_ _ Taylor & Francis
Arctic, Antarctic, AR e Tdy\(}{&l’mrm\croup

and Alpine Research
e Fparnal

Arctic, Antarctic, and Alpine Research
An Interdisciplinary Journal

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/uaar20

Ice cover loss and debris cover evolution in the
Afghanistan Hindu Kush Himalaya between 2000
and 2020

Jamal A. N. Shokory & Stuart N. Lane

To cite this article: Jamal A. N. Shokory & Stuart N. Lane (2024) Ice cover loss and debris cover
evolution in the Afghanistan Hindu Kush Himalaya between 2000 and 2020, Arctic, Antarctic,
and Alpine Research, 56:1, 2373858, DOI: 10.1080/15230430.2024.2373858

To link to this article: https://doi.org/10.1080/15230430.2024.2373858

© 2024 The Author(s). Published with
license by Taylor & Francis Group, LLC.

A
h View supplementary material (£

ﬁ Published online: 22 Jul 2024.

\]
[:J/ Submit your article to this journal &

||I| Article views: 140

A
h View related articles &'

@ View Crossmark data &'
CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=uaar20


https://www.tandfonline.com/action/journalInformation?journalCode=uaar20
https://www.tandfonline.com/journals/uaar20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15230430.2024.2373858
https://doi.org/10.1080/15230430.2024.2373858
https://www.tandfonline.com/doi/suppl/10.1080/15230430.2024.2373858
https://www.tandfonline.com/doi/suppl/10.1080/15230430.2024.2373858
https://www.tandfonline.com/action/authorSubmission?journalCode=uaar20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=uaar20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15230430.2024.2373858?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15230430.2024.2373858?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/15230430.2024.2373858&domain=pdf&date_stamp=22 Jul 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/15230430.2024.2373858&domain=pdf&date_stamp=22 Jul 2024

ARCTIC, ANTARCTIC, AND ALPINE RESEARCH
2024, VOL. 56, NO. 1, 2373858
https://doi.org/10.1080/15230430.2024.2373858

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS ’ ) Checkforupdates‘

Ice cover loss and debris cover evolution in the Afghanistan Hindu Kush Himalaya
between 2000 and 2020

Jamal A. N. Shokory () and Stuart N. Lane
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ABSTRACT

Glaciers in Afghanistan are crucial elements for water resource and summer river flows. They are also
threatened by rapid climate warming. This study presents an up-to-date assessment of ice cover loss
for the entire country over two periods, 2000-2008 and 2008-2020, using newly developed remote
sensing indices that include a more reliable determination of changing debris cover. The results
suggest an estimated ice-covered area of 2,690.7 + 108.2 km? in 2020, that was 75 + 0.7% clean ice and
25 + 3.0 percent debris-covered ice. Total ice-covered area retreated by —0.16 + 0.01 percent yr™'
between 2000 and 2008 and —0.46 + 0.05 percent yr ' between 2008 and 2020. Notably, 60 percent of
ice cover loss (2000-2020) related to ice cover extents with a size < 2.5 km?, comprising 60 percent of
the total ice-covered area in 2000. Higher altitude accumulation zones also exhibited mass loss.
However, there was also substantial spatial variation in these rates of loss based on geographical
region, glacier size, and climate zones. In the north-eastern regions that are geographically close to or
part of the north-west Karakoram ice cover was declining at a substantially lower rate, stable, or even
increasing slightly, as compared with the northern and central regions of Afghanistan.
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Introduction

2021). However, whilst it has been observed that most HKH
glaciers retreated during the last century (Bolch et al. 2012;
Azam et al. 2018; Shukla et al. 2020; Agarwal et al. 2023),
there is substantial within-HKH variation in the response of
glaciers to climate warming. For this reason, quantifying
and explaining glacier change within different regions of
the HKH is of paramount importance.

There are two broad reasons why a regional focus is
needed. First, the response of HKH glaciers to climate
change is regionally complex (Wiltshire 2014; You et al.
2017). Large-scale generalizations may overlook within-

Glaciers play a crucial role in the hydrological cycle
(Viviroli, Weingartner, and Messerli 2003; Kaser,
GrofShauser, and Marzeion 2010; Sorg et al. 2012; Yao
et al. 2022), notably in arid environments where they pro-
vide water for irrigation during summer when it is most
needed (Hagg et al. 2007; Sorg et al. 2012; Rounce, Hock,
and Shean 2020). Global warming is leading to glacier
retreat and enhanced summer runoft in the short-term,
forecast to continue until glaciers become small enough
that this “glacial subsidy” ends and summer runoff is
reduced (Rees and Collins 2006; Scherler, Bookhagen, and

Strecker 2011; Khanal et al. 2021). A decline and eventual
end of glacier melt in the Hindu Kush Himalaya (HKH)
region is likely to impact water supply to the 1.3 billion
people living downstream (Williams 2013; Wahid et al.
2014; Quincey et al. 2018; Rowan et al. 2018; Pritchard
2019; Yao et al. 2022). This will particularly be the case for
those not benefitting from the South Asian summer mon-
soon (Wahid et al. 2014; Pritchard 2019; Chowdhury et al.

region differences in glacier mass balance and runoft
which in turn may cause regional differences in water
resource impacts (Garg et al. 2021). For instance, the east-
ern-most sites of the Himalaya are strongly influenced by
the Indian and southeast Asian summer monsoons, and ice
accumulation tends to be driven by summer precipitation
(Ageta and Higuchi 1984; Fujita 2008). Monsoon-type gla-
ciers are expected to be more sensitive to climate warming
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than winter-accumulation type glaciers as they may be
more impacted by a rise in the rain/snow limit driven by
an increase in temperature (Fujita 2008). This shift may be
exacerbated by albedo feedback if reduced summer snow
accumulation on glaciers then reduces summer albedo and
so enhances melt (Gardelle et al. 2013). On the other hand,
continuous retreat has been reported in the Central
Himalaya (Ren et al. 2004, 2006) and for 65 percent of
monsoon-influenced glaciers in the greater Himalaya
(between 2000 and 2008; Scherler, Bookhagen, and
Strecker 2011). Toward the northwest (the Pamirs, the
Hindu Kush, and the Karakoram), the climate is dominated
by westerly air masses and glaciers are of more of the
winter-accumulation type. Westerly rainfall-influenced gla-
ciers in the same region advanced or were stable in more
than 50 percent of cases (Scherler, Bookhagen, and Strecker
2011; Azam et al. 2018; Garg et al. 2023a). In addition, there
is increasing evidence that glacier response to climate
change can be influenced by more local factors. It appears
that smaller glaciers (<1 km?) are losing a higher percentage
of area than larger glaciers for the same time-period,
whereas longer valley glaciers covered with thick debris
appear to be losing area more slowly (Racoviteanu et al.
2014). Chowdhury et al. (2021) investigated glacier evolu-
tion in the Sikkim Himalaya, India, and found that the
maximum glacier area shrinkage is associated with glaciers
with lower terminus elevations and on the lower slopes of
large valley glaciers compared to other glaciers. This
emphasizes the need to consider regionally variable climate
influences when quantifying climate warming impacts on
HKH glaciers.

