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Highlights

What are the main findings?

• Glacier ice volume across the Greater Caucasus declined by 51.6%, from 88.08 ± 4.5 km3

in 1960 to 42.66 ± 1.1 km3 in 2025.
• Volume loss accelerated after 2000, with the largest regional decline occurring dur-

ing 2014–2025; substantial spatial differences were also observed among countries
and sectors.

What are the implications of the main findings?

• Glacier volume provides a more comprehensive measure of cryospheric change than
glacier area alone, capturing widespread ice thinning that is not reflected by changes
in glacier extent.

• The regional volume-loss record provides a quantitative baseline for assessing
future glacier change, freshwater availability, and glacier-related hazards in the
Greater Caucasus.

Abstract

Mountain glaciers are sensitive indicators of climate change and provide essential fresh-
water resources for downstream ecosystems and human societies. Although glacier area
changes have been extensively investigated in the Greater Caucasus, no long-term assess-
ments of regional glacier ice volume reconstruction have been made. This study presents the
first comprehensive reconstruction of glacier ice volume changes across the entire Greater
Caucasus over the past 65 years, integrating glacier inventories at five observational periods
(1960, 1986, 2000, 2014, and 2025) with the automated PalaeoIce reconstruction framework.
Total glacier ice volume declined from 88.08 ± 4.5 km3 in 1960 to 42.66 ± 1.1 km3 in 2025,
corresponding to an overall loss of more than half of the Caucasus glacier volume (51.6%)
since 1960. Ice volume loss accelerated markedly after 2000, with the most rapid decline
(27% or −2.45 yr−1) occurring between 2014 and 2025. Spatial patterns in ice volume
change show pronounced regional variability. Relative ice loss over the past 65 years was
greatest among glaciers in Azerbaijan, which experienced a 98.4% reduction in ice volume.
In comparison, glaciers in Georgia and Russia lost 52.6% and 50.9% of their ice volume,
respectively, over the same period. Sectoral analysis further reveals contrasting spatial
responses across the Greater Caucasus, with the eastern sector experiencing the greatest
proportional ice loss of 71.6% over the 65-year study period, followed by the western sector
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with 60.4% and the central sector with 47.3%. Glacier thickness also declined across the
Greater Caucasus over the 65-year study period. Mean glacier thickness decreased from
28.2 ± 1.41 m in 1960 to 17.4 ± 0.75 m in 2025, while mean maximum thickness declined from
88.7 ± 4.44 m to 54.1 ± 2.33 m over the same period. These findings provide region-wide
quantification of long-term glacier ice volume and thickness evolution in the Greater Cau-
casus and establish an important baseline for assessing glacier response to ongoing climate
change, future water availability, natural hazards, and regional cryospheric evolution.

Keywords: glacier volume; Greater Caucasus; glacier change; PalaeoIce; glacier thickness

1. Introduction
Mountain glaciers are sensitive indicators of climatic variability because their mass

and geometry respond to changes in temperature and precipitation over annual to decadal
timescales [1–4]. Their changes affect freshwater storage, seasonal runoff, and glacier-
related hazards, making quantitative assessments of glacier evolution relevant to both
cryospheric science and regional water-resource management [5–7]. Glaciers worldwide
have undergone widespread retreat and mass loss under sustained atmospheric warming,
with losses accelerating during the twenty-first century [8–11]. Although temperature
is the primary control on glacier mass balance, precipitation amount and phase, and
other components affecting the glacier surface energy balance (e.g., albedo, cloud cover,
wind speed, relative humidity) and climate extremes also play a role in driving glacier
change [12–15].

Earth-observation data and glacier inventories have substantially improved the ca-
pacity to quantify changes in glacier area, surface elevation, and mass balance across large
regions [16–19]. However, glacier ice volume remains comparatively poorly constrained
because ice thickness cannot be directly mapped over extensive areas and field-based geo-
physical measurements are available for only a small fraction of glaciers [20,21]. Regional
and global volume estimates therefore commonly rely on empirical scaling relationships,
numerical flow models, inversion methods, or machine-learning approaches [22–24]. While
these approaches have improved estimates of contemporary ice storage, multi-decadal
reconstructions remain uncommon because they require temporally consistent glacier
geometries spanning several decades [25].

Ice volume provides a more complete measure of glacier change than area alone
because it captures both horizontal retreat and ice thinning. Glaciers can lose substantial
thickness while undergoing relatively limited areal reduction, particularly where geometric
adjustment lags climatic forcing [26]. Consequently, volume change provides a direct
measure of changes in glacier ice storage and offers useful constraints for glacier evolution
models and comparisons with geodetic and glaciological observations [27,28].

The Greater Caucasus is a major glacierized mountain system of western Eurasia,
extending across Russia, Georgia, and Azerbaijan and containing more than 2000 glaciers.
Previous studies have documented widespread glacier retreat using geochronologi-
cal data, historical maps, aerial photographs, satellite imagery, and successive glacier
inventories [29–36]. Glacier distribution and response vary substantially across the range
because of strong longitudinal gradients in precipitation, temperature, and topography.
Nevertheless, the long-term evolution of glacier ice volume across the Greater Caucasus re-
mains poorly constrained. Recent automated ice-thickness reconstruction methods provide
an opportunity to address this gap by combining historical glacier outlines with digital
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elevation models and glacier flowlines to generate spatially consistent estimates of glacier
thickness and volume for multiple periods [37–40].

Here, we present a comprehensive reconstruction of glacier ice volume change across
the entire Greater Caucasus over the 65-year period from 1960 to 2025. We combine glacier
inventories for 1960, 1986, 2000, 2014, and 2025 with the automated PalaeoIce reconstruction
framework [37] to estimate glacier volume for each observation period. We then quantify
temporal changes in regional ice storage and assess differences among the three coun-
tries and major physiographic sectors of the range. This approach provides a consistent
regional-scale assessment of multi-decadal glacier volume evolution and its acceleration
through time.

2. Study Area
The Greater Caucasus is the largest and highest mountain system in the Caucasus

region, extending for approximately 1200 km between the Black Sea in the west and
the Caspian Sea in the east (Figure 1). The mountain range forms a natural boundary
between Eastern Europe and Western Asia and stretches across southern Russia, northern
Georgia, and northwestern Azerbaijan. The range is characterized by a complex topography
consisting of high mountain ridges, deeply incised valleys, extensive cirques, and numerous
glacial landforms. Elevations increase from west to east-central parts of the range, where
several summits exceed 5000 m above sea level (a.s.l.), including Mount Elbrus (5642 m
a.s.l.), the highest peak in Europe, and Mount Kazbegi (5054 m a.s.l.).

 

Figure 1. The extent of modern glaciers in the Greater Caucasus. The inset map in the upper right
shows the location of the Caucasus region (© Google Earth).

