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Abstract
The article presents the changes in the number and area of the Dolra River basin glaciers during
the last century in connection with the climate elements. Dolra River basin is located in the southern slope of the Central Caucasus, in the territory of Zemo Svaneti and joins the Enguri River basin,
which in its turn is the main center of the contemporary glaciation in Georgia. During the study,
we used the 1:42,000 scale topographic maps of the 19th century, which were drawn up during the
first topographic survey by using the plane-table surveying method. Also, we used the catalog of
the glaciers of the southern slope of the Caucasus compiled on the basis of the 19th century maps
in 1911 by a well-known researcher of the Caucasus K. Podozerskiy. In order to identify the area
and number of the glaciers of the 60s of the 20th century, we used the work of R. Gobejishvili—the
Georgian glaciologist of the 20th-21st centuries, composed on the basis of 1:50,000 scale topographic maps of 1960. The data of 2014 have been obtained by the Landsat aerial images of L8
OLI/TIRS (Operational Land Imager and Thermal Infrared Sensor) taken in August 2014. In the
mentioned study, except of the old topographic maps and aerial images, we used the climate information that we have collected from Mestia weather stations (Mestia is the regional center of
Zemo Svaneti, where the only operating weather station is located at present). Along with the dynamics of glaciers, the course of the air temperature and atmospheric precipitation has been identified in the 20th century and in the beginning of the 21st century.
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1. Introduction
Glaciers are one of the best indicators of climate change and a nearly global retreat of glaciers has been recently
reported [1] [2]. Moreover, glaciers respond to changes in climate, translating the climatic signal into clearly
observable changes in the landscape. Quantitative information on glacier fluctuations over previous centuries
therefore provides long-term context for recently observed climatic changes of the last several decades [3]-[5].
Measurements of glacier fluctuations can also be used to estimate the glacier contribution to sea-level rise
[6]-[8], and to assess the effect of glacier changes on mountain hydrology and fresh water availability [9]-[12].
Mountain glaciers are a product of climate and are important environmental components of local, regional and
global water cycles. Glaciers are sources of beauty in the mountain landscapes and, in many cases, have been
among the primary agents responsible for forming these landscapes [13] [14].
One region where alpine glaciers exist is the Caucasus Mountains [15]. High Caucasus range is favorable for
the existence of glaciers in Georgia. There are places in certain sections of the range, where its height exceeds
3000 - 3500 meters, by foreseen of the relief and climatic conditions, where the accumulation of solid atmospheric precipitation fallen in the cold period occurs during many years [16].
At present, there are 637 glaciers in Georgia. Contemporary glaciers are mainly concentrated in the Enguri,
Rioni, Kodori and Tergi river basins. Main centers of glaciation are linked to upraised Caucasian watershed range
and Kazbegi massif. There are also the separate centers in the branch ranges of the Caucasus: Bzipi, Kodori,
Samegrelo, Svaneti, Lechkhumi, Khevsureti, Pirikita and others. The glaciers of all expositions can be found in
Georgia today, and among the morphological types the following can be distinguished: compound-valley, simplevalley (with one or multi-cameral firn), cirque-valley, cirque-hanging, hanging and cirque glaciers [16] [17].

2. Stady Area
One of the main centres of mountain glaciation in Europe is the Greater Caucasus Mountains located between
the Black and Caspian Seas in the densely populated southwest of Russia and Georgia [18]. The Greater Caucasus
mountain range is streatched along the territory of Georgia at about 750 km, and according to the morphological
and morphometric characteristics it is divided into the three parts—Western, Central and Eastern [16] [19].
Dolra River basin is located on the southern slope of the Central Caucasus range (Figure 3(a)). The Dolra
gorge has a trough form at a whole length. There is a well preserved cirque in its headrwaters, which is originated due to impact of glaciations in Late Pleistocene. This vast cirque was a feeding area of the old glciation in
Dolra. United ice tongue flowed in the Enguri gorge in Wurm [20].
In Mestia, humid climate with cold winter and long, chilly summer has been formed. Based on the observations of 1936-1960 an average annual temperature for this territory was +5.7˚C, the coldest month (January) average was −6.0˚C. The warmest month (July) average was +16.4˚C, the absolute minimum −35˚C, while the absolute maximum was +35˚C. The sum of active temperatures (above +10˚C) was 2039˚C degrees, the average
annual air relative humidity was 75%, the total annual amount of precipitation was 918 mm, with a maximum
monthly sum which usually fell in October and was 95 mm, while the minimum fell in February (61 mm). The
average annual wind speed equaled 1.1 m/s. Mostly the northern and the south-western winds were prevalent in
the surrounding area [21].
In the Dolra River basin the glaciers are located on the eastern slope of the Kvishi range, on the northern slope
of the Baki range and on the southern slope of the Greater Caucasus between the Mount Donghuzorun (4454 m)
and Mount Ushba (4700 m). Share of the glaciers of the Dolra River basin is 14.86% of the total number and
15.17% of the total area of the glaciers of the Enguri River basin.
Valley-type glaciers create main background for glaciation in the Dolra River basin. The Kvishi glacier with
the area of 7.45 km2 and the Dolra glacier with the area of 5.48 km2 are distinguished by their special sizes.
38.15% of the total area of the glaciers of the Dolra River basin is the share of the above mentioned glaciers.
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The second place occupy the compound-valley glaciers by their area (7.74 km2). There are only two glaciers of
such type (northern Ushba and southern Ushba). Glaciers of other morphological types occupy small area
(Figure 1).
In the Dolra River basin the glaciers of overall southern exposition prevail by their number and area, which
are mainly distributed in the Baki range of latitutdinal direction (Figure 2).
Detail description of the glaciers of the Dolra River basin have V. Rutkovskaia (1933), P. Kovalyov (1961), G.
Kurdghelaidze (1966), R. Khazaradze (1968), R. Gobejishvili (1995) and others.