Second, HKH glacier response may be conditioned by
the development of extensive debris-covered ice, notably in
ablation zones, and associated with large volumes of ice
avalanche and rock fall onto glacier surfaces from steep
surrounding slopes (Rounce et al. 2018, 2021; McCarthy
et al. 2022). Globally, 7.3 percent of mountain glacier areas
are debris-covered rising to 12.6% in at the scale of south-
west Asia (Scherler, Wulf, and Gorelick 2018; Herreid and
Pellicciotti 2020). Knowledge of debris cover distribution
on glaciers is important as glacier retreat tends to be most
rapid for glaciers without debris cover (Marzeion, Jarosch,
and Hofer 2012; Radic et al., 2014; Huss and Hock 2015;
Hock et al. 2019; Marzeion et al. 2020; Anderson et al.
2021). Although this is a complex process (Nicholson and
Benn 2013; Gibson et al. 2017), debris accumulation alters
the surface energy balance (Anderson and Mackintosh
2012; Collier et al. 2015) an effect that is strongly dependent
on debris thickness (Kraaijenbrink et al. 2017; Molg et al.
2018; Scherler, Wulf, and Gorelick 2018; Nie et al. 2021).
Up until a few centimeters thick, debris cover reduces

albedo and so enhances melt (Ostrem 1959; Kayastha
et al. 2000; Nicholson and Benn 2006; Kiab et al. 2012;
Reid and Brock 2014; Evatt et al. 2015; Pratap et al. 2015;
Anderson and Anderson 2016; Vincent et al. 2016). Above
a certain thickness, debris cover begins to insulate the ice
(Ostrem 1959). Debris extent and thickness is dynamic in
time and space (Molg et al. 2018; Scherler, Wulf, and
Gorelick 2018; Nie et al. 2021; Garg et al. 2023b). The
formation of a substantial debris cover on glaciers has the
capacity to extend their lifespan, thereby enhancing the
sustained availability of water resources in the long term
(Lardeux et al. 2016; Zhang et al. 2019), an issue that has not
been fully addressed in studies on future water resources or
glacier lifetimes (Zemp et al. 2006; Bates, Kundzewicz, and
Wu 2008; Farinotti, Pistocchi, and Huss 2016; Shannon
et al. 2019). It also may contribute to regional variation in
glacier response to climate warming. For instance, Shokory
and Lane (2023) quantified systematic geographical varia-
tion in debris cover for Afghanistan glaciers and found that
this variation was related to broad-scale climatological and
geological influences. Information on changing debris
extent needs to be included in large-scale glacier inventories
(Kraaijenbrink et al. 2017; Mo6lg et al. 2018).

Given these two complexities, a comprehensive and
methodologically consistent sub-regional analysis of
changes in glacier size, altitude, debris-cover evolution,
and glacier melt for all regions of the HKH in the early
21st century is so far missing (Scher, Steiner, and
McDonald 2021). Here, we focus on Afghanistan in the
northwestern HKH. In Afghanistan, the combination of
conflict and political tensions has made field-based research
difficult, long-term monitoring almost non-existent, and
the curation of datasets describing glacier response to cli-
mate change very rare. Glacier down-wasting and retreat
has been reported (Shroder and Bishop 2010; Bishop et al.
2014). However, only one glacier in Afghanistan, the Mir
Samir located in the central part of the country, has ever had
any mass balance work done on it (in 1965), and it has now
retreated to the extent that it has divided into two distinct
ice masses (Bishop et al. 2014). Maharjan et al. (2018)
initiated the first updated glacier inventory of Afghanistan
with assessment of changes between 1990 and 2015 using
remote sensing. They found that over a 25-year period,
glacier cover decreased by 13.4% with an average decrease
of 54% per decade. However, they did not undertake
a systematic study of how both ice and debris-cover is
changing in Afghanistan (Shokory and Lane 2023), nor
did they report sub-regional variations in glacier response.
Therefore, the aim of our study is to make use of a new
method for deriving inventories of ice cover from remotely
sensed data, that explicitly quantifies both bare and debris-
covered ice (Shokory and Lane 2023), to quantify the
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regional decadal-scale patterns of ice loss and debris cover ~ Study area
development in the entire area of the Afghanistan HKH
(AHKH). Here, following Shokory and Lane (2023), we
refer to “ice cover” rather than “glacier” to reflect clear
evidence that as glaciers retreat they can produce zones of
debris-covered ice that are disconnected from a glacier.
Whether or not such zones are glacier or not is
a conceptual debate that is beyond this article.

The study uses datasets compiled for three dates
(2000, 2008, and 2020) to test the following hypotheses:

Afghanistan is a mountainous country (Figure 1) domi-
nated by the Hindu Kush mountain range extending
from the northeast to the southwest and covering one
third of the country (Shroder 2014). Afghanistan has
arid and semi-arid continental climates, characterized
by temperature and precipitation regimes with distinct
characteristic of deserts, steppe, and highland environ-
ments (Humlum, Kgie, and Ferdinand 1959; Shroder
2014). Unlike other parts of the Himalaya, Afghanistan
receives snowfall mainly in the winter from the wester-
lies that originate as Mediterranean cyclonic systems
and that move eastwards (Shokory, Schaefli, and Lane
2023). Only the most center-east part of the country
receives summer monsoon associated with the
Intertropical Convergence Zone (ITCZ) (Shroder 2014;

Shokory et al. 2017, 2023) causing occasional snowfall
altitude effects interact with local climate variability during summer over the highest mountain peaks.

to drive the complexity of glacier response to cli- Zones of ice cover in Afghanistan are primarily
mate change (Racoviteanu et al. 2014; Chowdhury  centered on the north-east of the country (Figure 1),
et al. 2021; Shokory and Lane 2023). and here we consider ice cover in four regions
(2) Development of debris cover in response to nega-  shown in Figure 1: (A) north-eastern, (B) northern,
tive mass balance is reducing the sensitivity of the  (C) central, and (D) central-western Afghanistan,
cryosphere to climate change in Afghanistan  identified based on geographical locations and cli-
through time (Bishop et al. 2014). mates (Shokory and Lane 2023). Within the four

(1) The complexity of Afghanistan’s mountain regions
is such that substantial variation in ice cover char-
acteristics (altitude, debris cover etc.; Shokory and
Lane 2023) translates into substantial variation in
ice mass response to climate warming. For instance,
local factors including ice cover extent, size, and
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Figure 1. (a) The main glaciated regions (A - north-eastern, B — northern, C - central, and D - central-western) and sub regions
(numbered from 1-18). (b) Elevation map with main ice cover regions in the dataset. (c) Gridded mean annual precipitation data
extracted from the Climate Hazards Group InfraRed Precipitation with Station (CHIRPS) dataset https://www.chc.ucsb.edu/data/chirps).
(d) Gridded daily mean temperature extracted from ERA5 dataset (the fifth generation European Centre for Medium-Range Weather
Forecasts (ECMWF) atmospheric reanalysis of the global climate https://cds.climate.copernicus.eu/cdsapp#!/dataset/). The location of
the main regions on the map of Afghanistan is referenced in Figure 1S (Supplementary materials).