The hypsometric distribution of the Greater Caucasus strongly influences glacier
development and preservation. Glacier accumulation areas are generally situated above
3000–3500 m a.s.l., although the equilibrium-line altitude varies considerably along the
longitudinal climatic gradient. Lower equilibrium-line altitudes occur in the humid western
sector owing to abundant snowfall, whereas progressively higher equilibrium-line altitudes
characterize the drier eastern part of the range [41].
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The Greater Caucasus is a young and tectonically active fold-and-thrust mountain
belt that formed during the ongoing convergence between the Arabian and Eurasian
lithospheric plates. Mountain building began during the Cenozoic and continues today,
resulting in active uplift, frequent seismic activity, and rapid landscape evolution. The
present-day relief reflects the interaction between tectonic uplift, fluvial erosion, glacial
erosion, and hillslope processes over geological timescales [42,43].

The climate of the Greater Caucasus is controlled by the interaction of large-scale
atmospheric circulation, complex mountain topography, and strong elevation-dependent
climatic gradients. Moist air masses originating from in the Black Sea region dominate
the western sector of the mountain range, producing abundant precipitation throughout
the year. In contrast, continental air masses exert an increasing influence toward the east,
where precipitation decreases substantially and seasonal temperature variability becomes
more pronounced.

Air temperature decreases systematically with altitude, resulting in persistent snow
cover and glacier accumulation at high elevations despite regional atmospheric warming.
Mean annual temperatures range from positive values in foothill regions to well below
freezing in the highest alpine environments. Seasonal contrasts are considerable, with cold,
snow-rich winters followed by relatively short summers during which glacier melt reaches
its annual maximum.

Annual precipitation exhibits marked spatial variability, generally exceeding 2000 mm
in parts of the western Greater Caucasus while decreasing to less than 800 mm in the
eastern sector. Much of the precipitation falling at high elevations occurs as snow during
winter and spring, feeding glacier accumulation zones [44].

The Greater Caucasus contains one of the largest concentrations of mountain glaciers
in western Eurasia and represents the principal glacierized region between the European
Alps and the high mountains of Central Asia. Glacier distribution is strongly controlled
by altitude, topographic shading, aspect, and regional climatic conditions. The major-
ity of glaciers occupy north-facing slopes and deeply incised valleys where lower in-
coming solar radiation and favourable snow accumulation conditions promote glacier
preservation [36,45,46].

3. Materials and Methods
3.1. Glacier Inventories

Five regional glacier inventories representing 1960, 1986, 2000, 2014, and
2025 [32,34,36] were compiled to provide temporally consistent glacier outlines for the
Greater Caucasus. The 1960, 1986, and 2014 inventories were derived from historical to-
pographic maps and multi-temporal satellite imagery, including Corona, Landsat 5 TM,
Landsat 8 OLI, and ASTER data, with glacier margins manually delineated across the
entire mountain range [32]. The 2000 inventory was subsequently developed using Land-
sat 7 ETM+ imagery (http://earthexplorer.usgs.gov) (accessed on 24 September 2026),
following a consistent manual delineation approach to document glacier extent at the
beginning of the twenty-first century [34]. The most recent 2025 inventory was generated
from high-resolution (3 m) PlanetScope imagery (https://www.planet.com/explorer/)
(accessed on 2 October 2026) acquired primarily during August–September 2025, supple-
mented by 30 m ALOS topographic data, enabling more detailed delineation of small and
debris-covered glaciers [36]. Mapping uncertainties for each inventory were estimated
using the buffer method, with buffer widths defined according to the spatial resolution
of the satellite products used for each observation year (approximately 10–30 m). This
approach accounts for positional uncertainty associated with the manual delineation of
glacier margins and the spatial resolution of the source imagery. A detailed description of
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the buffer-based uncertainty estimation method is provided by Tielidze and Wheate [32]
and Tielidze et al. [34,36]. Together, these inventories provide a multi-temporal record
of glacier geometry spanning 65 years and form the basis for reconstructing glacier ice
thickness and volume for each observation period.

3.2. Reconstruction of the Ice Thickness

Ice thickness rasters corresponding to regional glacier inventory outlines were recon-
structed using PalaeoIce [37], an automated paleoglacier reconstruction model based on a
flowline approach [47,48], which assumes a perfect-plasticity rheology [49], in which the
driving stress (τD) from ice weight and surface gradient is balanced by a specified basal
shear stress, τY [47,50].

τD = τY = ρgHsinα = ρgH
∂h
∂x

(1)

where ρ is the ice density (~900 kg m−3), g is the gravitational acceleration (9.81 m s−2), H
is the ice thickness, α is the ice surface gradient, h is the ice surface elevation and x is the
horizontal coordinate started from the glacier terminus. This equation can be solved based
on a succession of discrete steps along the flowline [48,51,52].

Equation (1) is a reasonable approximation where lateral drag is negligible, such as
the interior of ice sheets and ice caps. For topographically confined glaciers, however,
drag from the valley sides is an important control on ice flow, and Equation (1) alone
becomes unrealistic [47,48,51]. The side-drag effect can be incorporated using a shape
factor, f, representing the proportion of the driving stress that is supported by the bed [50].
This factor is related to valley cross sectional geometry and can be defined as [48,50]:

f =
A

HP
(2)

where A is the cross-sectional area covered by ice, H is the ice thickness at the centerline,
and P is the length of the cross-section covered by ice. The shape factor is incorporated into
the flowline model by replacing τY with τY/f in Equation (1). For an unconfined ice sheet
or ice cap, f = 1; for a valley glacier, f < 1 and decreases with increasing valley-side drag.

Although this simplified model neglects many processes affecting glacier dynamics,
it is widely used for ice-thickness reconstruction and remains practical for large regional
studies. Because basal shear stress is unknown and glaciers may not be in steady state,
PalaeoIce further constrains the reconstruction using “target elevations” from known
surface features, such as trimlines, lateral moraines, and glacier outlines [37]. Specifically,
PalaeoIce implements an automated approach to adjust basal shear stress and derive the
shape factor based on the resulting ice thickness and valley cross-sectional geometry along
each step of the flowline to minimize the differences between modelled ice elevations and
the “target elevations” extracted from geomorphic constraints, such as trimlines, lateral
moraines, and glacier outlines:

minimize ∑i (Z_model i − Ztargeti

)︁2 (3)

where Z_modeli and Z_targeti are the derived and target elevations, respectively, at step i
along the flowline. PalaeoIce divides each flowline into segments at a specified spacing and
generates cross sections perpendicular to these segments. The elevation at each intersection
between a cross section and a geomorphic constraint feature is extracted as a “target
elevation” for the optimization. Further details are provided in Li (2023) [37].

PalaeoIce includes a set of ArcGIS tools (ArcGIS 10.8, or ArcGIS Pro 3.0) to process
flowlines, generate bare earth topography, and reconstruct the thickness and surface topog-
raphy of paleoglaciers. With its user-friendly ArcGIS interface, the model can automatically
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derive shape factors and optimize basal shear stress along flowlines based on topogra-
phy and outline constraints for a large number of glaciers, significantly improving the
efficiency of regional glacier reconstruction. It has been successfully applied to paleoglacier
reconstructions around the world [38–40,53–62].

In this study, we treat each inventory as a “paleo” glacier dataset with an associated
time stamp. We then use the model to reconstruct the ice thickness for each inventory at
the scale of individual glacier outlines. For each time stamp, the mapped glacier outline is
used as the “target elevation” to adjust the shear stress and shape factor along the flowline
for the ice surface elevation and thickness reconstruction. We used the updated PalaeoIce
2.0 for the reconstruction (https://github.com/yingkui2003/PalaeoIce, accessed on
1 October 2026).