3. Data Sources and Methods
Maps and the aerial images of different years are needed to describe the dynamics of glaciers. 1:42,000 large
scale topographic maps of the Caucasus were compiled by the plain table surveying method in 1880-1890. In
1911 K.I. Podozerskiy published the first inventory of the Caucasus glaciers, compiling data on the lengths and
areas of all of the glaciers [22]. The data by K. Podozerskiy are obtained just from the maps of 1880-1890; detailed analysis of the data showed that there are many defects in the shape of the glaciers of that time, particularly the inaccessible firn valleys of the valley glaciers are depicted incorrectly. Naturally, this fact will cause a
slight error in the identification of precise areas of the glaciers of that time, but in reality there exist no other data about the mentioned period and these maps are the most reliable source for us.
The old topographic maps were replaced with the new ones in 1960, when during the period of the former
Soviet Union the 1:50,000 scale maps were published with the depiction of quite precise contours of the glaciers
of the Caucasus. R. Gobejishvili gave us new statistical information about the glaciers of Georgia [23].
We made a geo-referencing of the maps of the both periods by using the GIS program, and registered them in
the modern coordinate system (Universal Transverse Mercator, zone 38-North on the WGS84 ellipsoid).
In order to identify the number and area of the glaciers we use remote sensing method, which is an established
way of monitoring the changes in glacier area and positions of glacier snouts.
The Landsat L8 OLI/TIRS (Operational Land Imager and Thermal Infrared Sensor) (USGS) satellite images,
which are taken in August 3, 2014 by using the GIS, we put them in 7-5-3 band sequence and obtained the desired image.
In parallel of the dynamics of the glaciers it is important for us to identify the course of the atmospheric precipitation and air temperatures in the high mountain regions of Georgia during the same period. For this we use
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Figure 1. Distribution of the glaciers in the Dolra River basin according to the morphological types.
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Figure 2. Distribution of the glaciers in the Dolra River basin according to the exposition.
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the meteorological data of the high mountain regions of Georgia such as Mestia—data of 1906-2013 (1440 m
above sea level). The mentioned data has been transferred from the mean monthly into the mean annual and has
been linked to the dynamics of the glaciers.
From 2004 through 2014, every summer season we organize expeditions to almost to all of the glacial basins
of the Caucasus. By using the GPS we survey the ice tongues and record their dynamics. In order to obtain a
high accuracy of the data, we use GPS data along with the old topographic maps and the Landsat space images.