https://www.chc.ucsb.edu/data/chirps
https://cds.climate.copernicus.eu/cdsapp#!/dataset/

4 J. A.N. SHOKORY AND S. N. LANE

focus regions, we also identified sub-regions within
the main regions based on the difference in eleva-
tion range and topographic separation by valleys
(Figure 1), the sub-regions were utilized primarily
as a means to visually and geographically illustrate
the results of our study, facilitating a more compre-
hensive interpretation of the observed glacier
changes (Figure 1). The four distinct regions, each
exhibiting unique precipitation and temperature
characteristics as derived from gridded datasets seg-
mented by elevation bands (Figure 1, Figure 2).
Region A is characterized by colder mean annual
temperatures, consistently below zero degrees
Celsius, indicative of its higher elevation and colder
climate. Regions B and C exhibit progressively war-
mer temperatures compared to Region A, with
Region D showing the warmest temperatures
among the four regions (Figure 2). Conversely, pre-
cipitation patterns vary across the study area.
Region A is distinguished by lower mean annual
precipitation levels, reflecting its colder and poten-
tially drier climate due to higher elevations. In con-
trast, Regions B and C experience higher mean
annual precipitation, likely influenced by their

lower elevations and proximity to moisture
sources.
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Materials and methods
Datasets

Shokory and Lane (2023) provide a full description of the
datasets used and only a summary is provided here. The
method uses Landsat data obtained from the United States
Geological Survey (USGS) (http://earthexplorer.usgs.gov/)
(the list of all Landsat scenes used in this study is provided
as supplementary material Table 1S). The bands used were
blue-B2, near infrared (NIR)-B5, shortwave Infrared
(SWIR)-B6, panchromatic (PAN)-B8, and thermal (TIR)-
B10. The B2 and B5 bands have 30 m resolution, the B8
band 15 m resolution, and the B10 band 100 m resolution
(downscaled to 30 m by the provider). Digital elevation
models (DEMs) were used to calculate geometrical para-
meters for the ice cover zones (elevation and length).
Lengths were determined in ArcGIS as the largest value of
the convex hull of each ice-covered zone. DEMs were
provided by the Department of Statistics, Ministry of
Agriculture Irrigation and Livestock of Afghanistan
(MAIL 2020) with resolutions of 5 m or 10 m (according
to region). In areas where no Afghan DEMs were available,
we used 30 m resolution DEMs downloaded from the
Advanced Land Observing Satellite (ALOS) global digital
surface model (https://www.eorc.jaxa.jp/ALOS/en/
aw3d30/data/index.htm).

(b)
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Figure 2. (a) Daily mean temperature variations (°C) across elevation bands. (b) Mean annual precipitation variations (mm) across
elevation bands. The variations are shown for the four glaciated regions of Afghanistan (see Figure 1a).
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Indices for mapping clean ice and debris-covered ice

This article applies the indices developed by Shokory
and Lane (2023) to determine the extent of clean ice and
of debris-covered ice. Shokory and Lane (2023) devel-
oped and tested them with field data and published clean
ice and debris-covered ice outlines for all ice-covered
zones in Afghanistan for 2016. They used the associated
inventory to describe the broad geographical controls on
the distribution of clean ice and debris-covered ice. This
article applies the same methods but to a sequence of
dates: 2000, 2008, and 2020. These dates were chosen
based on the availability of data during the ablation
season. For each year, visual testing was conducted to
select images with minimal cloud coverage, no snow in
the ablation zone (due to summer snowfall), and com-
prehensive spatial coverage of all glaciated regions.

The Shokory and Lane (2023) approach (Figure 3) is
pixel-based and only a summary is provided here. The
Landsat 7 Scan Line Corrector (SLC) gaps were filled
using ENVI v5.1 software, using a single file gap fill
triangulation approach (https://yceo.yale.edu/how-fill-
gaps-landsat-etm-images). For mapping clean ice, we
used the NIR to SWIR band ratio that allows ice to be
detected including under shadow (Paul et al. 2002;
Taschner and Ranzi 2002; Paul 2003; Paul, Huggel, and
Kaidb 2004; Bolch and Kamp 2005; Shukla, Arora, and
Gupta 2010; Bhardwaj et al. 2014; Kozhikkodan, 2014;
Shokory and Lane et al. 2023). Following Shokory and
Lane (2023), a band ratio threshold of > 3 was used to
define clean ice. Two types of debris-covered ice are
mapped based on two different thermal indices
(Shokory and Lane 2023). The first (debris class 1, C1) is
based upon combination of thermal (TIR) and panchro-
matic (PAN) bands (eq. 1). The principle behind this
combination is that the TIR band is most likely to have
the temperature signal that is needed to allow identifica-
tion of debris-covered ice. However, the TIR band is
coarse (100 m, downscaled by the provider to 30 m).

2 - »
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=)
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Figure 3. Methodological workflow used in this study.
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The PAN band is 15 m and, while it is theoretically less
sensitive to thermal properties ice (Shokory and Lane
2023), it provides a means of downscaling the coarser
TIR band to the resolution needed for mountain valley
glaciers (eq. 1). In this article, a range of 0 to —0.37 is used
to define debris-covered ice (Shokory and Lane 2023):

Normalized Difference Supraglacial Debris Indix

NDsDI,,) = AN — TIR 1

( ) = pAN + TIR W
Second, the NIR to Blue band ratio was used (eq. 2) for
the second class of debris-covered ice (debris class 2,
C2), with no TIR signal (at a specific threshold range)
and commonly covered by detrital sedimentary rocks
(mainly sandstone, siltstone, argillite, shale) (Shokory
and Lane 2023):

Normalized Difference Supraglacial Debris Index

NIR

NDSDI;) = —— 2

( 2) Blue @

Debris-covered ice was defined for the range 0.70 to 0.92
as used by Shokory and Lane (2023).

Validation tests of the accuracy of these indices gave

a 98 percent overall accuracy and a 0.92 Kappa coeffi-

cient (Shokory and Lane 2023).

