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Abstract: Investigating the causes of the spatial heterogeneity of glacial changes offers vital information
about glacial behavior and provides forecasting ability to define where glacier retreat may occur
in the future. This study was designed to determine the spatial distribution of Ağrı Mountain
glacier vulnerability. The main goal of the current study was to assess the forecasting capabilities
of Geographical Information System (GIS)-based Multi-Criteria Decision Analysis (MCDA) for
determining the location of the mountain glacier retreat. To estimate the glacier retreat, the following
criteria were selected: elevation, aspect, slope, direction, and glacier surface temperature anomaly
(GSTA). The entropy method was used for weighting the criteria for the evaluation of the vulnerable
areas of the glacier. The results of this method clearly indicate a strong relationship between GSTA,
direction, and elevation criteria and glacier retreat. The glacier vulnerability map was created by
synthesizing criteria layers with their weights. The vulnerability map provided a consistency of
77.8% in the short term and 92.1% in the long term. In the study, the priority melting zones were
determined and glacial retreat locations were forecasted in 10-year periods.

Keywords: glacier retreat; GIS; MCDA; vulnerability analysis

1. Introduction

Glacier changes are an important component of the climate system and play a key role in climate
change [1]. Therefore, these changes are regarded as highly reliable indicators of global warming
trends and used for early detection strategies in global climate observations. For more than a century,
there has been a gradual decrease in the number of glaciers throughout the world [2]. Some glaciers
have disappeared completely while many others are dramatically retreating and are predicted to
disappear within a matter of decades [3].

Traditionally, glacier changes have been studied in many types of research using in situ
measurements [4–7]. To date, a major part of the studies on this subject has been carried out using
remote sensing techniques [8–12] and geographical information systems (GIS) [13–16]. With the recent
developments in satellite and aerospace technologies, it is now possible for scientists to investigate
challenging and extensive areas in a shorter time through remote sensing applications. Glacier changes
can be analyzed using active or passive remote sensing systems. The use of passive system satellite
sensors, which produce significant results in examining glacier changes, is also gradually increasing [1].
Recent advances in GIS methods have further facilitated the investigation of glacier changes, and GIS
has become an increasingly important tool for such studies [17].

Major issues in remote sensing and/or GIS studies on glaciers are the temporal changes [18–21],
hydrological and/or meteorological assessment [22–24], and the relationship between climate trend
and glacier retreats [25,26]. Overall, these studies highlight the temporal changes in glaciers from past
to present. However, to date, there is not enough discussion about forecasting glacier retreat. One of
the biggest challenges in forecasting glacier retreat lies in the identification of possible melting regions
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by determining the spatial distribution of glacier vulnerability. The majority of these studies aimed to
model the relationship between glacial and hydrological change. By this way was forecasted outburst
flood potential [27,28], glacier lake changes [29,30], and water resource changes [31]. These studies were
generally carried out on glaciers that cover extensive glacial areas and have important hydrological
connections, so the main goal in these studies was the hydrological effects of glacier regressions.
A neglected area in such studies is to forecast and understand the effects arising from the glacier
topography and geometry. Although they are exposed to the same climatic characteristics and
have no significant hydrological connection, small glaciers and ice caps in mountainous areas show
heterogeneity in glacier retreats. Some of the most important reasons for this heterogeneity are
local topographic and geometric effects. Results show that topographical glacier parameters exercise
great controls on mutual variations and, thus, the response of the glacier to the similar climatic
environment [14].

There are important studies in the literature examining these effects (elevation, slope, aspect, etc.)
that cause heterogeneity on glacier retreat [14,20,32–34]. The previous study especially focused on the
topographical analysis of glacier retreat and glaciation on Mount Agri [34]. However, these studies
observed the effects one by one and/or interpreted the effects of some of them together with visual or
statistical analysis. In order to model spatial heterogeneity of glaciers and forecast the future accurately,
it is necessary to evaluate all these effects together with their weights. However, to the best of our
knowledge, only a few studies are addressing these issues, as given below.

Strigaro et al. (2016) aimed to evaluate glacier behavior using a GIS-based simple spatialized
model to obtain spatial simulations of glacial withdrawal and to evaluate future scenarios with a spatial
representation. This model uses a georeferenced dataset that includes orthophotos, digital elevation
models (DEMs) and boundary polygons. In the study, the Rutor glacier was chosen to assess the
model. The future behavior of the Rutor glacier was simulated from 2005 to 2100 using climate
scenarios [13]. Yang et al. (2015) developed a glacial numerical model using remote sensing and
GIS-based spatial principle component analysis on China’s mountain glaciers. Nine factors were defined
in the model as: slope, aspect, hillshade, elevation, air temperature, precipitation, glacial area change
percentage, glacial type, and glacial area, describing topography, climate, and glacier characteristics.
The vulnerability of glaciers to climate change was evaluated on a regional scale in the period 1961–2007
and the 2030s and 2050s [16].