We used the Shuttle Radar Topography Mission (SRTM) DEM for the reconstruction.
The SRTM DEM is a 1 arc-second (approximately 30 m at the equator) global elevation
dataset collected in 2000 (USGS, https://www.usgs.gov/centers/eros/science/usgs-eros-
archive-digital-elevation-shuttle-radar-topography-mission-srtm-1-arc, accessed on 1 Oc-
tober 2026). It provides the closest representation of ice-surface elevation for the timeframe
of the RGI 7 glacier outlines (around 2000). The SRTM product we used is already void-
filled. We did not apply a radar-penetration correction; C-band radar can penetrate dry
snow and ice, which may bias SRTM elevations low by up to a few meters in accumulation
areas. This effect is small relative to the reconstructed thickness changes but introduces
systematic uncertainty. The downloaded SRTM DEM tiles were reprojected to UTM zones
37N and 38N with the WGS84 ellipsoid. The vertical datum is consistent across the SRTM
DEM, its derived bed topography, and the reconstructed surfaces.

PalaeoIce requires glacier flowlines and a bare-earth topography as inputs for ice
thickness reconstruction. For glacial flowlines, we used Python (version 3.12) code from
the Open Global Glacier Model (OGGM) [63] (http://docs.oggm.org) to extract glacier
centerlines and compute disconnected geometrical centerlines based on glacier geometry
and the least-cost routing algorithm of Kienholz et al. (2014) [64], which minimizes both
the total elevation gain and the distance to the glacier terminus. The centerline algorithm
requires both a glacier outline and an ice-surface DEM as inputs. Because the SRTM DEM
was acquired in 2000, OGGM centerlines can be generated directly for the RGI 7 outlines
(around 2000; [34]), and these centerlines are distributed as one of the RGI 7 products
(RGI Consortium, 2023 [65]). Centerlines are unavailable for the other years (1960, 1986,
2014, and 2025). For those years, we derived centerlines by applying the same algorithm
to each year’s mapped outline and the SRTM DEM, assuming that the least-cost routing
algorithm can still produce reasonable centerlines even though the SRTM DEM may not
fully represent glacier areas that had already melted away by 2000 or earlier glacier surfaces
that were thicker than in 2000. As a result, the derived centerlines may locally deviate
from the true historical flow direction. Because of this limitation, as well as the complexity
of the topography and glacier outlines in the Greater Caucasus, manual checking and
revision were necessary to ensure the quality of the derived centerlines for each year. These
disconnected centerlines were then connected for each glacier outline of each study year
using the “Connect OGGM centerlines” tool in PalaeoIce 2.0 (Figure 2).

Since centerlines were generated independently for each year from that year’s mapped
outline, the flowline geometry differs between years and reflects the different outline shapes
and extents. Longer historical tongues are represented by centerlines that extend further
down-valley, following the earlier outline. Where tributaries were connected in earlier
years, they are treated as part of a single glacier polygon, and the centerline follows the
main trunk, with additional flowlines where the outline geometry requires them. Where
tributaries were separate, they are treated as separate glaciers. Where a glacier fragments
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between years, each fragment is treated as a separate glacier polygon with its own centerline
from that point onward. Glaciers that were present in earlier years but absent from the
2000 inventory are reconstructed using the earlier outline and the SRTM DEM, which
serves as their bed topography because no 2000 ice thickness is subtracted in these areas, as
described below.

 

Figure 2. An example of reconstructed glacier centrelines and thickness using the SRTM DEM (~2000)
and glacier outlines from 1960.

To derive a bare-earth (bed) topography for the entire region, we first used the SRTM
DEM, RGI 7 glacier outlines, and connected OGGM centerlines to estimate the ice thickness
for year 2000 using the “Extant Glacier Thickness (Revised From VOLTA)” tool in ArcGIS
Pro 3.5. VOLTA was originally developed by James and Carrivick (2016) [66] in ArcGIS 10.1
and later revised and updated in PalaeoIce (Li, 2023) [37]. The estimated 2000 ice thickness
was then subtracted from the SRTM DEM to obtain the bed topography:

Bed topography = SRTM DEM − VOLTA thickness (4)

This bed topography is held fixed across all five years. The initial VOLTA-based
estimate is used only once, to construct the bed. For areas that were glacier-covered in
earlier years but ice-free by 2000, the bed is effectively the SRTM surface, because no 2000 ice
thickness is subtracted outside the 2000 outline. We note that this bed topography may
still contain glacial deposits, talus, landslides, lakes, and other erosional or depositional
features, and it may also reflect paraglacial adjustment following glacier retreat (e.g., slope
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debuttressing, sediment redistribution, thermokarst). However, it is difficult to quantify the
thickness or magnitude of these features and processes. The bed topography is therefore
a model-derived boundary condition, not an independent observation. A full sensitivity
analysis with multiple bed models is beyond the scope of this study. Since absolute volume
estimates carry this uncertainty, relative changes between years are more robust than
absolute values.

For each year, including 2000, PalaeoIce reconstructs ice thickness from the year-
specific mapped outline and the target elevations extracted from that outline, using the
fixed bed as the lower boundary. The reconstruction was performed with the “PalaeoIce
Reconstruction With PalaeoIce Outline(s)” tool in ArcGIS Pro 3.5, using the bare-earth
DEM, glacier outlines, and their corresponding connected centerlines as inputs. PalaeoIce
automatically derives the shape factor (f = 0.445–1.0) from the cross-sectional profile along
the flowlines and adjusts the shear stress to best fit the input glacier outlines [37]. Minimum
and maximum shear stress values of 50 kPa and 150 kPa were specified in PalaeoIce,
respectively, to ensure valid shear stress in the reconstruction [37]. The 2000 volume is
therefore internally consistent with the volumes reported for the other four years, allowing
direct comparison across all five years.

We acknowledge that the fixed-bed assumption does not account for subglacial sedi-
ment redistribution, paraglacial adjustment, or morphometric changes between different
years, and that longitudinal surface slope is therefore partly inherited from modern topo-
graphic relief rather than true historical surface hypsometry. The target-elevation constraint
uses each year’s mapped outline, so the reconstructed ice surface is not simply the modern
surface; however, it does not recover true historical hypsometry. We therefore interpret
year-to-year differences as first-order ice-thickness and volume changes under a fixed-bed
assumption, rather than as exact reconstructions of historical glacier surfaces.

PalaeoIce also does not resolve non-steady-state downwasting, dead-ice detachment,
or debris insulation. Because ice thickness is reconstructed independently for each year
from the mapped outline and its target elevations, changes in ice thickness and volume
are driven by outline changes under the fixed-bed assumption. Where glaciers thin or lose
dead ice without a change in outline, or where stagnant debris-covered ice persists within
the outline, our estimates may not capture the true magnitude or timing of ice loss. For
glaciers where these processes are likely important, such as surge-type, debris-covered, or
stagnating glaciers, the results should be treated as first-order estimates, and regional totals
are more robust than individual glacier values.

