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Abstract

The article considers the variability glaciers parameters of Headwaters of the Enguri River in the
years of 1960-1986-2014. The headwaters of The Enguri River are located on the southern slope
of the Greater Caucasus, in Georgia. Detailed morphologic and morphometric description of glaci-
ers is given. During our research, we used the topographic maps of 1960 and Landsat L5 TM
(Thematic Mapper) aerial images, taken in August 1986 and 2014, and the GPS data of 2014. In the
mentioned study, except for the old topographic maps and aerial images we used the climate in-
formation that we have collected from Mestia weather station (Mestia is the regional center of
Zemo Svaneti), which is the only operating weather station in region. Along with the dynamics of
glaciers the course of the air temperature has been identified, mainly trends of mean annual and
monthly air temperatures for different periods 1961-2013, 1961-1986, 1987-2013 are made. Ac-
cording to them, main reasons for glacier retreat are analyzed.
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1. Introduction

Glaciers and the area occupied by them are the integral part of environment. They always play an important role
in the evolution of natural conditions and, proceeding from this, in the evolution of the biosphere [1]. It is wide-
ly recognized that glaciers are highly sensitive to climatic change, and much research has focused on their recent
(1950s onward) response to increased global temperatures in an attempt to evaluate future changes under given
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climate scenarios [2]. Recent atmospheric warming has caused increased mass loss of glaciers all over the world
[3] [4], which significantly contributes to present sea-level rise [5] [6] and affects the runoff regimes of glacie-
rized catchments in different regions around the globe [7]-[9].

Mountain glaciers are highly sensitive to variations in temperature and precipitation [10] and thus represent a
good indicator of climate changes over recent centuries [11] [12]. Since the end of the Little Ice Age (LIA),
mountain glaciers have retreated significantly, a trend that has accelerated over the last few decades and is ex-
pected to persist in the coming century [13] [14].

In order to make an accurate assessment of the contribution of glaciers to the global water balance, it is ne-
cessary to monitor changes in the areal extent of glaciers, as well as other parameters such as their volume and
mass balance [15]. Additionally, very small glaciers are often under-represented in glacier inventories. Although
these glaciers only represent a small fraction of the cryosphere, they are very important water resources to local
communities, and play a significant role in the water budget of many regions of the world, where their summer
melt strongly determines the seasonal runoff regime. Regular monitoring of their behavior assumes added im-
portance given that smaller glaciers are known to respond more rapidly to climate change [16]. Glacial melt wa-
ters are one of the main factors in river runoff formation in the mountainous areas of Georgia. Their erosive ac-
tion is determined by the ablation intensity during the day [17].

2. Study Area

The Caucasus is one of the major mountain systems in Eurasia [17] [18], stretching ~1300 km from the Black
Sea in the west to the Caspian Sea in the east [19]. The Caucasus mountain range is streatched along the territory
of Georgia at about 750 km, the glaciers are concentrated in the southern and partly in the northern slopes of the
watershed range, as well as in the side range and branch-ranges of the Greater Caucasus [1]. According to the
morphological and morphometric characteristics the Greater Caucasus can be divided into three parts within
Georgia—Western, Central and Eastern [1] [20].

Central Caucasus sector is the highest hypsometrically; it is characterized by a complex geological structure
and is very interesting by glacial-geomorphological point of view. Its western boundary coincides with the
Dalari pass and runs along the Enguri-Kodori Rivers’ watershed (Kharikhra range), while its east boundary co-
incides with the Jvari Pass and then runs along the bottom of the river gorges of Tergi-Bidara-Mtiuleti’s Aragvi
[21]. Orographic structure of the southern slopes of the Central Caucasus is different from the similar slopes of
the Eastern and Western Caucasus. It is characterized by a large extent and great depth of fragmentation. Ero-
sion and tectonic processes are important in the formation of contemporary relief, while the glacial processes
—in the high mountain zone.

The headwaters of the Enguri River embraces the Central Caucasus (Figure 1) from the Mount Gisstola to the
Mount Namkvani, or the headwaters of the Enguri River itself and the river basins of its righthand tributaries—
Adishura and Khaldechala. In the literature this section of the Greater Caucasus is known as a Bezingi Wall. The
southern slope profile the Bezingi Wall is short and steep, which fully reflects the name of the “Wall” (wooden).
There are peaks with the height of over 5000 meters.