An assessment of the vulnerability of glaciers to climate change provides the basis for scientific
adaptation to glacial differences [16]. For this assessment, a set of factors must first be determined
and then evaluated according to their importance [35]; however, it is very difficult to overcome
the complexities of the phenomenon. GIS-based multi-criteria decision analysis (MCDA) plays an
important role in addressing the challenges encountered in vulnerability analyses [36–39]. This study
aimed to explore the use and forecasting capabilities of the GIS-based MCDA model, which is used the
first time for determining vulnerable glacier zones. This case study sought to examine the changing
nature of the glacier. Furthermore, the impact grades of the topographical factors on glacier retreats
were analyzed. In this study, the GIS-based MCDA method was applied in the vulnerability analysis
for the forecasting of glacier retreat zones in Ağrı Mountain.

2. Study Area

The study area is Ağrı Mountain, the largest glacier in Turkey classified as an ice cap. The mountain
has two summits: Ataturk (5137 m) and Inonu (3898 m). For the study, the focus was on the Ataturk
Summit, on which the ice cap is located, as shown in Figure 1. There is no other glacier in the immediate
vicinity of Ağrı glacier. The glacier is located at the highest altitude in relation to its immediate
surroundings; therefore, the effects on the glacier can be observed more precisely.
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Figure 1. Study Area (Ağrı glacier).

Ağrı glacier lies between 39◦40’ and 39◦45’ north latitude and 44◦15’ and 44◦20’ east longitude
in Iğdır province. There has been a dramatic glacier retreat in recent years. In previous studies on
glaciers in the literature, Blumental (1958) and Ciner (2004) reported that in the Pleistocene, the ice area
was approximately 10 km2, and the glacier area was probably 100 km2 [40,41]. Kurter and Sungur
(1980) limited the ice cap to an area of 10 km2 [42]. Sarıkaya (2012) calculated the area changes on the
glacier from 1976 to 2011 using satellite images and found that 29% of the glacial surface of Ağrı melted
and the average summer temperature increased continuously [43]. Yavasli et al. (2015) examined all
glaciers in Turkey from the 1970s to 2013 based on satellite images. The authors reported that the main
reason for the loss of the glacier area in Turkey was the increasing surface temperature [44]. Yalcin et al.
(2017) evaluated the spatial–temporal changes of glaciers using the normalized difference snow index
(NDSI) and a two-band ratio technique. As a result, it was reported that approximately 39% of the
glaciers melted from 1987 to 2015 in the last three decades [45]. Yalcin (2019) investigated the effects of
topographic features, namely aspect, slope, elevation, and direction on glaciation and glacier retreat
for Ağrı Mountain. A significant spatial correlation was observed between the topographic parameters
and glacier distribution. The study was focused only on the topographical analysis of glacier retreat
and glaciation. Yalcin (2019) highly suggested that a model should be created to forecast future glacier
retreat zones [34]. The proposed model was achieved using GIS-based MCDA in this study and the
weights of the criteria that affect the glacier retreat according to the relative importance were calculated
by the Entropy Method. In addition, future glacier retreat zones in Ağrı Mountain are forecasted in
this paper.

3. Materials and Methods

It is necessary to know the effect of topographic structure and some meteorological factors on
glacier distribution to determine the spatial patterns of glacier vulnerability. Especially in small regions
(mountain ice caps) exposed to almost similar meteorological effects, the topographic structure has
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greater effects, which need to be evaluated together with their weights to perform a vulnerability
analysis, an issue that can be considered as a spatial decision problem.

Spatial decision problems typically involve multiple, conflicting and incommensurate evaluation
criteria. Individuals, decision-makers, managers, stakeholders or interest groups are typically characterized
by unique preferences concerning the relative importance of criteria on the basis of which the alternatives
are evaluated. The presence of these spatial decision problems led to the development of GIS-based
MCDA [46]. In this study, the vulnerability of Ağrı glacier was determined using this technique.
The procedure used in the study is presented in the flow diagram given in Figure 2.

Figure 2. Flow diagram of the study.