3.3. Intermodal Comparison and Uncertainty
3.3.1. VOLTA and PalaeoIce Reconstructed Thickness and Volume Comparison

We first compared the VOLTA-estimated ice thickness and PalaeoIce-reconstructed
thickness for the 2187 glaciers in the RGI 7 inventory around 2000 (Figure 3). The mean
ice thickness values estimated by the two methods are moderately correlated (r = 0.650,
Figure 3a). The relatively high scatter is expected because VOLTA estimates ice thickness
primarily from ice-surface slope, with specific treatments of effective width and a minimum
slope limit to define shear stress and shape factors [66], whereas PalaeoIce reconstructs ice
thickness from the bed topography and outline constraints [37]. The absolute difference
between the two methods varies across glacier areas (Figure 3b), with most differences
clustering between 10 and 20 m. We also calculated the thickness difference between the
two methods for glacier size groups (Figure 3c), reporting the root-mean-square error
(RMSE), the mean absolute error (MAE), and the mean difference (PalaeoIce − VOLTA).
The differences are largest for the 0.5–1.0 km2 and 1–5 km2 groups (RMSE = 19.5 and
19.7 m; MAE = 16.5 and 16.4 m; mean difference = 16.1 and 15.9 m), and decrease toward
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larger glaciers. The difference also decreases toward the smallest glaciers (<0.5 km2), likely
because ice thickness values are small for these glaciers.

Figure 3. Comparison between the VOLTA-estimated ice thickness and PalaeoIce-reconstructed
thickness for RGI 7 glacier outlines around 2000. (a) The correlation scatter plot between PalaeoIce
reconstructed and VOLTA-reconstructed thickness. (b) Variations in absolute thickness difference
across different glacier areas. (c) The RMSE, MAE, and mean difference (PalaeoIce − VOLTA) for
different glacier area groups. (d) The number of glaciers in each area group.

Glacier areas are not normally distributed: there is a large number of small glaciers
in the study area (Figure 3d), but they do not contribute significantly to the regional total
ice volume, which is dominated by the large glaciers. As a result, the distribution of
estimated ice volumes is also strongly skewed. Therefore, despite the relatively large scatter
in ice thickness, the ice volumes estimated by the two methods are strongly correlated
(Figure 4). We examined the correlation on the original volume scale and after log and
cube-root transformations (Figure 4a–c). All volume correlations are very high (r > 0.95),
with the data points clustered and the regression lines close to 1:1 line. The total ice volume
estimated by VOLTA is 55.03 km3, about 76.5% of the PalaeoIce-reconstructed volume of
71.95 km3.
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Figure 4. Scatter plots showing correlations between PalaeoIce-estimated ice volume and VOL-TA-
reconstructed ice volume (a–c), and between PalaeoIce-estimated ice volume and IceBoost-derived
ice volume (d–f), for RGI 7 glacier outlines around 2000. Panels (a,d) show the original scale, (b,e) the
log10-transformed scale, and (c,f) the cube-root-transformed scale.

Note that this comparison is not fully independent: the VOLTA thickness estimate
for 2000 is used to construct the bed topography, which is used by PalaeoIce as the lower
boundary for the reconstruction. Part of the agreement between the two estimates reflects
this shared dependency rather than independent methodological convergence. The compar-
ison should be interpreted as a consistency check between the bed-topography construction
input and the reconstruction output, not as an independent validation of either estimate.

3.3.2. Comparisons of PalaeoIce Reconstructed Thickness and Volume with Other
Global Datasets

Although PalaeoIce-reconstructed ice thickness and volume have been validated using
a few glaciers with radar-measured ice thickness data in Central Asia [37] and the southern
Tibetan Plateau [67], a systematic validation for a region with a wide range of glacier
types and sizes is unavailable because of the limited number of glaciers with measured ice
thickness data. Furthermore, glaciers with ice thickness measurements are usually small
and easily accessible, so they may not be representative of other glacier types and sizes.

Comparisons with published global glacier thickness and volume datasets provide
useful context and an additional means of checking the consistency among model-estimated
ice volumes. Some studies have compared regional ice volumes reconstructed using the
revised VOLTA tool with the global glacier thickness and volume datasets of Farinotti
et al. (2019) [68] and Millan et al. (2022) [69]. For example, the VOLTA-derived total
glacier volume is about 8.7% and 5.6% less than estimates from Farinotti et al. (2019) [68]

https://doi.org/10.3390/rs18203611

https://doi.org/10.3390/rs18203611


Remote Sens. 2026, 18, 3611 11 of 26

on the southeastern Tibetan Plateau [61] and in the Tanggula Mountains of the central
Tibetan Plateau [70], respectively. In the Eastern Kunlun Mountains of the northern Tibetan
Plateau, Lin et al. (2026) [56] found that the VOLTA-reconstructed mean ice thickness and
total volume are 13.5% and 16.9% higher than estimates from Millan et al. (2022) [69] and
Farinotti et al. (2019) [68], respectively.

We compared the PalaeoIce-reconstructed ice volumes with a recently published ice
volume dataset for RGI 7 glaciers based on the machine-learning approach of IceBoost ([24]
https://arxiv.org/abs/2512.11685, accessed on 15 June 2026). These two estimates use
the same RGI 7 glacier outlines but with very different methods: PalaeoIce is a physically
based flowline model, whereas IceBoost is a machine-learning approach. Their comparison
provides a cross-method consistency check. Ice volumes estimated by PalaeoIce and
IceBoost are strongly correlated for individual RGI 7 glaciers, with r > 0.92 and regression
slopes > 0.95 on the original volume scale and after log and cube-root transformations
(Figure 4d–f). The regression lines also lie close to the 1:1 line. The total ice volume
estimated by PalaeoIce (71.95 km3) is also very close to the IceBoost-estimated total glacier
volume (74.32 km3; 3.3% difference).

The strong agreement between PalaeoIce and IceBoost for RGI 7 glaciers provides
confidence in the PalaeoIce-reconstructed volumes across a wide range of glacier sizes
and types, although it does not constitute independent observational validation. Since the
outlines used for the other inventory years fall within a similar size and morphological
range as the RGI 7 glaciers, the PalaeoIce-reconstructed volumes are expected to be reason-
able for these years as well. Independent validation of the full 1960–2025 trajectory would
require time-series observations of ice thickness or surface elevation change, which are not
currently available for the Greater Caucasus.

In terms of uncertainty, we estimated the standard deviation of inter-model volume
errors as a function of glacier area using a log-spaced rolling-window approach, which
avoids the need to define discrete area bins [71]. Glaciers were sorted by log10(area), and for
each glacier, the standard deviation of errors within the 100 nearest neighbours in log-area
space was computed. A power law fitted in log-log space yields (Figure 5a):

σ(A) = 0.0207A0.988(R2 = 0.989, p < 0.001, n = 2187) (5)

where σ(A) is the standard deviation and A is the glacier area. The exponent is stable across
window sizes (γ = 0.982–0.999 for k = 25–500, Figure 5b), and a non-parametric bootstrap
(n = 500) yielded a 95% confidence interval of [0.953, 1.016], confirming that the estimate is
robust and statistically indistinguishable from γ = 1.0 (σ(A) = 0.0207A).

