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Abstract. Currently, about 12-13% of High Mountain Asia’s glacier area is debris-covered, that alters its surface mass balance.
However, in regional-scale modelling approaches, debris-covered glaciers are typically treated as clean-ice glaciers, leading

to a bias when modelling their future evolution. Here, we present a new approach for modelling debris area and thickness
evolution, applicable from single glaciers to the global scale. We derive a parameterization and implement is as a module into

5 the Global Glacier Evolution Model (GloGEMflow), a combined mass-balance ice-flow model. The module is initialized with
both glacier-specific observations of the debris’ spatial distribution and estimates of debris thickness. These data sets account

for the fact that debris can either enhance or reduce surface melt depending on thickness. Our model approach also enables
representing the spatio-temporal evolution of debris extent and thickness. We calibrate and evaluate the module on a selected
subset of glaciers, and apply GloGEMflow using different climate scenarios to project the future evolution of all glaciers in

10 High Mountain Asia until 2100. Explicitly accounting for debris cover has only a minor effect on the projected mass loss, which
is in line with previous projections. Despite this small effect, we argue that the improved process representation is of added
value when aiming at capturing intra-glacier scales, i.e. spatial mass balance distribution. Depending on the climate scenario,

the mean debris-cover fraction is expected to increase, while mean debris thickness is projected to show only minor changes,
albeit large local thickening is expected. To isolate the influence of explicitly accounting for supraglacial debris-cover, we

15 re-compute glacier evolution without the debris-cover module. We show that glacier geometry, area, volume and flow velocity
evolve differently, especially at the level of individual glaciers. This highlights the importance of accounting for debris cover

and its spatio-temporal evolution when projecting future glacier changes.

1 Introduction

In High Mountain Asia (HMA), debris-covered and clean-ice glaciers are losing mass due to climate change (Brun et al., 2017,

20 Zemp et al., 2019; Shean et al., 2020; Hugonnet et al., 2021). Since the atmosphere is expected to warm further (Lee et al.,
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2021), more glacier mass is expected to be lost (Marzeion et al., 2020; Rounce et al., 2020). Understanding how sensitive HMA
glaciers are to changes in climate is crucial to quantify the future glacier evolution in the area.

A key unknown is the present and future in uence of supraglacial debris cover in moderating melt rates for the 12-13% of
HMA's glacier area that is presently covered by debris (Herreid and Pellicciotti, 2020). A better understanding is necessary to
accurately predict future water availability, to assess impacts on irrigation, hydropower, and both public and private usage of
water (Biemans et al., 2019; Farinotti et al., 2019b; Fyffe et al., 2019; Immerzeel et al., 2020; Miles et al., 2021), to anticipate
hotspots of hazards such as ice-dammed or proglacial lakes (Emmer et al., 2014; Zheng et al., 2021), or to project the glaciers
contribution to sea-level rise (Edwards et al., 2021).

The presence of debris at the ice surface has the effect of reducing the surface albedo and increasing the net shortwavi
radiation (Owen et al., 2003; Reid and Brock, 2010). When debris is particularly thin and/or patchy, this excess energy can be
readily conducted to the ice, thus enhancing melt rates (dstrem, 1959; Reznichenko et al., 2010a; Fyffe et al., 2020). However,
for thicker, continuous debris layers, the increased isolation layer allows for high debris surface temperatured fofeh
thereby increasing both the outgoing longwave radiation, and the turbulent energy uxes directed away from the surface (e.qg.
Nicholson and Benn, 2006; Steiner et al., 2018). This results in a reduced and delayed conduction of energy to the glacier
ice, leading to a progressive reduction of melt with increasing debris thickness (e.g. @strem, 1959; Reznichenko et al., 2010a;
Anderson and Anderson, 2016; Rounce et al., 2021).

Since glaciers are presently far from equilibrium (Marzeion et al., 2018; Zekollari et al., 2020; Miles et al., 2021), their
debris cover is evolving through time (Stokes et al., 2007; Bhambri et al., 2011; Bolch et al., 2011; Shukla and Qadir, 2016;
Tielidze et al., 2020). Indeed, medial moraines and debris patches — which are formed by the accumulation and transport of
debris — tend to grow and to expand laterally with increasing ablation (Anderson, 2000; Jouvet et al., 2011; Rowan et al.,
2015; Kienholz et al., 2017; Wirbel et al., 2018; Verhaegen et al., 2020). Additionally, ice-marginal moraines that may become
unstable when glaciers retreat, can supply the ice surface with additional debris (Van Woerkom et al., 2019). As a consequence
glaciers with negative mass balances tend to increase their debris-cover fractions through time (Stokes et al., 2007; Bhambiri
et al., 2011; Bolch et al., 2011; Shukla and Qadir, 2016; Tielidze et al., 2020). In the Karakoram region, instead, positive and
negative debris-cover changes offset one another during the past 40 years (Herreid et al., 2015). This is most probably the
consequence of the neutral, or even slightly positive mass balance in the region (Gardelle et al., 2013; Farinotti et al., 2020).