Firstly, the criteria were selected according to the problem. Criteria layers and their classes
were created using the data gathered from remote sensing sources on various dates. The weighting
process was performed to investigate the relative importance of each criterion and each class of
the criteria. The Entropy Method was used to predict the weight of each criterion. In the study,
two different vulnerability maps were produced. In the first vulnerability map, which is based on
1987, glacier borders were used for validation of the model consistency. Highly vulnerable areas
were considered for validation. This map was classified according to the melting area of all periods.
The second vulnerability map, which is based on the 2015 glacier border, was used for forecasting
future melting zones. The future priority melting regions over the last used glacier boundaries (2015)
were determined according to the melting rate between 1987 and 2015. Considering that the previous
melting rate continues, it was calculated that the permanent glacier will melt by 2065, so the future
scenario was designed between 2015 and 2065.
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Data management and analysis were performed using ArcGIS software. In this study, the remote
sensing data were used to delineate the glacier boundary, create GSTA and produce a digital elevation
model (DEM).

The glacier boundaries were previously delineated by the NDSI technique using LANDSAT
images for five different dates: 2 August 1987, 31 August 1989, 16 August 1998, 25 August 2013,
and 15 August 2015 (Yalcin 2019). In addition, four melting periods (1987–1989, 1987–1998, 1987–2013,
and 1987–2015) were generated. Furthermore, the thermal infrared (TIR) bands of these data were
used for producing GSTA.

The DEM generated from Shuttle Radar Topography Mission (SRTM) data was used to create
elevation, slope and aspect criteria layers. The resolution of the sampled data was 30 m with <=16 m
absolute vertical height accuracy, <=10 m relative vertical height accuracy and <=20 m absolute
horizontal circular accuracy [47].

3.1. Decision Criteria

Decision problems depend on a set of criteria that include attributes and objectives, and should
possess some properties to adequately represent multi-criteria [48]. The set of evaluation criteria can
be defined by the relevant literature, analytical study, and expert opinions [49–52]. Each criterion must
be comprehensive and measurable [48].

Topographic effects are the reason for heterogeneity in glacial withdrawals in mountainous
regions. The results show that topographic glacier parameters exert great control over mutual
variations and therefore the response of the glacier to a similar climatic environment [14]. The study
area, Ağrı Glacier, is relatively small, so all the areas are exposed to the same meteorological
conditions (perception, air temperature, humidity, etc.) and have no significant hydrological connection.
Therefore, while determining the criteria, topographic effects were emphasized and extensive literature
research was conducted.

In a previous study, it was observed that the topographic factors, such as slope, direction, aspect,
and elevation, affected glacial retreat in the study area. The effects of each topographic factor on glacier
regression were examined one by one [34]. Although aspect and direction criteria sound similar, there is
an important nuance between them. Direction criteria indicate the direction parts of the mountain
or hill, while aspect criteria refer to a surface or slope direction of a piece of land, regardless of the
mountain or hill directions. For example, a piece of land is located on the south face of the mountain
(direction), but the same piece of land faces the east direction (aspect). In addition, glacial melting is
largely dependent on the glacial surface temperature (GST), which reflects the heat distribution and
determines the amount of retreat on the glacial surface. For this reason, the correct uptake of GST
in mountain glaciers is of great importance in the future development of energy–mass balance and
glacial hydrology models that reflect the development of these sensitive systems. In the small regions,
the heterogeneity of GSTA mostly results from the topography [53]. Therefore the GSTA criterion
includes the topographical criteria and the criterion strengthens the topographical effects on the model.
In light of this information, the following criteria were selected for the current study: elevation, aspect,
slope, direction, and GSTA.

3.2. Evaluation Criteria

In GIS-based MCDA, each criterion should be created as a map layer in the GIS database. The layers
representing the evaluation criteria associated with objectives indicate the generic nature of the criterion
concept and emphasize the attribute–objective relationship(s) [52,54,55].

The aspect, slope and elevation criteria layers were derived from the DEM data. Firstly, the DEM
data were classified into 100-meter intervals from 3686 to 5137 meters to create the elevation criteria
layer. Then, the slope and aspect criteria were extracted. The aspect criteria were divided into
north, south, east, west, northeast, northwest, southwest, and southwest. The slope criteria layer was
classified into 14 classes at 5-degree intervals from 0 to 70 degrees. The study area was divided into
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eight regions as north, south, east, west, northeast, northwest, southeast, and southwest by accepting
the summit of the mountain as the center. Finally, the GSTA layer was derived from the TIR bands
of the LANDSAT satellite images. All the criteria layers were masked by the 1987 glacier boundary
shown in Figure 3.