4. Results
By K. Podozerskiy (1911) there were 16 glaciers with the area of 48.5 km2 [24]. By the data of 1960 the number
of the glaciers has increased up to 28 but their areas almost have not been changed—48.6 km2 [24]. When we
compared the topographical maps of the both periods, the analysis showed that the firn valleys are very incorrectly depicted on the old topographical maps. Namely, it concerns to the largest valley glaciers Kvishi, Dolra
and Ushba. There are 40 glaciers there by the data of 2014 with the total area of 33.9 km2.
As the main center of the glaciation in the Dolra basin present the glaciers of Kvishi, Dolra and Ushba, we
will just focus on their dynamics in connection with the climatic elements.
According to the data of 1911 the Kvishi glacier was the compound-valley largest glacier in the Dolra basin,
with an area of 34.3 km2 (Figure 3(b)). In 1960 the area of the Kvishi glacier was 19.1 km2. It was formed by
joining several powerful glaciers and was a glacier of the compound-valley type. During the expedition in 1977
(R. Gobejishvili), the Kvishi glacier was already split and was consisted of four independent glaciers—Kvishi,
Ladevali, Tsalgmili and Lakra. In the aerial image of 2014 it is well seen that there are already five glaciers
there—Ladevali (Figure 3(c)), southern and northern Tsalgmili (Figure 3(d) and Figure 3(e)), Lakra (Figure
3(f)) and Kvishi (Figure 3(g)). This is caused by the fact that after 1977 due to the melting the Tsalgmili glacier
was divided into two parts (northern Tsalgmili and the southern Tsalgmili). The ice tongues of the Kvishi basin
glaciers are separated from each other by ~0.3 - 0.5 km and experience intensive retreating. It should be noted that
if at early times the Kvishi glacier tongue was covered by a very thick loose material (this factor that has always
had a large dead glacier), today the ice tongues of the individual glaciers are characterized by nearly pure surfaces.
Dolra glacier is a valley glacier of south-eastern exposition. As the old topographic map of 1887 shows, the
Dolra glacier contour is depicted quite incorrectly. Respectively, its area (7.9 km2) is wrong in the catalog of K.
Podozerskiy (1911). In 1960 glacier area was 8.0 km2. In 2014—5.5 km2. In 1960 the glacier was ended with the
ice tongue hanged from the ledge, and it experienced strong mechanical destruction. However, compared to the

Figure 3. (a) Location of the Dolra River Basin and retreat of Kvishi (b); Dolra (h) and Ushba (i); (j) glaciers in 19111960-2014.
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other glaciers of the Greater Caucasus, the big indicator of retreating in the Dolra glacier has not been recorded
(Figure 3(h)). One of the factors conditioning this case can be the fact the Dolra ice tongue ends at the highest
elevation—2940 meters above sea level as compared to the glaciers of about the same size in the Enguri River
basin.
Well expressed lateral stade and microstade moraines go along the both slopes of the Dolra River gorge below
the ledge, which allows us to discuss its dynamics after the Fernau stage.
Ushba glacier contour like the Dolra glacier contour is depicted slightly incorrectly in the catalog of K. Podozerskiy; in particular, the firn valley contour of the left flow goes beyond the real firn valley boundaries and includes the larger area. As for the glacier tongue, compared with the ice-tongue depicted in the topographic map
of 1960, is slightly shorter, which in our opinion is not true. According to the catalog of K. Podozerskiy (1911)
the glacier area was 11.3 km2 and it was a compound-valley type of glacier.
Northern Ushba (Figure 3(i)) and southern Ushba (Figure 3(j)) glaciers were presented as one, compoundvalley glacier in 1960 also, its area was 9.5 km2. The glacier was consisted of four flows. Two of the main lefthand flows were flowed down from the Ushba slopes, and the righthand two flows—from the Shkhelda slopes.
The glacier was of overall western exposition. Its ice tongue was ended at a height of 2400 meters above sea
level.
We had the last expeditions to the Ushba glacier in 2012, 2013 and 2014, during which we made a marking
and visual inspection of the glacier tongue. In order to specify the data we compared the materials obtained during the field survey with the latest aero-space images.
Recent data prove that the compound-valley glacier is divided and is presented as two compound-valley
glaciers (each consisting of two flows). As it can be seen from the satellite images, its division would have
happened in the years of 2000-2005, because in the space image of 2000 there can be still observed a little
contact, but in the image of 2014, the northern flow is already distanced from the southern flow. Thus, today we
have two glaciers. Out of them, the main flow is the southern Ushba anyway, its area is 4.7 km2, while the area
of the northern Ushba is 3.0 km2. As a whole, it appears that the glacier area was reduced by 18.6% in the years
of 1960-2014 (Figure 3(i) and Figure 3(j)).
Three medial moraines go along the ice tongue surface (from the middle section) of the southern Ushba glacier, which are adjacent to each other in the last part of the glacier tongue and cover its surface by a powerful loose
material; in spite of it, the medial moraine do not lose their morphological signs due to depressions among them.
Stade moraines of the Ushba glacier are weakly expressed due to the existence of a high ledge there. They are
comparatively well presented in the front section of the ice tongue. Today the ice tongue ends at a height of
2600 m above sea level.
Water stream flowing from the Ushba glacier overflows the ledge in about one kilometer and creates one of
the most beautiful waterfalls in Georgia, the Shtugra waterfall.

