the term LIA in a general sense and to constrain it,
according to lichenometry, to the 16th—19th centuries: this
time interval coincides with that cited by Bradley and Jones
(1992) as 1510 £ 5071850 +£ 50.

The estimates of front elevation enable us to roughly
assess the shift of the equilibrium-line altitude (as one-half
of the front depression) and to compare it with that in other
regions. This method is normally considered imprecise
(lorsnes and others, 1993), but being very simple, it is of
great utility, especially in the case of large samples. Maisch
(1992) compared the directly measured AELA in AD 1850
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(77 m) with the front depression calculated for 684 Alpine
glaciers (165 m). He concluded that half of this value is about
the same as the measured AELA. The AELA estimation in
the Pamir-Alay, Tien Shan and Koriakskoye Nagoriye (60—
70 m) is similar to Maisch’s AELA estimate for the Alps.
The same AELA (70 m) was cited for western Norway
(Torsnes and others, 1993). The AELA in the central
Caucasus between the end of the 19th and the beginning of
the 20th century is about 60 m. Golodkovskaya estimates
the AELA as 50-60 m for the end of the 19th century and
about 75m for the mid-19th century (Serebryannyy and
others, 1984). Panov (1993) reported about a 90 m AELA
for the whole Caucasus at the end of the 19th century. The
AELA in east Siberia, according to our rough estimations,
1s much smaller, within the range 2040 m.

For the temperate zone of the Northern Hemisphere in
general, Porter (1970) estimates that the LIA AELA is about
100—150 m, but some authors consider that the variance re-
corded in AELA in different regions is significant (Gross
and others, 1977; Maisch, 1992; Solomina, 1997). This paper
supports this last point of view since we can distinguish at
least maritime and continental areas by the magnitude of
glacier shrinkage.

CONCLUSIONS

Given the limitations imposed by the materials available,
we must content ourselves here with analyzing very broad
time-scales for glacier changes from the LIA maximum up
to the 1950s—80s.

According to lichenometry, in most mountain regions of
the FSU the LIA maximum occurred between the end of
the 17th and the first half of the 19th century; these dates
are indirectly supported by tree-ring data.

The magnitude of glacier variations in mountain regions
of the FSU since the LIA maximum is variable. The glaciers
of this area can be grouped into two categories: one includes
the glaciers located along the southern border of the FSU
and on the eastern periphery of Asia, in Koryakskoye Nagorye;
the second comprises the glaciers of continental Siberia: in
Kodar, Suntar-Khayata and the Cherskiy range.

In general, the magnitude of glacier shrinkage is much
larger for mountain glaciers in central Asia than in north-
east Siberia, but it increases again further east, at the Pacific
rim of the continent, in Koriakskoye Nagoriye.
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