Figure 3. Criteria layers.
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3.3. Weighting

The weighting methods frequently used in MCDA include trade-off analysis, ranking, rating,
and pairwise comparison [35]. However, these methods are subjective since they are based on expert
opinions or polls. Alternatively, the Entropy Method and the Frequency Ratio (FR) model are used to
deterministically determine the weights according to the conditions of the study area on a regional scale.

FR is the ratio of the probability of an occurrence to the probability of non-occurrence for given
characteristics [56,57]. For glacial melting, FR refers to the ratio of the area where the glacial retreat
occurs to the total study area and the ratio of the probabilities of melting for given classes of factors.

The level of entropy represents an approximation of the normal distribution of probability.
The entropy index shows the degree of irregularity in the environment. It also expresses which
parameters are best suited for the development of mass movements in a natural environment [58].
The Entropy Method is often used for calculating the landslide susceptibility index [58–61]. In this
study, the Entropy Method was adopted for determining the vulnerable areas of Ağrı glacier. Below are
the equations used to calculate the coefficient Wj representing the weight value of the criteria as
a whole.

PiJ = FR =
b
a

, (1)

(PiJ) =
PiJ∑SJ

J=1 PiJ

, (2)

HJ = −

SJ∑
i=1

(
PiJ

)
log2

(
PiJ

)
, j = 1, 2, . . . , n, (3)

HJmax = log2 S j, (4)

IJ =
HJmax −HJ

HJmax
I = (0, 1), J = 1, 2, . . . , n, (5)

W j = IJPiJ, (6)

where a and b are the domain and melting percentages and PİJ refers to FR and it also expresses as
calculated probability, (PİJ) is the probability density, S j is the number of classes, HJ and HJmax are
entropy values, IJ is the information coefficient, and W j is the weight of factors. The range of W j varies
between 0 and 1.

3.4. Synthesizing

The pixel values of each criterion layer were multiplied by their weights and the sum of these
values was calculated to produce the synthesis layer. The final glacier vulnerability map was produced
using the following equation:

YIOE =
n∑

i=1

z
mi
×C×WJ, (7)

where YIOE is the sum of all the classes; i is the number of the particular factor map; z is the number of
classes within the parametric map with the greatest number of classes; mi is the number of classes
within a particular factor map; C is the value of the class; and WJ is the weight of the criteria [58].

4. Results

4.1. Glacier Vulnerability Map

Firstly, the criterion layers were masked by the 1987 glacier boundary. Then, the melting areas
between 1987 and 2015 were identified on these layers. The FR and Entropy Method were used to
create Table 1 to present the data from all the criteria layers.
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Table 1. The process of weight calculation.

Criteria Classes Glacial Area
(m2)

Glacial Area
Ratio (a)

Melting Area
(m2)

Melting Area
Ratio (b)

FR
(b/a) (Pij) Pij

(Mean) Hj Hij max Ij Wj

Elevation (m) 3600–3700 1983 0.0002 1983 0.0006 2.5916 0.1256 0.0625 3.6308 4.0 0.0923 0.0058

3700-3800 56,777 0.0061 56,777 0.0158 2.5916 0.1256

3800–3900 147,274 0.0158 132,894 0.0370 2.3385 0.1133

3900–4000 164,877 0.0177 117,274 0.0327 1.8433 0.0893

4000–4100 284,135 0.0306 232,564 0.0648 2.1212 0.1028

4100–4200 539,261 0.0580 392,978 0.1096 1.8886 0.0915

4200–4300 942,652 0.1014 540,500 0.1507 1.4860 0.0720

4300–4400 1,037,116 0.1116 478,268 0.1333 1.1951 0.0579

4400–4500 1,008,851 0.1085 385,540 0.1075 0.9904 0.0480

4500–4600 974,388 0.1048 334,714 0.0933 0.8902 0.0431

4600–4700 872,239 0.0938 279,672 0.0780 0.8309 0.0403

4700–4800 1,391,417 0.1497 259,837 0.0724 0.4840 0.0235

4800–4900 809,759 0.0871 241,985 0.0675 0.7745 0.0375

4900–5000 562,815 0.0605 131,902 0.0368 0.6074 0.0294

5000–5100 492,401 0.0530 0.0000 0.0000 0.0000 0.0000

5100–5200 9670 0.0010 0.0000 0.0000 0.0000 0.0000

Direction North 1,848,237 0.1987 183,727 0.0508 0.2555 0.0226 0.1250 2.6905 3.000 0.1032 0.0129

Northwest 2,442,723 0.2626 598,004 0.1652 0.6292 0.0557

West 1,578,162 0.1696 510,726 0.1411 0.8317 0.0736

Southwest 486,716 0.0523 379,380 0.1048 2.0033 0.1773

South 381,942 0.0411 339,650 0.0938 2.2855 0.2023

Southeast 524,154 0.0563 573,507 0.1584 2.8121 0.2489

East 1,114,486 0.1198 832,588 0.2300 1.9200 0.1699

Northeast 926,533 0.0996 202,099 0.0558 0.5606 0.0496



ISPRS Int. J. Geo-Inf. 2020, 9, 180 9 of 19

Table 1. Cont.