5. Discussion
In addition to the old topographic maps and modern space images it is important to take into account the climatic conditions during the study of the glacier dynamics. For this purpose we use the atmospheric precipitation and
air temperature data of Mestia meteorological station [25] from 1906 to 2013 inclusive. The mentioned weather
station is located in the north-east from the Dolra basin at about 20 kilometers away at a height of 1440 m above
sea level and at present it is the only active weather stations in the Zemo Svaneti region.
Mean monthly air temperature data was transferred into the mean annual data. Because the changes in the
number and area of the glaciers are given in the two periods, for more precision the air temperatures were divided into the two periods as well, in the periods of 1906-1960 and 1961-2013.
The course of the mean annual temperatures of 1906-1960 shows that the trend is negative, or the overall reduction in the air temperature is observed (Figure 4). If we compare the mentioned data with the changes in the
number and the area of the glaciers, we will see that the number of the glaciers has increased from 16 to 28 in
the period of 1911 to 1960, while the area is almost the same (Figure 8). Again in this case we are dealing with
a slight inaccuracy which was made during the compilation of the old maps of K. Podozerskiy. It is natural, that
without changing in the area of the glaciers their number would not be able to grow. As for the air temperature,
it was identified that the mean multiannual air temperature of 1906-1960 is +5.9˚C. When this data was compared with the mean secular temperature, we got no difference, because the mean secular temperature is exactly
+5.9˚C.
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Figure 4. The course of the Mestia meteorological station’s mean annual air temperatures in 1906-1960.

As for the period 1960-2014, the temperature trend is positive here, or we are dealing with the mean annual
temperature rise (Figure 5). The data of this period is high by +0.1˚C (+6.0˚C) compared to the mean secular
temperature. If we compare these data in comparison with the changes in the number and area of the glaciers, we
will see that within the same period the area of the glaciers has reduced from 48.6 km2 to 33.9 km2, while the
number of the glaciers has increased from 28 to 40 (Figure 8). Increase in the number of the glaciers is mostly
connected with the reduction of the Kvishi glacier. After its degradation, from 1960 to the present day, one
glacier of compound-valley type was replaced by about 15 small size simple valley and even smaller cirque type
of glaciers. In addition, the Ushba glacier was divided into two parts after 1960 and now it is in the form of two
glaciers. And around the Dolra glacier there are the other three small glaciers presented.
It is interesting to compare the temperatures and annual precipitation course with the glaciers changing. Unfortunately, we do not have the data on atmospheric precipitation over the past century. The mentioned data we
have only in the years of 1961-2010 (Figure 6).
The figure shows that the precipitation trend is positive, but if we take the precipitations by individual months,
the trend is negative here, for example the December month precipitations (Figure 7). In addition, as since 1960
to 2013 the air temperatures trend is clearly positive, it is likely that in some cases the places where the precipitation was falling as snow, today falls as rain. But it is impossible to tell it with preciseness, because we do not
have such detailed data on precipitation.

6. Conclusions
Finally, as a result of the conduced research, we conclude that in the years of 1911-1960 the number of the
glaciers in the Dolra River basin was increased by 42% but the area remained almost the same (Figure 8), which
is stipulated due to the mistakes made in the old topographic maps. The course of the air temperatures in the
same period is characterized by a negative trend.
As for the years of 1960-2013, the area of the glaciers was reduced by 30.2% in this period, and their number
was increased by 42.9% (Figure 8). The air temperature trend is positive in the same period and the mean air
temperature is higher than +0.1˚C than the mean secular temperature. The atmospheric precipitation trend is
positive as well, but the December month is characterized by decrease in precipitation.
The increasing of the glaciers number in parallel with the reduction of their area in the Dolra River basin in
the last 54 years does not correspond to the common course of the similar data of the other river basins on the
southern slope of the Caucasus in the same period. During the last half century, nearly in all of the river basins
the decreasing of the glaciers number in parallel with the reduction of their area is observed (with the exception
of only a few of the river basins, where the decreasing of the glaciers number in parallel with the reduction of
their area is not observed, for example the Bzipi River basin, where there were 18 glaciers in 1960 and their
number is still the same by the data of 2014). Even in the Enguri River basin, the basin of which the Dolra River
represents, the area of glaciers was reduced by 32.8% in 1960-2013, and their number was decreased by 10.0%.
The reason of the simultaneous reduction in the number and area of the glaciers on the southern slope of the
Caucasus in the mentioned period was the fact that most of the glaciers in Georgia in the 1960s were the small
cirque type of glaciers, which were melted completely during the last half century [16].
In conclusion, during the last one hundred years the area of the Dolra River basin glaciers was reduced by
30.1% and their number was increased by 150.0%.
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Figure 5. The course of the mean annual air temperatures of the Mestia weather station in 1961-2013.
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Figure 6. Sums of the annual atmospheric precipitation of the Mestia weather station in 1961-2010.
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Figure 7. Sums of the December atmospheric precipitation of the Mestia weather station in 1961-2010.
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