Approach to analysis

This article focuses on ice cover change for two time
periods 2000-2008 and 2008-2020. For change detec-
tion, we mapped ice covered zones onto 2,409 water-
sheds that were delineated in ArcGIS. As such, zones can
change shape and area rapidly through time, using
a watershed level accounted for fragmentation of indi-
vidual zones of ice cover as ice mass was lost.
Watersheds were then grouped into 18 sub-regions
(Figure 1), and basic statistics (mean, minimum, max-
imum) were calculated.
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Sources of uncertainties

We used the omission and commission errors (1% for
clean ice and +12 percent for debris-covered ice) as pro-
portional uncertainties following the data quality assess-
ment reported in Shokory and Lane (2023). A second
source of uncertainty was associated with zones covered
by cloud as well as those affected by the Landsat image
SLC gap area for images between 2000 and 2008. Zones
that were visually identified as significantly affected by
snow or cloud cover in any one year were excluded from
consideration for all years (see discussion). Smaller snow
patches that were incorrectly identified as ice were
removed by assuming that all areas mapped as ice with
a size smaller than 0.01 km? were not truly ice cover. For
all other zones, snow attached to ice was manually
removed after visual inspection, and in some regions
a different scene (with less snow but possibly more
clouds) was chosen to improve results (following Molg
et al. 2018). Cloud-free scenes were available for most of
the study region while in the few cases we used additional
scenes from years close (+£2 years) to the inventory years
(following Paul et al. 2017; Molg et al. 2018). Ice cover
changes within the +2 years difference to the target year
are likely within the uncertainty of the ice cover outlines
and should thus not matter (Molg et al. 2018) (supple-
mentary material Table 1S).

Results

Ice distribution and spatial changes of ice cover
(clean and debris-covered)

The spatial distribution of ice and debris-covered ice in
Afghanistan is shown in Figure 4, with 64 percent of

Glacier cover

total ice area located in north-eastern Afghanistan
(Region A, Figure 1), 21 percent in the central sub
regions (Region C, Figure 1), 25 percent in the north
(Region B, Figure 1), and the rest in the center-west
(Region D, Figure 1). Debris-covered ice extent
accounted for 22 percent of the total ice-covered area
in 2020 but with the highest contribution in the north-
eastern part (65 percent of the total debris-covered ice
area). An example of ice cover outlines in 2020 is shown
in Figure 5 for comparison with 2000 and 2008.

In Afghanistan, the total ice-covered area shrunk by
383 + 4.9 km® between 2000 and 2008 and by
143.3 + 4.5 km? between 2008 and 2020 (Table 1). The
latter period suggests a marked increase in the rate of
area loss since 2008 by 0.46 + 0.05 percent yr .
Moreover, over the longer period of 2000 to 2020, the
total ice cover area decreased by 181.6 + 82 km’
(—6.32 + 1.05 percent total, —0.33 + 0.04 percent yr '),
in which almost 60 percent of the decreases were from
zones of ice cover with a size <2.5 km®. A constant
increase in debris-covered ice area was mapped using
index Cl; 0.8 + 0.08 percent yr ' for 2000-2008; and
0.48 + 0.04 percent yr ' for 2008-2020. The C2 debris-
covered ice area increased by 0.77 + 0.07% yr~" for 2000
to 2008, but decreased (—1.02 + 0.12 percent yrfl) from
2008 to 2020. Clean ice declined (-0.47 + 0.003 percent
yr ') between 2000 and 2008 and also between 2008 and
2020 (—0.67 + 0.005 percent yr_l) (Table 1).

We found differences in total ice cover change as
a function of geographical location, and closely related
both to climate characteristics (Figure 4) and the time
period considered (Figure 6). Therefore, we present
the results based on each region shown in Figure 1
(Table 1). The distribution of ice-covered based on

Climate Zones
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Figure 4. Colored background shows climatic zones (inset) based on the Koppen-Geiger climate classification (Peel, Finlayson, and
McMahon 2007) modified to include Dsa — M (monsoonal influence) following Shroder (2014); bubble points are clean ice and debris-

covered ice by sub-region in 2020.
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Figure 5. Ice cover outlines for the years 2000, 2008, and 2020 provided by this study, for example of (a) the north-east and (b) the
northwest of Afghanistan. Background is the high resolution imagery (0.29 m) of 2016 obtained from the Ministry of Mines and

Petroleum of Afghanistan (MoMP 2020).

Table 1. Area of bare ice and debris cover ice at different time steps and regions (undefined units are in km?).

Regions A B C D Summary
Year 2000

No. ice-covered zones 1539 861 1130 69 3599
Mean ice area 0.89 + 0.009 0.45 + 0.005 0.42 + 0.004 0.16 £ 0.002 0.63 £+ 0.01
Total clean ice 1370.1 £13.7 390.6 £ 3.9 477 £ 4.8 11 +0.1 2248.6 + 22.5
Total debris-covered ice (C1) 279.6 £+ 36.3 441 +57 194.9 + 253 89+12 527.5 + 68.6
Total debris-covered ice (C2) 87.1 £11.32 88 +1.15 0.4 +0.05 96.3 + 12.52
Total ice-covered area 1736.7 £ 61.4 4435+ 10.8 672.3 +30.2 199+13 28723 £ 103.6
Year 2008

No. ice-covered zones 1624 921 1115 60 3720
Mean ice area 0.82 £ 0.008 0.4 + 0.004 0.41 £ 0.004 0.16 £ 0.002 0.58 £+ 0.01
Total clean ice 13385+ 134 3659 + 3.7 459.8 + 4.6 9.8 +0.1 2174 + 21.7
Total debris-covered ice (C1) 300.5 + 39.1 545+ 7.1 195 + 25.3 85+1.1 558.6 = 72.6
Total debris-covered ice (C2) 84.7 £ 11.01 143 + 1.85 2.6 £0.33 101.5 £ 13.19
Total ice-covered area 1723.7 £ 635 4347 £12.6 657.4 +30.3 183+£1.2 2834.0 £ 107.5
Year 2020

No. ice-covered zones 1553 890 1166 68 3677
Mean ice area 0.86 + 0.009 0.32 + 0.003 0.32 + 0.003 0.13 £ 0.001 0.55 + 0.01
Total clean ice 13375+ 134 289 +29 3783 +£3.8 89+ 0.1 2013.5 + 20.1
Total debris-covered ice (C1) 307.2 +39.9 587 +76 212.7 £ 27.7 94 +1.2 588 + 76.4
Total debris-covered ice (C2) 74.5 + 9.69 14.1 + 1.83 0.6 +0.08 89.2+11.6
Total ice-covered area 1719.2 + 63 361.7 £12.3 591.6 +31.5 183+13 2690.7 + 108.2

sub-catchments is provided in Table 2S, available as
supplementary material.

The most notable retreat rates were in Northern
Afghanistan (Region B), associated with cold winters
and dry and hot summers, where clean ice extent
decreased from 2000 to 2008 (-2.3 + 0.02% yr ') and
2008 to 2020 (~1.7 + 0.01 percent yr '), while debris-
covered ice increased (4.6 + 0.5 percent yr ' and
0.4 + 0.04 percent yr'') for the same periods
(Figure 6). Declining clean ice area and increasing deb-
ris-covered area partially compensated one another,
although the total ice cover area still decreased from
2000 to 2008 (~0.52 + 0.06 percent yr '), and at a faster
rate for 2008 to 2020 (-1.2 + 0.1% yr_l).