Criteria Classes Glacial Area
(m2)

Glacial Area
Ratio (a)

Melting Area
(m2)

Melting Area
Ratio (b)

FR
(b/a) (Pij) Pij

(Mean) Hj Hij max Ij Wj

Aspect North 1,948,777 0.2096 356,284 0.0989 0.4720 0.0515 0.1250 2.9057 3.000 0.0314 0.0039

Northwest 1,496,045 0.1609 486,202 0.1350 0.8390 0.0916

West 1,494,806 0.1608 585,377 0.1626 1.0110 0.1104

Southwest 868,520 0.0934 490,913 0.1363 1.4592 0.1593

South 859,346 0.0924 544,467 0.1512 1.6356 0.1785

Southeast 658,270 0.0708 392,483 0.1090 1.5392 0.1680

East 600,005 0.0645 331,242 0.0920 1.4252 0.1556

Northeast 1,369,846 0.1474 413,805 0.1149 0.7798 0.0851

Slope (◦) 0–5 184,216 0.0198 13,636 0.0038 0.1911 0.0147 0.0714 3.6574 3.807 0.0394 0.0028

5–10 470,087 0.0506 58,265 0.0162 0.3200 0.0245

10–15 654,799 0.0704 122,976 0.0342 0.4848 0.0372

15–20 959,512 0.1032 257,110 0.0714 0.6918 0.0530

20–25 1340,590 0.1442 425,210 0.1181 0.8188 0.0628

25–30 1,483,401 0.1596 578,930 0.1608 1.0075 0.0773

30–35 1,380,507 0.1485 654,551 0.1818 1.2240 0.0939

35–40 1,184,390 0.1274 640,419 0.1779 1.3959 0.1070

40–45 783,973 0.0843 424,962 0.1180 1.3994 0.1073

45–50 428,929 0.0461 222,894 0.0619 1.3415 0.1029

50–55 233,308 0.0251 123,224 0.0342 1.3635 0.1046

55–60 109,836 0.0118 49,587 0.0138 1.1655 0.0894

60–65 69,918 0.0075 25,785 0.0072 0.9521 0.0730

65–75 12,149 0.0013 3223 0.0009 0.6849 0.0525

GSTA (◦) < –4 1,530,600 0.1646 100,500 0.0301 0.1831 0.0250 0.1667 2.2061 2.585 0.1466 0.0244

–4 - –2 2,846,700 0.3061 225,300 0.0676 0.2207 0.0301

–2 - 0 1,400,700 0.1506 503,700 0.1510 1.0027 0.1369

0 - 2 887,100 0.0954 590,700 0.1771 1.8567 0.2535

2 - 4 734,100 0.0789 537,300 0.1611 2.0409 0.2786

4< 1,899,600 0.2043 1,377,300 0.4130 2.0217 0.2760
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When Table 1 is examined, the classes column includes class value or definition within each
criterion. The glacial area column includes the total glacier area in each class of each criterion according
to the 1987 glacier borders. The glacial area ratio column includes the ratio of the glacier area in each class
of each criterion to the total glacier area according to the 1987 glacier borders. The melting area column
includes the melting glacier area between 1987 and 2015 in each class of each criterion. The melting
area ratio column shows the ratio of melting glacier area to total melting in each class between 1987
and 2015. The FR column includes the glacial area ratio to melting area ratio in each class of each
criterion; (Pij), Pij (mean), Hj, Hj (max), Ij parameters are required for weight calculation, and Wj shows
the weight of each criterion.