Equation (5) implies an approximately constant relative uncertainty of ~2.1% (2.07%)
across glacier sizes. Propagating the per-glacier σ values to the total volume under the
assumption of independent errors (σ_total =

√︁
∑σi

2) yields σ_total = ±2.05 km3, or ~2.8%
of the total PalaeoIce volume (71.95 km3). The observed total volume difference between
PalaeoIce and IceBoost (2.37 km3, 3.2%) is 1.16σ, consistent with independent random
errors and providing empirical support for the independent-error assumption. In contrast,
the worst-case bound assuming perfectly correlated errors (σ_total = Σσi) is ±28.27 km3

(~39.3%), and the observed difference of 2.37 km3 is only 0.08σ of that bound. We therefore
adopt the independent-error estimate for the uncertainty assessment.

We applied Equation (5) to estimate per-glacier inter-model volume uncertainties for
the 1960–2025 reconstructions. This extension is justified because (1) the same PalaeoIce
method and bed topography were used for the ice volume reconstruction of each inventory
year, and (2) glacier areas for all inventory years fall within the range of the RGI 7 glaciers
used to calibrate the σ(A) relationship (0.01–30 km2).
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Figure 5. (a) Log-spaced rolling-window standard deviation σ(A) as a function of glacier area, with
the fitted power law σ(A) = 0.0207A0.987 (R2 = 0.989). The exponent is statistically indistinguish-
able from 1.0, indicating approximately constant relative uncertainty (~2.1%) across glacier sizes.
(b) Sensitivity of the fitted exponent γ to the rolling-window size k. (c) Bootstrap distribution of γ

(n = 500), with 95% confidence intervals shown as dashed red lines.

The above uncertainty assessment captures model-related uncertainty (σ_model) only,
because both PalaeoIce and IceBoost used the same glacier outlines, and outline-related
error therefore cancels. However, glacier outlines also contain errors related to the type
and resolution of the satellite imagery used for delineation and to the experience of the
investigators in identifying and digitizing outlines. Outline uncertainty (σ_outline) should
therefore be added to the uncertainty assessment.

Assuming that model-related and outline-related errors are independent, the total
per-glacier uncertainty can be estimated using the root-sum-of-squares (RSS) formula:

σ_i =
√︂
(σ_model_i2 + σ_outline_i2) (6)

where σ_i, σ_model_i, and σ_outline_i are the total, model-related, and outline-related
uncertainties for glacier i, respectively. This combined uncertainty is then propagated

to the regional scale (σ_total =
√︂

∑σ_i2) under the assumption of independent errors
among glaciers.

For volume differences between inventory years, we used the similar RSS formula
σ =

√︁
σ1

2 + σ22, which assumes that errors at the two inventory years are independent.
Because both inventory years share bed topography and model structure, this assumption
is not strictly valid: positive covariance between epochs reduces the uncertainty in the
difference. The RSS estimate therefore represents a conservative upper bound. Without
a full ensemble analysis, we cannot quantify the covariance term. We note that the true
uncertainty is likely smaller than the RSS estimate. We recommend that future work
estimate the covariance term using ensemble or Monte Carlo methods.

Assuming that model-related uncertainty for ice volume and outline-related error for
glacier area are independent of each other, we also estimated the uncertainty for the ice
thickness based on:

σthk
thk

=

√︃
(

σV
V

)2 + (
σA
A

)2 (7)

where σthk
thk , σV

V , and σA
A are the relative uncertainties (%) of ice thickness, volume, and

area, respectively.
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4. Results
4.1. Regional Glacier Ice Volume Changes Between 1960 and 2025

The reconstructed glacier ice volumes reveal a substantial and continuous decline in
ice storage across the Greater Caucasus during the 65-year study period (Table 1; Figure 6a).
Total glacier ice volume decreased from 88.08 ± 4.4 km3 in 1960 to 76.74 ± 4.1 km3 in 1986,
representing a reduction of ~11.34 km3 over the first observation interval. Glacier volume
continued to decline thereafter, reaching 71.95 ± 3.2 km3 in 2000, 58.42 ± 3.1 km3 in 2014,
and 42.66 ± 1.1 km3 in 2025. Overall, more than half of the 1960 ice volume (51.6%) has
been lost (Figure 6b).

Table 1. Total glacier area and PalaeoIce-reconstructed volumes and their uncertainty for different
inventory years.

Inventory
Year

Area
(km2)

Area
Uncertainty Volume

(km3)

Volume Model-
Based Uncertainty

Volume Combined
Uncertainty

± km2 ± % ± km3 ± % ± km3 ± %

1960 1668.64 70.08 4.2 88.08 2.37 2.7 4.40 5.0

1986 1480.06 68.08 4.6 76.74 2.12 2.8 4.14 5.4

2000 1381.72 48.36 3.5 71.95 2.05 2.8 3.24 4.5

2014 1193.72 52.52 4.4 58.42 1.80 3.1 3.15 5.4

2025 963.91 24.09 2.5 42.66 1.51 3.5 1.09 4.3

Although glacier volume declined throughout the entire study period, the percentage
ice loss was not constant. Between 1960 and 1986, glacier volume decreased by approx-
imately 12.9%, followed by a more moderate reduction of 6.2% during 1986–2000. In
contrast, glacier volume loss accelerated markedly after 2000. Between 2000 and 2014, the
Greater Caucasus lost nearly one-fifth of its remaining glacier volume (18.8%), while the
most pronounced reduction occurred during 2014–2025, when glacier volume decreased by
an additional 27.0% (Figure 6b).

The reconstructed mean glacier thickness exhibited a contrasting temporal evolution
to total ice volume. Mean thickness increased from 28.2 ± 1.41 m in 1960 to 30.4 ± 1.64 m in
1986 and 33.5 ± 1.51 m in 2000, before declining to 25.8 ± 1.39 m in 2014 and 17.4 ± 0.75 m
in 2025 (Table 2). Mean maximum thickness showed a similar pattern, increasing from
88.7 ± 4.44 m in 1960 to 91.9 ± 4.96 m in 1986 and 94.6 ± 4.26 m in 2000, followed by
declines to 77.4 ± 4.18 m in 2014 and 54.1 ± 2.33 m in 2025. Thus, while total glacier volume
decreased continuously throughout the study period, regional mean thickness increased by
18.8% between 1960 and 2000 and subsequently declined by 47.9% between 2000 and 2025
(Figure 6a).

4.2. Spatial Variability of Glacier Ice Volume Changes Among Countries

Marked differences in glacier volume evolution were observed among the three coun-
tries that share the Greater Caucasus (Table 3; Figure 7). Throughout the study period,
Russia contained the largest proportion of regional glacier ice, reflecting the extensive
glacierized terrain along the northern slopes of the central and western Greater Caucasus.
Glacier volume in Russia declined from 59.62 ± 3.0 km3 in 1960 to 29.28 ± 1.3 km3 in 2025,
representing a reduction of approximately 51% over the study period.
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Table 2. Mean and mean maximum glacier thickness change (m) for all Caucasus glaciers by different
years according to the countries and sectors.