For glaciers with negative mass balances, the debris also progressively expands up-glacier (Stokes et al., 2007), togethe
with the rise of the equilibrium line altitude (ELA). Indeed, the mass balance pro le of a debris-covered glacier may have a
local minimum at mid-elevations, especially if the ice is clean (i.e. not covered by debris) at that elevation. This fosters the
expansion of the debris-cover fraction through the melt-out of englacial debris transported by the glacier's ice ow (Stokes
et al., 2007; Rowan et al., 2015).

By combining estimates of sub-debris melt with surface temperature inversion methods, Rounce et al. (2021) recently pre-
sented the rst global estimate of supraglacial debris thickness distribution on glaciers. The estimate refers to about 2008,
but debris thickness evolves through time. The few direct observations available indicate a debris-cover thickening in the last

decades (e.g. Gibson et al., 2017; Verhaegen et al., 2020), most probably related to the negative mass balances induced &
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ongoing climate change as well as to the resulting glacier thinning and decelerated ice ow (Verhaegen et al., 2020; Anderson
et al., 2021a). Supraglacial ice cliffs and ponds might additionally contribute to this, as they enhance local ablation of debris-
covered glaciers (Sakai et al., 2000, 1998; Ragettli et al., 2016; Miles et al., 2018) and evolve as well (Narama et al., 2017;
Watson et al., 2017; Chand and Watanabe, 2019; Buri et al., 2021; Ferguson and Vieli, 2021).

Regional and global models with various levels of complexity have been used to simulate the HMA's future glacier evolution
(see Marzeion et al., 2020, for a model inter-comparison). The models use different methodologies for computing ablation, ac-
cumulation, or geometry changes, but rarely take into account the debris cover and its spatio-temporal evolution. An exception
is the study by Kraaijenbrink et al. (2017) that presented the rst HMA glacier projections explicitly accounting for the effect
of supraglacial debris. However, neither did the study consider an evolution of debris extent and thickness in the future, nor
did it model ice ow explicitly or use glacier-speci ¢ mass balance data for calibration. Glacier-speci ¢ studies considering
debris-cover evolution exist (e.g. Jouvet et al., 2011; Rowan et al., 2015; Kienholz et al., 2017; Scherler and Egholm, 2020;
Verhaegen et al., 2020), as well as theoretical and process based modelling studies (Anderson and Anderson, 2016; Fergusc
and Vieli, 2021) but the majority are based on higher-order ice- ow models and require rather extensive observational data.
Thus, the corresponding methods are hardly applicable at larger scales.

Here, we present a new debris area and thickness evolution module applicable to both individual glaciers and the regional
to global scale. The module is included into the Global Glacier Evolution Model (GIoGEM ow), a combined mass-balance
(Huss and Hock, 2015) ice- ow (Zekollari et al., 2019) model. We calibrate and extensively evaluate the debris-cover module,
and showcase its applicability for all glaciers in High Mountain Asia. We focus on the future evolution of debris cover, and
determine the impacts that explicitly modelling debris cover evolution has on transient glacier evolution. To do so, we model
all HMA glaciers between 2000 and 2100. The modelling is based on ve shared socioeconomic pathways (SSP119, SSP126,
SSP245, SSP370 and SSP585) from the sixth phase of the Coupled Model Intercomparison Project (CMIP6) and the results ar:
compared to model runs that do not explicitly account for debris cover. We discuss the resulting differences in terms of glacier
mass balance, glacier evolution, and ice- ow velocity, which allows us to assess the importance of accounting for debris-cover

evolution in regional studies.

2 Data

To model the evolution all 95'536 glaciers contained in the Randolph Glacier Inventory version 6.0 (RGI 6.0, RGI Consortium,
2017) for HMA over the 21st century, different data sets are used (see Fig. 1).

2.1 Glacier Geometry

We use glacier outlines of the RGI 6.0 (RGI Consortium, 2017), which is a global inventory of glacier outlines. For HMA
glaciers, the RGI outlines are based on remote sensing data acquired between 1998 and 2013. For the ice thickness, we us
the consensus estimate by Farinotti et al. (2019a), which is based on an ensemble of models using characteristics of the glacie

surface (e.g. slope and surface velocities) and principles of ice ow dynamics for ice thickness inversion. For the modelling,



Figure 1. (a) Extent of HMA glaciers (white) as per Randolph Glacier Inventory version 6 (RGI Consortium, 2017). The three main RGI
regions (Central-Asia, South-Asia-West, and South-Asia-East) are shown by blueish, reddish, and greenish colours, respectively. RGI second
order regions are labelled individually. Three glaciers are highlighted to illustrate glacier-speci ¢ model results (red circles with numbers).
(b & c & d) Map of the three highlighted glaciers with their mean 2000-2016 debris thickness given by colours (scale o). falaeier

outlines and debris thickness are from RGI Consortium (2017) and McCarthy et al. (in review), respectively. For eack gitierglacier

ice volume according to Farinotti et al. (20194)]s the glacier area according to RGI 6Aqenis iS the debris-covered area, angbyris

is the mean debris-cover thickness with superscript and subscript values indicating its estimated con dence interval (note that the latter is
not symmetric; cf. Section 2.2)e& f & g) Glacier hypsometry (area per 10 meter elevation band) and debris-covered area distribution at
inventory daten is the number of glaciers within each region (RGI Consortium, 2017) Map background source: Natural Earth.
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