The vulnerability map was produced by using the FR and Wj columns in Table 1. FR showed the
effect of different classes on glacier regression in each criterion; a and b values were needed to calculate
FR. For example, for the 3600 and 3700 meters class in the elevation criterion, a value was calculated as
the ratio of glacier areas between a value of 3600 and 3700 meters to the entire glacier area (0.0002), and
b value was calculated as the ratio of the melting area of the glacier areas between 3600 and 3700 meters
to the entire melting area (0.0006). The ratio of b to a values indicated FR (Equation (1)). The lowest
elevation class (3600–3700) had the highest FR values and the FR value decreased as the elevation
increased. It was concluded that the areas at low elevations are more vulnerable to melting. (Pij) a
value was obtained from the ratio of the FR value of the 3600–3700 meter class to the sum of all classes’
FR values in the elevation criterion. The next calculations were calculated for the entire criterion.
For the elevation criterion, all (Pij) values were averaged and Hj was calculated by replacing (Pij) in
Equation (3) (3.6308). Then, Hj (max) value was calculated by replacing the Hj value in Equation (4)
(4.0). The Ij value in Equation (5) was calculated using the calculated Hj (max) and Hj values (0.0923).
Finally, the Wj value was calculated by multiplying Ij and mean (Pij) values in Equation (6) (0.0058).

Wj values indicated the importance of the criteria. In order to better interpret these values,
the weight (Wj) of each scale was proportional to the sum of the weights (

∑
W) and the relative

importance of the criteria was calculated according to glacial melting (Table 2).

Table 2. The relative importance of the criteria.

Criteria Relative Importance

GSTA 0.49
Direction 0.26
Elevation 0.12

Aspect 0.08
Slope 0.06

According to Table 2, GSTA was the most important criterion affecting the melting areas.
This criterion had a much larger weight (0.49) compared to the other criteria, and the second important
criterion was the direction, with a weight value of 0.26. This was followed by elevation, aspect and
slope criteria. What is noteworthy here is that the direction criterion was more important than the
aspect criterion in glacial melting. Table 2 was introduced only to illustrate the relative importance of
each criterion, but to obtain the vulnerability map, the Wj value of Table 1 was used.

All criterion layers were reclassified according to the FR values calculated for each class of each
criterion (Table 1). Thus, each criterion was re-evaluated according to the vulnerable degree of its
every class. After, they were then synthesized according to Equation (8), based on their weights (Wj)
obtained by the entropy method. As a result, a glacier vulnerability map was created (Figure 4).

YIOE = Elevation ∗ 0.0058 + Direction ∗ 0.0129 + Aspect ∗ 0.0039 + Slope ∗ 0.0028 + GSTA ∗ 0.0244 (8)
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Figure 4. Glacier vulnerability map.

In Figure 4, the red areas demonstrate highly vulnerable glacial areas and the blue areas show
those with low vulnerability. This map was created by synthesizing the five criteria used in the study
together with their weights. It can be seen in Figure 3 that only the direction criterion is regularly
distributed, other criteria are irregularly spread throughout the study area. Therefore, the effects of the
direction criterion can be seen in Figure 4 with its weight of 0.26. This is due to the regular spatial
distribution of the direction criterion. On the contrary, the effects of other criteria cannot be seen on
this map.

4.2. Validation of the Glacier Vulnerability Map

The validation processes were conducted on the delineated glacier boundaries to measure the
consistency of the GIS-based MCDA model. In this process, firstly the differences between the glacier
area in 1987 and the glacier areas in all other years, seen in Figure 5a, were delineated via intersection
operators. Then, the glacier vulnerability map was classified based on the melting sizes in all periods
(Figure 5b). For example, an area of 1571 m2 melted between 1987 and 1989, according to the delineated
boundaries. Considering that the same melting area would be seen in the vulnerability map, the pixels
with the highest vulnerability value covering an area of 1571 m2 were identified for the period
1987–1989, since this was the first melting period.

The delineated glacier borders shown in different colors for each year are presented in Figure 5a.
The vulnerability map classified according to the size of the actual melting areas is shown in Figure 5b.
Red areas demonstrate the estimated melting areas in the 1987–1989 period; the sum of the red and
brown areas shows the estimated melting areas in the 1987–1998 period; the sum of the red, brown,
and yellow areas shows the estimated melting areas in the 1987–2013 period; and the sum of all the
colored areas shows the estimated melting in the 1987–2015 period.

The delineated melting areas and classified vulnerability map were compared by overlay analysis.
Table 3 presents the results of this comparison by different periods.
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Figure 5. (a) Glacier boundaries in different years. (b) Map of glacier vulnerability classified by the
melting area for different periods.

Table 3. The percentages of overlap between the vulnerability map and the actual melting areas for
different periods.