Year
Mean Glacier Thickness (m) According to the Countries Mean Glacier Thickness (m) According to the Sectors

Russia Georgia Azerbaijan Western Central Eastern

1960 28.64 ± 1.43 27.78 ± 1.38 21.26 ± 1.06 30.37 ± 1.52 28.28 ± 1.41 24.95 ± 1.24

1986 30.38 ± 1.64 30.51 ± 1.65 22.82 ± 1.23 31.16 ± 1.68 31.07 ± 1.68 27.02 ± 1.46

2000 33.98 ± 1.53 32.95 ± 1.48 25.53 ± 1.15 33.80 ± 1.52 34.07 ± 1.53 31.38 ± 1.41

2014 26.43 ± 1.43 25.05 ± 1.35 13.54 ± 0.73 25.47 ± 1.38 27.08 ± 1.46 21.87 ± 1.18

2025 17.89 ± 0.77 16.86 ± 0.72 6.15 ± 0.26 16.38 ± 0.70 18.51 ± 0.80 16.03 ± 0.69

Year

Mean Maximum Glacier Thickness (m)
According to the Countries

Mean Maximum Glacier Thickness (m)
According to the Sectors

Russia Georgia Azerbaijan Western Central Eastern

1960 90.79 ± 4.54 85.94 ± 4.30 69.52 ± 3.48 96.31 ± 4.82 89.10 ± 4.46 76.63 ± 3.83

1986 92.89 ± 5.02 90.82 ± 4.90 71.02 ± 3.84 94.97 ± 5.13 94.57 ± 5.11 79.43 ± 4.29

2000 96.68 ± 4.35 91.77 ± 4.13 71.61 ± 3.22 95.96 ± 4.32 97.12 ± 4.37 84.92 ± 3.82

2014 79.80 ± 4.31 74.19 ± 4.01 37.88 ± 2.05 76.59 ± 4.13 81.46 ± 4.40 63.89 ± 3.45

2025 55.90 ± 2.40 51.58 ± 2.22 14.68 ± 0.63 49.34 ± 2.12 58.88 ± 2.53 47.34 ± 2.04

Figure 6. (a) Reconstructed total glacial ice volume (km3), mean and mean maximum glacier
thickness (m); (b) percentage and absolute percentage volume loss relative to 1960 for the entire
Greater Caucasus. Data points for 1960, 1986, 2000, 2014, and 2025 are shown. The x-axis is scaled
proportionally to time; lines between points represent linear interpolation.
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Table 3. Absolute ice volume change (km3) for all Caucasus glaciers by different years according to
the countries and sectors.

Year
Absolute Ice Volume (km3) According to the Countries Absolute Ice Volume (km3) According to the Sectors

Russia Georgia Azerbaijan Western Central Eastern

1960 59.62 ± 2.98 28.21 ± 1.41 0.25 ± 0.0125 14.59 ± 0.73 65.81 ± 3.29 7.68 ± 0.38

1986 52.21 ± 2.82 24.36 ± 1.32 0.17 ± 0.0092 12.91 ± 0.69 58.41 ± 3.15 5.42 ± 0.29

2000 49.59 ± 2.23 22.26 ± 1.00 0.10 ± 0.0045 12.04 ± 0.54 54.63 ± 2.46 5.28 ± 0.24

2014 41.28 ± 2.23 17.13 ± 0.93 0.02 ± 0.0011 9.35 ± 0.50 45.83 ± 2.47 3.23 ± 0.17

2025 29.28 ± 1.26 13.37 ± 0.57 0.004 ± 0.0002 5.78 ± 0.25 34.69 ± 1.49 2.18 ± 0.09

 
Figure 7. (a) Percentage and (b) mean annual percentage volume decrease in all Caucasus glaciers
according to countries by different periods between 1960 and 2025.

Georgia, which hosts the second-largest glacierized area in the region, exhibited a
similarly pronounced decline in glacier ice storage. Total glacier volume decreased from
28.21 ± 1.4 km3 in 1960 to 13.37 ± 0.6 km3 in 2025, corresponding to an overall loss of
more than half of the ice volume. Although the absolute reduction was smaller than that
observed in Russia because of the smaller initial glacier volume, the relative decrease was
comparable and reflects widespread glacier recession throughout the southern slopes of
the Greater Caucasus.
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Glaciers in Azerbaijan contained only a small fraction of the total regional ice volume
throughout the observation period, decreasing from 0.25 ± 0.0125 km3 in 1960 to only
0.004 km3 by 2025. Despite their limited contribution to the regional ice budget, Azerbaijani
glaciers experienced by far the largest proportional losses during every observation interval,
indicating exceptional sensitivity to recent climatic changes. By 2025, only a very small
remnant of glacier ice remained within the Azerbaijani sector of the Greater Caucasus.

The temporal evolution of relative ice volume loss further highlights these regional
differences (Figure 7a). During 1960–1986, glacier volume decreased by 12.4% in Russia,
13.6% in Georgia, and 32.0% in Azerbaijan. The differences became progressively larger
during subsequent decades. Between 2000 and 2014, Azerbaijani glaciers lost 82.8% of
their remaining volume, whereas glaciers in Russia and Georgia lost 16.8% and 23.1%,
respectively. During the most recent period (2014–2025), glacier volume declined by 29.1%
in Russia, 21.9% in Georgia, and 75.1% in Azerbaijan.

Mean annual rates of glacier volume loss show a similar temporal evolution (Figure 7b).
Annual losses remained close to −0.5% yr−1 before 2000 for both Russia and Georgia
but increased substantially thereafter, reaching −2.6% yr−1 in Russia and −2.0% yr−1

in Georgia during 2014–2025. Azerbaijan exhibited considerably higher annual rates
throughout the study period, peaking at −6.8% yr−1 during the final observation interval.
At the scale of the entire Greater Caucasus, mean annual glacier volume loss increased from
approximately −0.5% yr−1 before 2000 to −2.5% yr−1 during 2014–2025, demonstrating a
fivefold increase in the rate of glacier depletion over the past two decades.

4.3. Glacier Volume Changes Across Sectors

Regional subdivision of the Greater Caucasus into western, central, and eastern sectors
reveals distinct spatial patterns of glacier loss (Table 3; Figure 8). The central Greater
Caucasus contained the largest glacier ice reservoir throughout the study period, with
reconstructed volumes decreasing from 65.81 ± 3.3 km3 in 1960 to 34.69 ± 1.5 km3 in 2025.
The western sector experienced a reduction from 14.59 ± 0.7 km3 to 5.78 ± 0.2 km3, while
the eastern sector exhibited the smallest glacier volumes, decreasing from 7.68 ± 0.4 km3 in
1960 to 2.18 ± 0.09 km3 in 2025.

The temporal evolution of percentage volume loss differed among the three sectors
(Figure 8a). During the first observation period (1960–1986), the eastern Greater Cauca-
sus experienced the greatest proportional decline (29.4%), substantially exceeding losses
in both the western (11.5%) and central (11.2%) sectors. Between 1986 and 2000, glacier
volume losses were relatively modest across all sectors, ranging between 2.7% and 6.7%. A
pronounced acceleration occurred during 2000–2014, when glaciers in the eastern Greater
Caucasus lost 38.7% of their remaining ice volume, compared with 22.3% in the western
sector and 16.1% in the central sector. During the most recent observation period, how-
ever, the western Greater Caucasus exhibited the largest proportional reduction (38.2%),
exceeding corresponding losses in both the eastern (32.5%) and central (24.3%) sectors.