In Central Afghanistan (Regions C and D, excluding
sub-region 14), there are commonly dry and hot

summers but with two distinct temporal variations:
drier periods with cold conditions coming from the
east; and more temperate periods with warmer and
often wetter conditions coming from the south and
west. In this region, clean ice cover decreased for both
2000 to 2008 (—0.53 + 0.01 percent yr ') and 2008 to
2020 (~1.4 + 0.01 percent yr '); and debris-covered ice
increased (0.4 + 0.04 percent yr ' and 0.9 + 0.1% yr~" for
these periods, respectively). The total ice cover area also
declined (~0.33 + 0.04 percent yr ' and —0.80 + 0.10 per-
cent yr_l, respectively).

Despite having the highest percentage of ice cover,
the north-eastern part of Afghanistan (Region A) had
the lowest retreat rates. This region is located in an arid
zone, comprising desert and steppe with a cold (mean
annual temperature <0°C) climate. Clean ice cover
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Figure 6. Mean annual percentage changes in clean ice area (a, 2000-2008; b, 2008-2020), debris-covered ice area (c, 2000-2008; d,
2008-2020), and total ice cover area (ice and debris-covered ice) (e, 2000-2008; f, 2008-2020). Background shading is the climatic
zonation shown in Figure 4.

decreased from 2000 to 2008 (0.2 + 0.00 percent yr ') 2020, except for sub-region 4 where it increased
but increased slightly from 2008 to 2020 (0.06 + 0.01 per-  (0.64 + 0.07% yr ). Taken together, this resulted in
cent yr''), except in sub-region 4 where it decreased  a decrease in total ice cover area of —0.06 + 0.01 percent
slightly (=0.16 + 0.00 percent yr ‘). Debris-covered ice ~ yr ' from 2000 to 2008, but with a slight increase of
increased by 2.2 + 0.20 percent yr_1 from 2000 to 2008  0.01 + 0.00 percent yr_1 in sub-regions 1-3 from 2008 to
and decreased by —0.14 + 0.01 percent yr ' from 2008 to  2020.



Changes in ice cover length and altitudinal limits

Ice cover length decreased at the highest rates for the
more northerly regions (-24 m yr_l) from 2000 to 2008,
but this rate of decrease declined for 2008-2020 (-5.5 m
yrfl) (Figure 7). The rate of decrease was lower in more
central regions (-4.5 m yr ') from 2000 to 2008 albeit
more rapid from 2008 to 2020 (-7.79 m yr_l) (Figure 7).
In north-eastern Afghanistan, ice cover length declined
from 2000 to 2008 (-15.0 m yr ') (Figure 7) but
increased from 2008 to 2020 (8.0 m yrfl).

Zonal ice elevation characteristics, including mini-
mum, maximum, and mean elevations, play a crucial
role in understanding ice cover loss. Increases in mini-
mum ice cover elevation suggest retreat; but decreases in
maximum elevation may also be noted, especially if
declining snow accumulation and ice formation matched
by increased down valley ice flux occurs. In northern
Afghanistan (Region B), minimum ice cover elevation
increased for both 2000 to 2008 and 2008 to 2020
(270 + 42 m yr' '; 1.72 + 1.6 m yr~’; respectively). The
maximum ice cover elevation declined (-4.63 + 4.5 m
yr ', and -1.57 £+ 1.9 m yr ). In central Afghanistan
(Region C), changes in minimum ice cover elevation
from 2000 to 2008 differed sub-regionally with larger
variation in standard deviation; however, it increased
from 2008 to 2020 by an average of 2.50 + 2.2 m yr .
On the other hand, maximum elevation decreased by
368 + 24 myr ' and ~1.61 + 47 m yr ' from 2000 to
2008 and 2008 to 2020, respectively (Figure 8). In north-
eastern Afghanistan (Region A) minimum ice cover ele-
vation increased from 2000 to 2008 (0.63 + 4.3 m yr_l)
but decreased from 2008 to 2020 (-0.67 + 2.3 m yr_l), and
maximum elevation declined (2000 to 2008; —2.22 + 3.7 m
yr ') but then increased slightly (+0.99 + 2.9 m yr ', 2008
to 2020) (Figure 8). Changes in mean elevation can also
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be indicative of alterations in the mass balance (Figure 8e,
f). However, mean elevation can be biased by extreme
changes and maximum elevations.
A decrease in mean elevation cannot be solely attributed
to ice moving toward lower elevations; rather, it may
result from changes in ablation and accumulation areas
(Figure 8e). Certainly, in Afghanistan, it seems that ice
loss is occurring in accumulation zones as well as in
ablation zones albeit to an extent that is likely dependent
on accumulation zone altitudes.

in  minimum

Changes in ice area hypsometry

Here we present an ice area hypsometric curve con-
structed using a DEM based on ice outlines for the
years 2000, 2008, and 2020 (see Figure 9). The hypso-
metric curve reveals notable changes over the study
period. In the year 2000, the curve exhibited two promi-
nent peaks of accumulated ice at approximately 4,300 m
and 5,300 m elevations. However, by 2008, a decrease in
ice extent was observed between 4,000 m and 5,300 m
elevations. In the most recent assessment in 2020, the
hypsometric curve has changed further, particularly at
lower elevations, mainly between 4,000 m and 4,800 m
(refer to Figure 9). The observed changes in the hypso-
metric curve at these lower elevations are more pro-
nounced in the Northern and Central regions (see
Figure 9, Northern and Central), corresponding to dry
and hot summer climate zones (see Figure 4).

Size effects on ice cover loss

The rate of change of ice cover is not uniform across all
ice cover extents but rather exhibits variability and varies
systematically by region. Our results indicate that larger

(b)

2008-2020

® 5

@ 15

b 4
e

68 70 72 74

68 70 72 74

Latitude

Figure 7. Mean annual changes (m) in ice cover length for (a) 2000 to 2008 and (b) 2008 to 2020. Background shading is the climatic

zonation shown in Figure 4.
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Figure 8. Mean annual changes (m) in glacier ice minimum elevation for 2000-2008 (a) and 2008-2020 (b); maximum elevation for
2000-2008 (c) and 2008-2020 (d); and mean elevation for 2000-2008 (e) and 2008-2020 (f). Background shading is the climatic

zonation shown in Figure 4. Shaded circles show the standard d

ice cover extents, characterized by extensive ice masses
and vast surface areas, displayed a more gradual rate of
change. In contrast, smaller ice cover extents tend to be
more responsive to more immediate climatic change.
Here, we present the changes in ice extent (total, clean
ice, and debris cover ice) for three classes of size
(<2.5 km?, 2.5-5 km?, and >5 km?).

eviation of the mean values.

The total area of smaller ice extents (<2.5 km?)
declined more rapidly over all regions with highest
rates in the north and lowest in the north-east
(Figure 10). In addition, the rates of change between
2008 and 2020 were higher than those between 2000
and 2008. In the north, from 2000 to 2008 the area
of smaller ice extents (<2.5 km?) declined by
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Figure 9 illustrates the glacier hypsometric curves for the years 2000, 2008, and 2020 for all ice cover zones and separately for the four
main regions. Sub-plots are hypsometric curves for the four individual regions (Figure 1).