Periods Melting Area (m2) Overlap Area (m2) Overlap %

1987–1989 1571 1223 77.8

1987–1998 1117 780 69.8

1987–2013 2744 2401 87.5

1987–2015 3223 2969 92.1

When Table 3 is examined, it is seen that the overlapping areas increased as the period length
increased, except for the 1987–1998 period. As is seen in the table, the melting area in 1987–1998 is less
than the melting area in 1987–1989. An exceptional situation occurred in this year in that the glacial
area increased in 1998 compared to the 1989 glacial area. Therefore, it is better to say that the estimation
ability of the model increases as the melting area increases. In the longest period of 1987-2015, a 92.1%
overlap was observed with the melting area of 3223 m2. In addition, even during the two-year melting
period an overlap of 77.8% was detected.

In order to make a comparison concerning the spatial distribution, the estimated and actual
melting areas in the longest period (1987–2015) are given in Figure 6.

Figure 6. (a) Actual melting regions (1987–2015). (b) Estimated melting regions according to the
vulnerability map (1987–2015).

Figure 6a shows the actual melting regions in the 1987–2015 period and Figure 6b shows
the melting area according to the vulnerability map produced by the GIS-based MCDA model.
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This figure demonstrates the consistency of the estimation capabilities of the model as a spatial pattern.
Glacier withdrawals in both figure parts are shown in red color and both withdrawal areas have
the same area size. Although the two forms of retreat areas are similar in general terms, there are
some differences in glacier tongues. While almost all glacier tongues melted in the predicted areas,
some glacial pieces have not melted on glacier tongues in actual melting areas, so there are gaps in the
glacier tongues, as seen in Figure 6a. These glacial pieces are generally located in the valley on Ağrı
Mountain. As a result, it was observed that the GIS-based MCDA model had an error in the estimation
of glacier parts remaining in the valleys.

4.3. Future Scenarios

According to the glacial changes produced by NDSI between 1987 and 2015, a retreat of 3.223 km2

was detected in the Ağrı glacier over 28 years [45]. This indicated an average 1.15 km2 retreat per
decade. Estimating that the average amount of change would continue in the future, the vulnerability
map was masked by the glacier boundaries in 2015 to forecast melting areas for the following ten-year
periods. The highest value pixels of the vulnerability map covering a 1.15 km2 area were determined
for each ten-year period, which allowed forecasting the areas that could melt according to the specified
periods (Figure 7).

Figure 7. Future retreat scenarios for Ağrı glacier.
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In Figure 7, the dark red pixels indicate the areas expected to melt by 2025. Accordingly, the partial
glaciers separated from the main glacial mass are expected to melt first. In the southern and eastern
regions, the glacier is expected to retreat to the summit. The areas expected to completely melt by 2035
are the south, southeast, southwest and east parts of the glacier, which are shown in red. Orange areas,
representing those that are expected to melt by 2045, are mostly in the west and northeast parts of the
mountain. The remainder of the west part of the glacier, indicated by light blue, is forecast to melt by
2055. The remaining glacial areas, located only in the northern, northeastern and northwestern regions,
are also expected to melt by 2065.

5. Discussion

Glacier fluctuations in mountain areas have been systematically observed in various parts of
the world for more than a century [62] in response to an increase in average global temperature of
~0.6 ◦C [63]. Recent researches have shown that glaciers retreat in most areas, from poles to tropical
regions, and the observed retreat is accelerated [64,65] by global warming [66]. The effects of global
warming are more pronounced in the land surface areas in the mid and high latitudes of the Northern
Hemisphere [67]. Ağrı Mountain, Turkey’s largest glacier (ice cap) located at the top of the mountain,
is located in the mid-latitudes of the Northern Hemisphere. Dramatically, it has been rapidly melting
in the last three decades, similar to other glaciers in the world [43–45]. According to the previous
study, a retreat of 3.223 km2 was detected in the Ağrı glacier over 28 years [45]. Unfortunately, if the
glacial withdrawals continue with the same acceleration, the permanent glacier will likely turn into a
temporary glacier by 2065. To date, some studies have focused on the temporal changes in the Ağrı
glacier [34,40–45].

It is very important to create a glacier vulnerability map to forecast retreat zones in order of priority.
It is notably interesting to analyze the spatial patterns of melting zones to identify areas most vulnerable
to melting, so it helps to identify changes in glacial geometry [68,69]. However, the spatial distribution
of the glacier retreat does not show homogeneity and has a complex structure, especially due to
topographical factors. In this study, a GIS-based MCDA approach was chosen to overcome this
complexity since it is one of the most feasible ways to determine the vulnerable areas of mountain
glaciers. Previously, different models were used to define the vulnerability of glaciers and successful
results were achieved by these models [13,16,68]. The present study was designed to determine
the spatial distribution of the vulnerability of the Ağrı Mountain glacier and assess the forecasting
capabilities of the GIS-based MCDA model for determining the zones of glacier retreat in order
of priority.