The evolution of annual percentage volume loss further illustrates this acceleration
(Figure 8b). Before 2000, annual losses generally remained below −0.5% yr−1 in all sectors.
Between 2000 and 2014, annual volume reductions increased to −1.6% yr−1, −1.2% yr−1,
and −2.8% yr−1 in the western, central, and eastern sectors, respectively. The highest annual
loss rates occurred between 2014 and 2025, when glacier volume declined by −3.5% yr−1

in the western Greater Caucasus, −3.0% yr−1 in the eastern sector, and −2.2% yr−1 in the
central sector.
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Figure 8. (a) Percentage and (b) mean annual percentage volume decrease in all Caucasus glaciers
according to sectors by different periods between 1960 and 2025.

5. Discussion
5.1. Acceleration of Glacier Volume Loss Across the Greater Caucasus

The reconstructed glacier volumes demonstrate a pronounced and sustained reduction
in glacier storage across the Greater Caucasus over the past 65 years, accompanied by a
clear acceleration of ice loss during the twenty-first century. While glacier recession was
already evident between 1960 and 2000, both the magnitude and the rate of glacier volume
loss increased substantially after 2000, with the most rapid decline occurring during the
most recent observation period (2014–2025). This temporal evolution closely reflects the
widespread acceleration of glacier mass loss reported for mountain regions worldwide [10]
and provides compelling evidence that the rate and volume change in glaciers in the Greater
Caucasus is accelerating due to ongoing climatic warming.

The observed temporal acceleration of ice loss is consistent with the increasingly
warmer climatic conditions that have affected the Greater Caucasus during recent decades.
Instrumental meteorological observations and regional climate analyses indicate significant
atmospheric warming throughout the Caucasus since the late twentieth century, accompa-
nied by changes in precipitation phase, earlier snowmelt, prolonged ablation seasons, and
increasing frequencies of exceptionally warm summers [72,73]. Together, these processes
contribute to increasingly negative glacier mass balances and accelerated reductions in
glacier thickness and volume.

Our results further reveal pronounced spatial variability in glacier volume loss
throughout the Greater Caucasus. This contrast largely arises from differences in glacier
size, altitude, and climatic setting. Azerbaijani glaciers are generally smaller (<0.01 km2),
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occupy lower total glacierized areas, and are situated near the eastern margin of the Greater
Caucasus, where climatic conditions become increasingly continental and annual precipita-
tion decreases substantially [44]. Smaller glaciers typically possess shorter response times
and lower ice reserves, making them particularly vulnerable to sustained atmospheric
warming [74–76]. Once persistent negative mass balance is established, such glaciers are
capable of losing a very large proportion of their remaining volume within only a few
decades [77].

The apparent increase in regional mean glacier thickness between 1960 and 2000,
despite a continuous decline in total glacier volume, should be interpreted cautiously.
Changes in glacier extent and in the population of glaciers included in the regional as-
sessment may influence the calculated mean thickness and do not necessarily indicate
actual glacier thickening. The apparent increase may also reflect methodological limitations
associated with the outline-driven reconstruction and the use of fixed bed topography,
which cannot fully account for historical changes in glacier geometry and hypsometry.
This limitation is particularly relevant to the 1960–2000 interval because the SRTM-derived
topography represents approximately the year 2000 and therefore does not directly capture
historical glacier-bed geometry.

From a hydrological perspective, the observed reduction in glacier ice volume and
thickness represents a substantial decline in the long-term freshwater storage of the Greater
Caucasus. Continued glacier thinning will inevitably reduce the capacity of glaciers to
sustain summer river discharge during dry years, potentially affecting downstream water
availability for hydropower generation, irrigation, agriculture, and domestic consumption.
At the same time, ongoing glacier retreat is likely to increase the formation and expansion
of proglacial lakes, modify sediment transport, and alter the frequency of glacier-related
hazards such as glacier collapses, debris flows and glacial lake outburst floods. Conse-
quently, the glacier volume changes documented here extend well beyond the cryosphere
itself and have important implications for regional environmental management and climate
adaptation strategies.

5.2. Comparison Between Glacier Volume and Area Changes

An advantage of the present study is that it enables a direct comparison between
changes in glacier volume and previously reconstructed changes in glacier area across
the Greater Caucasus (Figure 9). Although both variables exhibit continuous declines
throughout the study period, their temporal evolution differs substantially. Glacier area
decreased progressively between 1960 and 2025, whereas glacier ice volume declined
considerably more rapidly, particularly after 2000. This divergence is consistent with the
different ways in which glaciers respond to sustained climatic forcing and indicates that
glacier area alone does not fully capture the magnitude of ongoing glacier change.

The comparison illustrates that reductions in glacier area underestimate the total
loss of glacier ice stored within the mountain range. During the initial decades of the
study period, changes in glacier area and volume followed broadly similar trajectories,
reflecting the relatively moderate rates of glacier retreat observed before 2000. However, the
relationship became increasingly nonlinear during the twenty-first century. While glacier
margins continued to retreat, the reconstructed ice thickness also declined across much
of the glacier area, resulting in increasingly rapid reductions in glacier volume. However,
because ice thickness is reconstructed from the mapped outline and a fixed bed topography,
the reconstructed volume change is not an independent measurement of interior thinning,
and part of the divergence between area and volume change may arise from the model’s
intrinsic geometry–volume relationship rather than from observed surface lowering alone.
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Figure 9. (a) Absolute ice volume (km3) and area (km2) decrease for all Caucasus glaciers in 1960,
1986, 2000, 2014, and 2025. (b) Mean annual percentage volume (km3) and area (km2) decrease in all
Caucasus glaciers by different periods between 1960 and 2025.

Mean annual glacier area loss increased gradually throughout the observation period,
whereas annual glacier volume loss accelerated much more rapidly, reaching its highest
values during 2014–2025 (Figure 9b). Under the fixed-bed and outline-driven assump-
tions of our reconstruction, this divergence indicates that the reconstructed volume loss
exceeds what would be expected from area loss alone. However, this difference should not
be interpreted as direct evidence that thinning has become the dominant component of
glacier change, because part of the difference arises from the model’s intrinsic geometry–
volume relationship and from the outline-driven construction, in which thickness change
is a response to the changed outline and flowline geometry rather than an independent
measurement of interior thinning. Independent observations are needed to quantify the
thinning contribution to the regional signal. Similar behaviour has been documented in
numerous glacierized mountain regions, where geodetic observations consistently show
that reductions in glacier thickness outpace decreases in glacier extent during periods of
accelerated climatic warming [8,9,78].