There are large valley glaciers in the territory within the mentioned frames, such as: Adishi, Khalde, Shkhara
and Namkvani. The river gorges have well expressed trough forms along their entire length.
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Figure 1. Location of the Enguri River headwater.
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Morphologically the largest area is occupied by the compound-valley glaciers, while by the number dominate
the hanging glaciers. According to the area the valley glaciers are in the second place (Figure 2). As for the ex-
position of the glaciers the first place by the number and area belong to the glaciers of the overall southern ex-
position. There is only one glacier with the western exposition.

3. Data and Methods

Many of the world’s glaciers are in remote areas, meaning that land-based methods of measuring ice volume and
velocity changes are expensive and labour-intensive. Remote-sensing technologies have offered a solution to
this problem [22]-[27], through the use of Landsat satellite imagery.

We seek to reconstruct the extent of Glaciers in Headwaters of The Enguri River using archival and modern
datasets. Baseline data come from 1:50,000 topographic maps drawn up in the 1960s by the Department of
Geodesy and Cartography of the former Soviet Union. These maps are in the Pulkovo-1942 projection. We used
standard transformation parameters to re-project the maps in Universal Transverse Mercator (UTM), zone 38-
North on the WGS84 ellipsoid, to facilitate comparison with modern datasets.

The modern sequence of glacier terminus positions is established using cloud-free Landsat Thematic Mapper
(TM) images collected on August 6, 1986 (Landsat 5) and August 8, 2014 (Landsat 5). Rugged terrain in the
study area means that each image must be orthorectified, which we accomplish using the digital elevation data-
set. TM images have a pixel resolution of 28.5 m for the visible bands used in this study. Generating a time se-
ries requires all images to be accurately co-registered to one another. To facilitate mapping the glacier bounda-
ries, we produced a color-composite scene for each acquisition date, using bands 7 (short-wave infrared), 4 (near
infrared) and 2 (blue). Each glacier boundary was manually digitized by a single operator. Manual digitizing by
an experienced analyst is usually more accurate than automated methods for glaciers with heavy debris cover
[28], such as Glaciers in Headwaters of the Enguri River. Combining the images with the baseline topographic
map allows us to estimate the variability of Glaciers in 1960-1986-2014 years.

It is important the existence of climate elements especially air temperature data to study the dynamics of gla-
ciers. We managed to obtain the average daily air temperature data of Mestia weather station since 1960 till
2013 from the National Agency of Environment.

The temperature anomalies for the last 53 years were restored by the above mentioned climatological infor-
mation. The mean monthly and multi-year mean temperatures were calculated as for whole period as well as
1961-1986 and 1987-2013.

During a brief follow-up field visit on August 2014, we surveyed the terminus using global positioning
system (GPS) methods.

4. Results and Discussions

Large changes in mountain glacier dynamics are usually only apparent over periods of decades [29]-[33]. Be-
cause our aim was to determine changes of quantity and areas of glaciers not for any short period, but for last
half century.

By the data of 1960 there were 21 glaciers in the basin with the total area of 34.4 km? (Figure 3(a)). By the
data of 1986 there were 24 glaciers in the basin with the total area of 29.9 km? (Figure 3(b)). According to the
last years field studies and the data of space images of 2014 we have 23 glaciers there with the total area of 27.1
km? (Figure 3(c)). This is 12.13% of the total area of the glaciers of the Enguri River Basin.
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Figure 2. Distribution of the glaciers in the Enguri River headwaters according to the

morphological types.
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Figure 3. Glaciers of the Enguri River headwaters in 1960 (a); 1986 (b); 2014
(©).

89.0% of the entire basin area is a share of 4 main glaciers—Adishi 9.5 km?, Khalde 8.8 km?, Shkhara 3.6
km? and Namkvani 2.3 km? The sizes of the rest of the glaciers do not exceed 1.0 km?.

Adishi glacier is one of the beautiful glacier in the Greater Caucasus, it is divided into three parts: with the
firn valley above 3800 meters, which is surrounded by the high peaks (Tetnuldi, Adishi, Gistola, Lakutsa, etc.),
also with the grandiose icefall (~1000 - 1300 meters in height) and the classic ice tongue. The Adishi glacier is a
valley glacier with the south-western exposition.