—-0.53 + 0.06 percent yrfl, and this rate doubled from
2008 to 2020 (—1.30 + 0.16 percent yr_l) (Figure 10). In
central regions, smaller ice extents (<2.5 km?) declined
at a lower rate for 2000-2008 (~0.52 + 0.06 percent yr )
than 2008-2020 (-0.87 + 0.11 percent yr_'). The north-
eastern region had the lowest retreat rate for smaller ice
extents for both 2000 to 2008 (-0.20 + 0.02 percent
yr '), and smaller ice extents in this region actually
grew from 2008 to 2020 (0.07 + 0.009 percent yr ')
(Figure 10).

If this analysis is restricted to ice only, decreases of ice
cover were highest in the northern region for the smallest
ice extents for both 2000 to 2008 (-2.40 + 0.31 percent
yr ') as compared to larger glaciers (—1.15 + 0.14 percent
yr !, size 2.5-5 km? and —0.45 + 0.05 percent yr ', size
>5 km?) (Figure 11). These rates of clean ice loss also
slowed from 2008 to 2020 (~1.80 + 0.23 percent yr~', size
<2.5km% -1.12 + 0.14 percent yrfl, size 2.5-5 km?; and
—0.77 + 0.10 percent yr ', size >5 km?). The central
regions mirrored this size dependence for 2000 to 2008
(—0.79 + 0.10 percent yr ', size <2.5 km? —0.29 + 0.03 per-
cent yr', size 2.5-5 km? and —0.11 + 0.01 percent yr ',
size >5 km?). However, in contrast to the north, the
retreat rate in the central regions increases slightly from

2008 to 2020 even if it remains lower than the north
(~1.53 +0.19 percent yr ', size <2.5 km? —0.81 + 0.10 per-
cent yr_l, size 2.5-5 km? and —0.34 + 0.04 percent yr_l,
size >5 km?). In the north-eastern region, the size depen-
dence was also found for 2000 to 2008, although the
retreat rates were lower (~0.50 + 0.06 percent yr~', size
<2.5 km? —0.39 + 0.05 percent yr_l, size 2.5-5 km?% and
—0.06 + 0.007 percent yr_l, size >5 km?). From 2008 to
2020, retreat rates were close to zero (+0.13 + 0.01 percent
yr_l, size <2.5 km% —0.02 + 0.002 percent yr_l, size 2.5-
5 km?% and —0.06 + 0.007 percent yr ', size >5 km?)
(Figure 11).

Debris-covered ice showed a different behavior tem-
porally and by geographical region. Debris cover grew
more rapidly for smaller ice extents (<2.5 km?) between
2000 and 2008 (Figure 12) than for larger ice extents
(2.5-5 km®, >5 km?®); from 2008 to 2020 the trend
continued but with lower rates (Figure 12). There was
some evidence that these changes were geographically
variable. In the central regions, ice extents had higher
rates of increase in percentage debris cover for all size
classes, although rates of changed decreases when ice
extent size increased (+1.16 + 0.15 percent yr ', size
<2.5 km?% +0.66 + 0.08 percent yrfl, size 2.5-5 km?;
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Figure 10. Changes in total glacier area (clean ice and debris cover ice) for 2000-2008 and 2008-2020 by glacier size <2.5 km? (red
bar); 2.5-5 km?(Orange bar); and >5 km?(yellow bar). Numbers are the sub-regions (Figure 1, 1-4 north-eastern, 5-8 northern, 9-15
central, and 16-18 center-west) with different colors indicating different climate zones (Figure 4).

Changes in clean-ice area

1 2 3

(%yr")
N

" [N I N N N N N
S | | Il J* "n v wn g LI | """

B Giacier size < 2.5 (km?)
Glacier size 2.5-5 (Km? )

- Glacier size > 5 (Km2 )

P1P2 P1P2 P1P2 P1P2 P1P2 P1P2 P1P2 P1P2 P1P2 P1P2 P1P2 P1P2 P1P2 P1P2 P1P2 P1P2 P1P2 P1P2
P1(2000-2008) P2(2008-2020)

Figure 11. Changes in clean-ice area for 2000-2008 and 2008-2020 by ice extent <2.5 km? (red bar), 2.5-5 km*(Orange bar), and >5 km?
(yellow bar). Numbers are the sub-regions (Figure 1) with different colors indicating different climate zones (Figure 4).

and +0.34 + 0.04 percent yr_l, size >5 km?) from 2000 to
2008. Although the size effect remained the same, the
rates of change decreased from 2008 to 2020

(+0.47 + 0.06 percent yr', size <25 km?%
+0.15 + 0.01 percent yr'', size 2.5-5 km?% and
+0.07 + 0.01 percent yr_l, size >5 km?). The lowest

rates of change in percentage debris cover were found
in the north-eastern regions between 2000 and 2008
(+0.27 + 0.03 percent yr', size <25 km?%
+0.23 + 0.02 percent yr'', size 2.5-5 km?% and
+0.16 + 0.02 percent yr ', size >5 km?). However, from
2008 to 2020, slightly negative changes in percentage
debris cover were observed in north-eastern regions
(-0.08 + 0.01 percent yr_l, size <25 km?%
~0.002 + 0.0002 percent yr ', size 2.5-5 km? and
~0.06 + 0.01 percent yr ', size >5 km?) and as well as
for all ice extents >5 km?* (~0.16 + 0.02 percent yr ', in
the north; —0.01 + 0.001 percent yr_l, in the center). Ice
extents >5 km” seem to be undergoing a stable or slightly
negative debris cover trend (Figure 12).

Discussion

Ice cover loss in Afghanistan and surrounding
regions

Comparison with previous studies

Our study provides an updated ice cover inventory
covering the entire glaciated area of Afghanistan in the
western Himalaya. We assessed ice cover evolution over
three timespans, distinguishing between clean ice and
debris-covered ice. Prior studies, including Molg et al.
(2018), reported limitations in mapping debris-covered
ice extent due to the absence of automated approaches;
our study utilized a semi-automated method for distinct
mapping of clean ice and debris-covered ice.

In comparing our results for the year 2000 with
three other studies — Mahrajan et al. (2018), Molg
et al. (2018), and Randolph v6 (RGI Consortium
2017) - we found variations. The comparison revealed
that Maharjan et al. (2018) may have underestimated
the total ice extent of Afghanistan by —15 percent in
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Figure 12. Changes in debris-covered ice area for 2000-2008 and 2008-2020 by ice extent <2.5 km? (red bar), 2.5-5 kmz(orange bar),

and > 5 km?(yellow bar). Numbers are the sub-regions (Figure 1

the north, —7 percent in the center, and —12 percent in
the north-eastern region of the country. Similarly, in
sub-regions 1, 2, and 5-8, our assessment showed
underestimations of —7.2 percent, —7.0 percent, and
—17 percent by Molg et al. (2018), Maharjan et al.
(2018), and Randolph v6 (RGI Consortium 2017),
respectively. Notably, the underestimations were
higher for sub-region 3, which has a high debris
cover (see Table 2). Figure 13 illustrates that the key
underestimations in these inventories occurred in deb-
ris-covered areas, and our study may have more effec-
tively mapped these areas based on the results in
Shokory and Lane (2023) where we presented and
compared our method.