Firstly the criteria were decided and evaluated in the model. The relationship between topographical
(aspect, direction, elevation, and slope) criteria and glacier retreat was investigated in the previous
study [34]. In addition to these criteria, the GSTA criterion was used in the model. Secondly, the criteria
weights were calculated using the Entropy Method and the FR model. The approach to empirical
research adopted for this study is also considered as one of its important outputs. The findings have
vital implications for the understanding of where glacier melting has occurred and is likely to occur in
the future.

As a result of the Entropy Method, the criteria were listed according to the weight as GSTA,
direction, height, aspect, and slope, respectively. The GSTA criterion was the first important criterion
with the relative importance of 0.49. The result is parallel with Wu et al. (2015), who calculated the
GSTA distribution of Qiyi glacier in China. It was reported in the study that glacial melting has a
strong dependence on GSTA and the heterogeneity of GSTA mostly results from the topography [53].
Specifically, the Ağrı glacier is a relatively small area, so the meteorological parameters (perception,
air temperature, humidity, etc.) affecting this area are almost the same. Therefore the GSTA already
includes the aspect and direction (sunshine conditions) and elevation (air temperature) effects and
it varies according to these criteria. The height criterion was used in almost all topographic studies
of the glacier, and high correlations were found in almost all [14,16,66,70]. Furthermore, Vijay and
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Braun (2018) used height as the only topographic factor in their studies. They observed significant
elevation variation models on a glacier scale associated with debris insulation and enhanced ice
melting [71]. In the study, the height criterion was determined as the third-highest criterion with
the relative importance of 0.12. One of the other factors that affect glacier vulnerability is aspect [16].
The aspect criterion was frequently used in researches on the topographic effects on mountain glaciers
and the correlation was observed between mountain glacier retreat and the aspect criterion [16,66].
The aspect criterion was the fourth important criterion with the relative importance of 0.08, which is
lower than the relative importance of the direction criterion, which was the second important criterion,
as seen in Table 2. The direction criterion was used for the first time with this study for mountain
glaciers. According to the results of the Entropy Method, it was a more important factor than the aspect
criterion, which is the most noteworthy finding that emerged from this study. Lastly, the steep slopes
are a common source of mass movements and can be an indicator of high geomorphic activity [28,72].
According to the relative importance, the slope criterion (0.06) had the lowest effect on glacier retreat.

The criterion data were synthesized with their weights and used to create the first vulnerability
map. The map was classified according to the melting area size of the periods and then compared
to the current melting areas. According to the overlay analysis, the overlap between the classified
vulnerability map and the current melting area was 77.8% in the short term and 92.1% in the long
term. However, when the estimated melting regions produced from the model and the actual melting
regions were compared, it was seen that the model was not successful in estimating fragmented glacier
parts in the valley. All in all, these results show that GIS-based MCDA provides satisfactory results in
mapping glacier vulnerability areas. Additionally, the results show that the topographical factors are
strongly correlated with the vulnerability of mountain glaciers, which parallels the results of similar
vulnerability studies [16,68]. Yang et. al. (2015) reported that mountain glaciers in China are very
vulnerable to climate change, and 41.2% of glacier areas fell to severe and very weak vulnerability levels
in the period 1961–2007. This is basically explained by topographic exposure and the high sensitivity
of glaciers to climate change [16]. These results are also in agreement with Wójcik and Sobota’s (2020)
findings. According to the results, the spatial distribution of ablation in Irenebreen glacier was shown
to depend mainly on weather conditions and also on local topographic conditions [68].

In the last part of the study, priority glacial retreat regions were forecasted for the following
ten-year periods. Accordingly, the parts of the glacier in the south, southeast, southwest, and east are
expected to completely melt by 2035. The west part of the glacier is expected to melt completely by
2055, and the remaining glacial areas by 2065.

This study is one of the few studies in the literature that analyzes the vulnerability of a mountain
glacier using GIS-based MCDA, a new approach to determining the vulnerability areas of mountain
glaciers. A limitation of this study is the spatial resolution of DEM. With higher resolution, more precise
data can be obtained. In addition, the decision criteria are objective, so the selected criteria can be
changed. It is hoped that the data obtained will be valuable in reducing the difficulty of forecasting
glacier melting areas. In future studies, the same approach can be applied to other mountain glaciers
and ice caps located elsewhere in the world.
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