The second section of the glacier—the icefall is of grandiose sizes; the glacier tongue flows down to the
height of ~1500 meter by the angle of ~50° and make visitors admired. The icefall is 700 - 800 meters in width.
It is characterized by disordered cracks. There are many seracs and clifs there. The icefall is halted at a side of
Tetnuldi at a height of 40 - 50 meters. In this section the glacier experiences an intense mechanical destruction.
Demolished ice accumulates at the base of the icefall and creates a cone of it, which joins the glacier tongue lat-
er.

The shape of the glacier changes dramatically from the ice base (2650 m); the tongue slightly inclined (~10° -
15°) and in a shape of a beautiful fan ends at the height of 2485 meters above sea level. The ice tongue length is
~2.5 kilometers. According to the description of 1960 the glacier tongue was covered with a small amount of
weathered material, but the last visual inspection and observation of space image shows that the amount of wea-
thered material has sharply increased, especially in the sides and in the last part. The tongue is raised in the cen-
tral part. The ogives stretch along the entire length of it and give a peculiar air to its beauty. The surface of
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glaciers is wavy, with numerous glacial wells, mills and ablation forms. There are many groove and gorges in its
surface created by melted water. Glacier surface devoid of cracks, they are only found in its sides and at the
bottom of the icefall.

The well expressed stade moraines stretch along the both sides of the glacier ice, which make curve after ~1.5
km from the end of the tongue and transform into the terminal stage moraine. Micro stade moraines are devel-
oped on the slope of the stade moraine in front of the glacier and at the bottom of the gorge. Directly in front the
ice tongue there can be found several annual curve hillocks.

The area of Adishi glacier was 10.5 km? and tongue was terminated on 2330 m. a.s.l., in 1960; The area was
9.7 km? and tongue was terminated on 2400 m. a.s.l. In 1986, while it was 9.5 km? and tongue was terminated
on 2485 m. a.s.l., in 2014. The glacier length has shortened by ~0.5 km between 1960-2014 (Figure 4, Table 1).

Khalde glacier is a compound-valley glacier with the south-western exposition. The firn valley is surrounded
by the highest peaks of the Greater Caucasus mountain range (Shkhara, Pushkin peak, Janga, Rustaveli peak,
etc.), the heights of which exceed 5000 m. In the upper part it is represented by the three icefalls, which are cha-
racterized by a large fracturing. The icefalls are combined at a height of 2800 meters. And below, the ice tongue
changes its direction to the south-west and ends at a height of 2545 meters. At the place of junction the glacier
expands and creates the vast stadium, below of which the glacier flows as one powerful flow.

The variability of morphological parameters of Khalde glacier in 1960-1986-2014 is shown in Table 1.

The end part of the glacier tongue is covered with a thick moraine cover which protects the glacier surface
from the intensive melting. That is why in the years of 1960-2014 the average annual retreat of the Khalde
glacier is fixed ~5.5 m/year. This is the lowest figure in this size of glaciers of the Greater Caucasus. There are
two medial moraines in the middle of the glacier tongue. Stade moraines stretch along the both sides of the
Khalde glacier, which make curves and transform into the terminal moraine.

Shkhara Glacier is a compound-valley glacier with the southern exposition. It consists of three flows that are

Figure 4. Adishi Glaciers tongue in 1960 (a); 2014 (b).

Table 1. Variability of morphological parameters of Adishi, Khalde and Shkhara glaciers in 1960-1986-2014.

Glacier name Years Area km? Height of the tongue m. a.s.l. Length km
1960 10.5 2330 7.4
Adishi 1986 9.7 2400 7.2
2014 9.5 2485 6.9
1960 10.9 2480 7.8
Khalde 1986 9.5 2520 7.6
2014 8.8 2545 75
1960 5.0 2490 4.0
Shkhara 1986 4.0 2500 39
2014 3.6 2545 3.7
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combined at a height of 2900 meters above sea level. From there the ice tongue is of south-western direction.
The glacier tongue is quite cracked, especially its right section. From the middle part of the glacier’s surface is
covered by loose material. Its surface is rich in ablation forms.