5.3. Comparison with Independent Glacier Volume Estimates

Local-scale estimates of glacier ice volume remain relatively scarce, making direct
comparisons among studies difficult. An important exception is the study of Kutuzov
et al. (2019) [33], which quantified changes in the Elbrus glacier system using extensive
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ground- and helicopter-borne GPR measurements, high-resolution imagery, and digital
elevation models. For Elbrus, Kutuzov et al. (2019) [33] estimated a total glacier volume of
6.52 ± 0.85 km3 in 1997 and 5.03 ± 0.85 km3 in 2017, compared with 6.98 ± 0.70 km3 in
2000 and 6.54 ± 0.65 km3 in 2014 in our reconstruction (Table 4). The difference between
the estimates is therefore expected to reflect, at least in part, the different observation
dates, glacier outlines, and ice-thickness reconstruction methods. In particular, the 2000
estimate in this study is approximately 6.5% higher than the 1997 estimate of Kutuzov
et al. (2019) [33], whereas the 2014 estimate is approximately 23.1% higher than their
2017 estimate. These differences should not be interpreted as direct methodological biases
because the corresponding observation years differ by 3 and 3 years, respectively.

Table 4. Comparison of glacier volume, area, and mean ice thickness estimates between Kutuzov
et al. (2019) [33] and this study for the Elbrus glacier system.

Glacier Parameter
Kutuzov et al., 2019 [33]. Current Estimate

1997 2017 2000 2014

Glacier volume km3 6.52 ± 0.85 5.03 ± 0.85 6.98 ± 0.31 6.54 ± 0.35

Mean ice thickness (m) - 44.9 ± 7.3 45.95 40.49

Glacier area (km2) 125.76 ± 0.65 112.20 ± 0.58 119.95± 2.34 114.53 ± 2.03

The comparison of glacier area provides additional context. Kutuzov et al. (2019) [33]
reported a decrease in glacierized area from 125.76 ± 0.65 km2 in 1997 to 112.20 ± 0.58 km2

in 2017, while our reconstruction gives 119.95 ± 2.34 km2 in 2000 and 114.53 ± 2.03 km2

in 2014. Thus, the two datasets produce broadly comparable glacier extents and show the
same direction of change. Similarly, Kutuzov et al. (2019) [33] reported a mean ice thickness
of 44.9 ± 7.3 m in 2017, compared with 45.95 ± 4.6 m in 2000 and 40.49 ± 4.5 m in 2014 in
our reconstruction (Figure 10).

 

Figure 10. Comparison of glacier thickness across the Elbrus glacier system. (a) 2017 (Kutuzov et al.,
2019) [33] and (b) 2014 (this study).

Overall, the close agreement between the two datasets provides independent support
for the reconstructed glacier evolution, while differences in absolute values likely reflect
differences in inventory dates, glacier outlines, and ice-thickness methodologies.
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5.4. Consistency Between Reconstructed Glacier Volume Changes and Regional Geodetic
Mass Balance

To facilitate comparison with independent glacier mass-balance observations, the
reconstructed glacier volume changes were converted to specific mass changes expressed
in metres water equivalent (m w.e.). Following the approach of Dussaillant et al. (2025) [10],
a glacier ice density of 850 ± 60 kg m−3 was applied to the reconstructed volume changes.
For each observation interval, the volume change was normalized by the mean glacierized
area of the corresponding period, providing an estimate of the regional mean specific
mass change. The resulting cumulative mass-change series is compared with the regional
WGMS-based record of Dussaillant et al. (2025) [10] in Figure 11.

 

Figure 11. Comparison of cumulative glacier mass change derived from reconstructed glacier volume
changes and the WGMS-based regional mass-balance record of Dussaillant et al. (2025) [10]. Mass
changes are expressed in metres water equivalent (m w.e.).

The volume-derived mass-balance estimates indicate a progressive acceleration of
glacier mass loss across the Greater Caucasus. The mean annual mass change was approx-
imately −0.23 m w.e. yr−1 during 1960–1986 and −0.20 m w.e. yr−1 during 1986–2000,
increasing to −0.64 m w.e. yr−1 during 2000–2014 and −1.13 m w.e. yr−1 during 2014–2025.
Over the full 1960–2025 period, the reconstructed volume loss corresponds to a cumulative
mass change of approximately −30.3 m w.e. These results indicate a marked increase in the
rate of ice loss after 2000, with the strongest volume-derived mass loss occurring during
the most recent observation interval.

The acceleration evident in both cumulative records is consistent with recent regional
and global assessments documenting increasingly negative glacier mass balances during
the twenty-first century [9,10,35]. This acceleration of ice loss corresponds to a period
when global warming has accelerated markedly [79]. Atmospheric warming has intensified
glacier mass losses throughout many mountain regions, including the Greater Caucasus [80].
The increasingly steep gradients of both curves after 2000 suggest that glacier thinning has
become progressively more widespread and that the rate of ice depletion has increased
substantially during recent decades. This temporal agreement reinforces the interpretation
that the pronounced glacier volume losses reconstructed in this study primarily reflect
sustained climatic forcing rather than methodological artefacts.
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6. Conclusions
This study presents the first regional-scale reconstruction of glacier volume evolution

for the entire Greater Caucasus from 1960 to 2025. By combining multi-temporal glacier
inventories with the automated PalaeoIce reconstruction framework, glacier centrelines
derived from OGGM, and a reconstructed bare-earth digital elevation model, we quanti-
fied changes in glacier ice storage across five observation periods. Comparison with the
independent IceBoost ice-volume dataset and regional geodetic mass-balance observations
demonstrates that the reconstructed glacier volumes are both internally consistent and
physically realistic, providing confidence in the long-term reconstruction.

The reconstructed glacier volumes indicate that total glacier storage declined from
88.08 ± 4.4 km3 in 1960 to 42.66 ± 1.1 km3 in 2025, representing an overall reduction
of approximately 51.6% during the 65-year study period. Glacier shrinkage occurred
throughout the observation period but accelerated markedly after 2000, with the most
rapid losses recorded during 2014–2025.

Distinct spatial differences were identified across both political and physiographic
subdivisions of the mountain range. Russia retained the largest absolute glacier reserves
throughout the study period, whereas glaciers in Azerbaijan experienced the greatest
proportional reductions, reflecting their limited ice reserves and greater climatic sensitivity.
Similarly, the eastern Greater Caucasus exhibited the strongest relative losses during the
early twenty-first century, while the western sector underwent the most rapid acceleration
during the most recent observation interval. These patterns highlight the influence of
regional climatic gradients, glacier size, and topographic setting on glacier response to
ongoing atmospheric warming.

The comparison between glacier area and volume further demonstrates that changes
in glacier extent alone do not adequately represent the magnitude of contemporary glacier
change. While glacier outlines continue to provide essential information on glacier dis-
tribution, reconstructed ice volume, despite uncertainties associated with ice thickness
estimates, offers a more comprehensive assessment of remaining freshwater storage because
it incorporates both horizontal retreat and widespread glacier thinning.

Beyond providing a long-term regional assessment of glacier volume evolution in
the Greater Caucasus, this study establishes an important quantitative baseline for future
investigations of glacier dynamics, regional hydrology, natural hazards, and climate-change
impacts. The methodology presented here also demonstrates the potential of using auto-
mated reconstruction approaches to estimate consistent multi-decadal glacier volumes in
mountain regions where direct measurements of ice thickness remain scarce.
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