Maharjan et al. (2018) employed the normalized dif-
ference snow index (NDSI) for ice cover mapping and
a single slope threshold for mapping debris-covered ice.
The underestimation of ice extent corresponds to the
limitation that the NDSI may not detect ice cover under
shadow (Shokory and Lane 2023). Additionally,
Maharjan et al’s (2018) use of a slope threshold of
<24° might not detect debris cover when a glacier tongue
transitions gently to an unglaciated zone (Paul 2003;
Bolch and Kamp 2005; Frey et al. 2012; Shokory and
Lane 2023).

) with different colors indicating different climate zones (Figure 3).

Molg et al. (2018) manually mapped debris-
covered ice extent using ALOS-1 PALSAR-1 coher-
ence images, while glacier ice areas were mapped
using optical Landsat images. Challenges and issues
reported include a time difference of up to 9 years
between coherence and Landsat images, decreased
method wusability with decreasing ice cover size,
and “fuzzy” images, especially in high-alpine terrain.
The authors acknowledged a potential underestima-
tion of debris-covered ice extent in cases where no
clear boundaries were found (Molg et al. 2018).
Indeed, it is a debatable point whether debris-
covered ice that becomes detached from a glacier is
still part of the glacier this issue also addressed in
Agarwal et al. (2017). Comparison of inventories
should therefore be sensitive to the steps after ice-
cover mapping used to clean individual ice cover
outlines.

Regional variations

There is a clear regional variation in how Afghanistan
ice cover is responding to climate change, both in space
and time (Figure 14). In the north-eastern regions,
which are geographically close to or part of the north-
west Karakoram, ice loss rates have been either

Table 2. Comparative results of the year 2000 glacier area (km?) at seven sub-regions based on data

availability.
Sub Region Shokory and Lane Mahrajan et al. 2018 Mélg et al. 2018 Randolph V6
1 207.8 205.2 199.5 149.9
2 335.7 3329 335.7 335.7
3 525.5 440.2 449.0 414.2
5 37.1 285 29.3 259
6 8.1 4.5 53 44
7 129.7 102.3 105.6 80.6
8 268.5 243.5 239.8 218.2
Total 1512.4 13571 1364.2 12289
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Figure 13. Comparison of ice cover extent for year 2000 showing at two different regions of this study with Mélg et al. (2018), Maharjan
et al. (2018), and Randolph v6 (RGI Consortium 2017). Examples show region 3 (a and b) and region 1 (c and d) with RGB image in the
background being from 2016 (MoMP 2020), while the false color images are Landsate-2000 (refer to supplementary material Table S2).

substantially lower or near stable/increasing, as com-
pared with the northern and central regions of
Afghanistan. Researchers have observed that the more
strongly westerly-influenced Karakoram has glaciers
that were generally advancing or stable in the first dec-
ade of the 20th century (Scherler, Bookhagen, and
Strecker 2011; Bhambri et al. 2013; Minora et al. 2016;
Azam et al. 2018; Farinotti et al. 2020). The factors that
have led to this condition are not fully understood, but
they likely stem from the interaction between a broader
regional warming, which enhances westerlies and
increases precipitation, and more localized winter mass
gain and summer cooling attributed to enhanced snow-
fall (Nie et al. 2021). However, regionally ice cover

response is strongly heterogeneous (Bolch et al. 2019).
Similar observations of increasing ice cover extent in the
last two decades have been made for the eastern Pamir to
the south-east of the north-eastern regions of
Afghanistan (Lv et al. 2020); and the north-west
Himalayan range of India (Pandey, Ghosh, and
Nathawat 2011). The northern regions of Afghanistan
are responding most sensitively to climate change and
loss of ice cover seems to be accelerating (Figure 14).
This reflects observations of individual glaciers in the
Pamir-Alay to the north (such as Abramov Glacier to
the north, 1985 to 2015; Denzinger et al. 2021) but also
generalized observations of negative mass balance for
glaciers within the Pamir-Alay (1999-2011; Brun et al.
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Figure 14. Heat map for ice cover loss in three geographical locations of Afghanistan under two timespan T1-T2.

2017), the western Pamirs (2000-2018; Shean et al.
2020), and the Pamirs more widely (e.g., 2003-2008,
Kaab et al. 2015, 2003-2009; Gardner et al. 2013). Ice
cover in the central region was, as in the northern
region, undergoing areal loss throughout the two peri-
ods considered, albeit at lower rates than in the northern
region. The central region is part of the Hindu Kush and
is partially summer monsoon-influenced. Reports indi-
cate a weakening in the summer monsoon and reduced
precipitation, which serves as the primary reason for ice
cover loss in this area. Ice cover in such zones has been
found to be more sensitive to temperature changes than
to changes in accumulation (Salerno et al. 2015; Maurer
et al, 2019). In addition, Joya et al. (2021) recently
reported significant loss of ice extent (c. —15 percent,
or —0.75 percent per year) for the Kocha basin between
1990 and 2015 and this basin corresponds to
a significant part of our central region. Our central
region rates for less extensive zones of ice cover
(<2.5 km?) are similar to this rate for both periods.
Taken together, these observations mirror within
Afghanistan a wider observation of strong intra-
regional variability of ice cover response within the
HKH region to climate warming (Brun et al. 2017;
Scher, Steiner, and McDonald 2021); and potentially
over spatial scales of only 10s of km (Huang et al.
2021). Thus, studies of individual glaciers can provide
contradictory messages (e.g. Debnath, Sharma, and
Syiemlieh 2019; Chowdhury et al. 2021).

Overall, our results indicated an acceleration in
ice cover loss for the decade (2008-2020) that match
those of previous studies for overlapping time per-
iods in the region (Brun et al. 2017; King et al. 2019;
Maurer et al., 2019; Bhattacharya et al. 2021).
Maurer et al. (2019) explained it as an increase in
temperature by 0.4°C to 1.4° in the HKH region.
Moreover, the diversity of ice cover extent, types,
morphological variables, extent of debris cover, and

lake evolution are additional parameters that further
influence glacier shrinkage (Nie et al. 2021; Agarwal
et al. 2023).