The area of Shkhara glacier was 4.0 km? and tongue was terminated on 2490 m. a.s.l., in 1960; The area was
3.9 km? and tongue was terminated on 2500 m. a.s.l. in 1986, while it was 3.7 km? and tongue was terminated
on 2545 m. a.s.l., in 2014. In 1960-2014 the glacier length shortened approximately by ~0.3 km (Table 1).

As the glacier surface is covered with a thick weathered material, the ice melt very weak. In the years of
1960-2014 the retreating indicator is ~5.5 meters per year. Unlike the ice tongue it seems that the melting is
quite intensive in the feeding area, because all of the three flows are weakened compared with the year of 1960.

There are well expressed lateral stade moraines to the both sides of the glacier, which are ended by the
terminal moraine.

For the investigation of Dynamics of glaciers is important to analyze the climatological information, mainly
air temperature data and precipitation for the same period. In investigated area the meteorological observation
was started in 1930 and nowadays Mestia meteorological station is the only station and is located at 1440 m.
a.s.l. (Figure 1).

Mestia multi-year mean air temperature was calculated for the last 53 years, which made +6.0°C. The diagram
of mean monthly temperature anomalies for 1961-2013 was made (Figure 5) by those temperature data.

From the diagram is shown that long-term trend is a positive. The warm anomaly periods were: 1966-1968,
1994-1997, 1998-2002 and 2008-2012. The negative anomaly periods were: 1964-1965, 1983-1986, 1988-1994
and 2003-2008.

As our research period comprises approximately last 50 years we it divide into two periods 1961-1986 and
1987-2013. As we have mentioned above Mestia multi-year mean air temperature made +6.0°C. In the same pe-
riod the temperature trend is a positive (Figure 6). The analysis of only 1961-1986 period shows that the air
temperature is lower by 0.2°C than multi-year mean and makes +5.8°C. Also the temperature trend is a negative
(Figure 6). The multi-year mean of 1987-2013 period is the highest and makes +6.1°C. The temperature trend is
a sharply positive (Figure 6).
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Figure 5. The Mestia temperature anomalies during the 1961-2013.
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Figure 6. Trends of mean anual air temperatures for 1961-2013, 1961-1986, 1987-2013.
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Figure 7. Mean monthly air temperatures for 1961-2013, 1961-1986, 1987-2013.

According to the data of Mestia meteorological station the warmest month is July in the region. July mean
temperature is +16.6°C, August is +16.3°C, and June is +13.8°C. The glacier melt in the Caucasus is particularly
strong in June, July and August (JJA) and variations in JJA temperatures are of particular importance [34].

The mean monthly temperatures were also divided into two periods (like a multi-year mean) 1961-1986 and
1987-2013. This revealed that July mean temperature for 1961-1986 was lower by 0.2°C, and July mean tem-
perature for 1987-2013 was higher by 0.3°C compare with July mean temperatures for 1961-2013 (Figure 7).

From the figure is also apparent that the period from June to November and January itself for 1987-2013
compare with the same period for 1961-2013 is characterized by high temperatures. This condition is directly
connected with the intensity of glacier melt.

5. Conclusions

Changes in the dynamic parameters even of relatively small glaciers may have a disproportionately large impact
on climate [35]. So, the relatively small scale research outcomes may be of particular importance for studying
the regional climate change.

The investigation revealed that the area of glaciers has retreated by 21.3%, and their quantity has enhanced by
9.5% in the source of Enguri River headwaters. Several small size glaciers were developed due to the melt in the
firn area of the Khalde glacier, while reduction of glacier quantities together with shrinking of their areas was
observed almost in all glacial basin of the Southern slope of the Caucasus during the same period.

In the mentioned period was not observed so large retreat of glaciers. The less rate of retreat is fixed on
Shkhara and Khalde glaciers and makes ~5.5 m/year, the largest retreat on Adishi glacier compiles ~9.3 m/year,
accordingly the tongue of Adishi glacier was lifted higher compared with other glaciers, particularly from 2330
m up to 2485 m.

The trends of mean annual air temperatures and their anomalies are positive for 1960-2013. The mean annual
air temperature for 1987-2013 is higher (+0.1°C) compared with long-term mean. Also the period from June to
November and January itself for the last 27 years is characterized by high temperatures.

The results of our investigations coincide with the general picture running in southern slope of the Caucasus
in last half century. Particularly in the same period together with increasing of air temperature almost in all gla-
ciated basin reduction of glacier quantity and area is observed.
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