Debris cover evolution

Observations suggest that long valley glaciers covered
with thick debris are generally stagnant (Racoviteanu
et al. 2014) and when ice flow decreases locally the
debris thickness increases (McCarthy et al. 2022). It
has been reported for the High Mountain Asia, that
melt beneath debris-covered areas, on average, is
reduced by 36 percent compared to clean ice (Rounce
etal. 2021). This has been reported in the north-eastern
part of Afghanistan which has the highest debris-
covered ice area, and in long valley glacier settings
where there is thick debris cover (Shroder, 1980).
Such zones have the lowest rates of ice loss with more
stagnant debris-covered termini (Figure 12). On the
other hand, in the northern and central glaciated
regions of Afghanistan, we noted higher rates of ice
cover loss (Figure 11) and increases in percentage deb-
ris cover (Figure 12). This pattern was also confirmed
by Bishop et al. (2014) who observed that glaciers that
were down-wasting and back-wasting were more deb-
ris-covered in northern Afghanistan than elsewhere in
the country. However, this may not simply be
a function of melt rate but also climate effects
(McCarthy et al. 2022). These regions have drier and
hotter summer climates that may lead to an increase in
debris cover (Herreid and Pellicciotti 2020).
Additionally, the relative percentage of debris cover
areas systematically decreases with increasing ice
cover extent, a pattern observed globally (Scherler,
Wulf, and Gorelick 2018) as well as in Afghanistan
(Shokory and Lane 2023). As smaller zones of ice
cover shrink faster than larger glaciers (Figure 14),
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this facilitates the rate of debris cover increase on such
glaciers (Narama et al. 2010; Scherler, Wulf, and
Gorelick 2018).

Climate influences on ice cover loss

A primary explanation of regional differences in rates
of ice cover loss is the climatic complexity of
Afghanistan. It is well known that for the wider
HKH there are broadly two distinguishing influences
on glacier mass balance (Fujita 2008): glaciers domi-
nated by the westerlies and winter-accumulation and
those dominated by monsoon with a tendency to
summer accumulation. Fujita (2008) showed that
monsoon-dominated glaciers are more sensitive to
climate change than westerly-dominated glaciers due
to a rise in the rain/snow limit related to increasing
temperature. By contrast, Racoviteanu et al. (2014)
found much higher glacier retreat rates in the dry
areas of the western Himalaya (Ladakh) than the
monsoon-dominated eastern Himalaya (Sikkim). In
Afghanistan, the north-eastern and northern regions
presented here are westerly-influenced zones of ice
cover. The south Asian monsoon can penetrate into
the central region to an extent that depends on its
annual intensity. Our data suggest that the northern
region, with a cold winter and a dry and hot summer,
is where retreat rates are most rapid. The north-
eastern region which is arid, but which has a colder
climate, has the lowest rate of ice cover loss
(Figure 14) and this region borders on zones where
others have made similar observations (Scherler,
Bookhagen, and Strecker 2011; Bhambri et al. 2013;
Minora et al. 2016; Azam et al. 2018; Farinotti et al.
2020; Lv et al. 2020). The central region has a mix of
both northern and north-eastern climate with influ-
ences from south Asian monsoon; therefore, a median
retreat in between is observed. Thus, there is a strong
signal of summer temperature, and hence altitude and
ice cover extent, in determining ice cover response to
climate warming.

Methodological constraints

Seasonal snow made it problematic on some dates to
identify the ice boundary for some zones, mainly in
the north-eastern region of Afghanistan. Molg et al.
(2018) report that this region has frequent seasonal
snow captured in Landsat scenes. Therefore, zones
with frequent snow and cloud cover were not consid-
ered in the mapping. It should be emphasized that the
2016 dataset (Shokory and Lane 2023) is not compar-
able with 2000, 2008, and 2020 datasets because of 1)

a decision to exclude from the latter three datasets
zones that were predominantly cloudy and 2)
a change in the way ice cover was segmented at
catchment divides.

Landsat datasets provide information acquired using
different sensors; for instance, for the years 2000 and
2008 we used Landsat 7 that uses Enhanced Thematic
Mapper Plus sensor (ETM+), and for the year 2020 we
used Landsat 8 which used Operational Land Imager
(OLI). Roy et al. (2016) reported that OLI reflectance is
slightly greater than the ETM+ for all bands. Therefore,
we also observed slight changes in the index threshold
values with +5 percent variation between those two
datasets of Landsat 7 and 8. Then the index threshold
was carefully monitored for each period using six bench-
mark zones (Supplementary material Figure 1S) in the
validation of this study (Shokory and Lane 2023).

Conclusion

This research studied ice cover changes in Afghanistan
in terms of total ice cover, clean ice cover, and debris-
covered ice for two timespans (2000-2008 and 2008-
2020). Inventories were developed for 2000, 2008, and
2020 to enable this. In 2020, 2,690.7 + 108.2 km? of
total ice cover extent was mapped, split between
75 £ 0.74 percent clean ice and 25 £ 3.0 percent deb-
ris-covered ice. Across the country, there has been an
acceleration of ice cover loss from 4.7 + 0.5 km” yr ™
(0.16 £ 0.01 percent yrfl) between 2000 and 2008 to
12.0 + 1.5 km® yr~ ' (0.46 % 0.05 percent yr ') between
2008 and 2020. Our analysis showed that ice cover
response in Afghanistan to climate warming is region-
ally variable and depends on ice cover extent, and this
despite Afghanistan being only a small percentage of
the HKH region (11.3 percent). Zones with cold win-
ters and dry and hot summer climates (the northern
region) had the highest rates of loss, and arid, desert
and steppe, cold climate (the north-eastern region)
had the lowest rates of loss. In between, a mix of
both regions, climates (northern and north-eastern
regions) with summer Asian monsoon influence had
a median rate of loss.

Debris-covered ice extent in Afghanistan glaciers is
increasing, but mainly for smaller ice cover zones. This
response is important as it may influence climate-ice
dynamics and reduce the sensitivity of ice mass loss to
rising temperature, so extending the lifespan of the total
ice cover as water resources (Lardeux et al. 2016; Zhang
et al. 2019). However, while debris cover development is
likely an important negative feedback in response to
climate warming, the fact that the largest zones of ice



cover are not yet showing increases in debris cover
suggests that there will continue to be significant ice
loss in some regions of Afghanistan.

It is generally accepted that smaller zones of ice cover
are more sensitive to and good indicators of climate change
because of their faster response to relatively short-term
climate variations (Paul, Huggel, and K&ab 2004).
However, we found variable response of small-size ice
cover zones to climate change. Smaller zones of ice cover
in northern Afghanistan are retreating at a higher rate than
those of central regions with those in north-eastern
Afghanistan having much lower recession rates. However,
this regional difference is found for all ice cover extents and
it seems that in Afghanistan regional differences in climate
are more important than extent effects.

Finally, we found that the maximum elevation of ice
cover zones has decreased but mainly in the north and
center of Afghanistan. This indicates that ice cover loss
is not only due to ablation but also reduced accumula-
tion in or increased ice flux out of accumulation zones.
This observation is important as it may take time for
accumulation changes to be seen in changes in snout
margin retreat rates.

This work has focused on general changes by regions.
It may be possible using this database to test out other
local scale drivers of variations in ice cover extent, in
futures studies. For instance, glacier lake formation has
also been shown to be an important driver of ice cover
loss in the HKH (King et al. 2017). In addition, the three
inventories published with this paper should become the
basis of improving water resource assessments for the
region by identifying the relationship between regional
patterns ice loss and the distribution of downstream
populations. Furthermore, utilizing the glacier ice and
debris-covered ice outlines provided by this study, there
is potential to explore more detailed elevation changes
and volume variations.
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