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Abstract. In a warming world of glacier changes, the scien-
tific community has dedicated increasing attention to debris-
covered glaciers and their response to climate. A variety of
models with distinct complexity and data requirements have
been developed and widely used to simulate melt under de-
bris at different sites and scales, but their skills have never
been compared. As part of the activities of the International
Association of Cryospheric Sciences (IACS) Debris Covered
Glacier Working Group, we present an intercomparison ex-
ercise aimed at advancing our understanding of model skills
in simulating ice melt under a debris layer. We compare 15
models with different complexity at nine sites in the Euro-
pean Alps, Caucasus, Chilean Andes, Nepalese Himalaya
and the Southern Alps of New Zealand, over one melt sea-
son. We run the models with measured meteorological data
from automatic weather stations and estimated or measured
debris properties. We consider four main model categories:
(i) energy balance models that calculate melt by solving the
physics of heat transfer to the debris layer, but require a high
amount of input data; (ii) a simplified energy balance model,;
(iii) enhanced temperature-index models; and (iv) simple em-
pirical temperature-index models that have been extensively
used given their low data requirement but require calibration
of their empirical parameters. Model performance is evalu-
ated using on-site measurements of sub-debris melt (for all
models) and surface temperature (for models based on the
surface energy balance). Our results show that physically-
based energy balance models and empirical temperature-
index models perform in a distinct manner. At one end of
the spectrum, simple temperature-index models are accurate
when recalibrated or when using site-specific literature pa-
rameters, and show poor results when parameters are un-
calibrated. At the other end, energy balance models show
a range of performance: the most accurate energy balance
models are those with the highest degree of complexity at the
atmosphere-debris interface. An important data gap emerged
from our experiment: the poor performance of all models at
three sites was related to the poor knowledge of debris prop-
erties, and specifically of thermal conductivity. Future work
should focus on both: (i) consistent data acquisition to eval-
uate existing models and support new model developments;
(i1) advancing models by accounting for processes such as
debris-snow interactions, moisture in the debris and refreez-
ing. We suggest that a systematic effort of model develop-
ment using a common model framework could be carried out
in phase II of the Working Group.

1 Introduction

Glacier ice is often covered by a continuous or discontinu-
ous layer of rock debris, which can vary in thickness from
a few centimetres to several metres (@strem, 1959; Kirk-
bride and Dugmore, 2003; Reid et al., 2012; Juen et al.,
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2014; Rounce and McKinney, 2014; Fyffe et al., 2020). Such
debris-covered ice is extensive in many mountain ranges
around the world (Scherler et al., 2018; Herreid and Pellic-
ciotti, 2020). In a warming climate, debris cover has been ob-
served to increase in area and thickness (Deline, 2005; Stokes
et al., 2007; Bhambri et al., 2011; Thakuri et al., 2014; Molg
et al., 2019; Tielidze et al., 2020; Xie et al., 2020; Ander-
son et al., 2021) as a result of melt-out and accumulation of
englacial debris at the glacier surface (Kirkbride and Deline,
2013; Anderson and Anderson, 2018) as well as increased
debris input from surrounding slopes and lateral moraines
destabilised by glacier debuttressing (van Woerkom et al.,
2019) and permafrost degradation (Gruber et al., 2017). Dur-
ing sustained periods of negative glacier mass balance, debris
cover expands laterally from medial moraines and upstream
as debris-rich ice is brought to the surface (Anderson, 2000;
Jouvet et al., 2011; Rowan et al., 2015).

The role of supraglacial debris in modulating glacier re-
sponse to climate across scales is an open topic of research.
We broadly understand debris to reduce melt rates when
thicker than a few centimetres (@strem, 1959, 1965; Kirk-
bride and Dugmore, 2003) and to potentially increase melt
rates when thinner (@strem, 1959; Mattson, 1993) or patchy
(Fyfte et al., 2020). The relationship between debris thick-
ness and sub-debris melt is commonly referred to as an
@strem curve, which has been established through field ob-
servations (@strem, 1959, 1965; Khan, 1989; Mattson, 1993;
Konovalov, 2000; Popovnin and Rozova, 2002; Lukas et al.,
2005; Mihalcea et al., 2006; Nicholson and Benn, 2006;
Hagg et al., 2008) and numerical simulations with energy
balance models at the point scale (Reid and Brock, 2010;
Wang et al., 2011; Brook et al., 2013; Lejeune et al., 2013;
Evatt et al., 2015). Studies that document melt across debris-
covered glacier surfaces beyond the point scale are scarcer
(Reid et al., 2012; Vincent et al., 2016; Anderson et al., 2021;
Steiner et al., 2021) and our understanding of glacier-scale
ablation patterns is more limited.

Research on debris-covered glaciers has seen an enormous
growth in the last decade. Novel lines of research include
the first global mapping efforts of debris areal extent (Scher-
ler et al., 2018; Herreid and Pellicciotti, 2020); determining
the thickness of debris covering glaciers at local and regional
scales (Schauwecker et al., 2015; Groos et al., 2017; Mc-
Carthy et al., 2017, 2022; Nicholson et al., 2018; Rounce
et al., 2018, 2021); understanding how debris is transported
through the ice and affects glacier flow and geometry (Rowan
et al., 2015; Anderson and Anderson, 2016; Banerjee, 2017;
Wirbel et al., 2018; Scherler and Egholm, 2020; Kirkbride
et al., 2023; Margirier et al., 2025); identifying the distinct
large scale thinning patterns of debris-covered glaciers as
compared to debris-free glaciers (Kéib et al., 2012; Brun
et al., 2019); advancing our understanding of debris-covered
glacier meteorology (Brock et al., 2010; Shaw et al., 2016;
Steiner and Pellicciotti, 2016; Yang et al., 2017; Steiner
et al., 2018; Bonekamp et al., 2020; Nicholson and Stiper-
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ski, 2020), surface properties (Nicholson and Benn, 2013;
Rounce et al., 2015; Miles et al., 2017; Quincey et al., 2017)
and hydrology (Fyffe et al., 2020; Miles et al., 2020); and
insights into the processes controlling debris-covered glacier
mass balance and the role that surface features such as ice
cliffs and ponds play in amplifying mass balance locally and
at the glacier scale (Sakai et al., 2000, 2002; Han et al., 2010;
Immerzeel et al., 2014; Reid and Brock, 2014; Buri et al.,
20164, b; Buri and Pellicciotti, 2018; Thompson et al., 2016;
Salerno et al., 2017; Miles et al., 2016, 2018; Brun et al.,
2016, 2018; Watson et al., 2018; Molg et al., 2019; Ander-
son et al., 2021).

Some of these new lines of research have exploited satel-
lite observations of increasing resolution (Brun et al., 2018)
as well as surveys from Uncrewed Aerial Vehicles (Im-
merzeel et al., 2014; Kraaijenbrink et al., 2016, 2018; Fyffe
et al., 2020; Westoby et al., 2020; Bisset et al., 2023; Mess-
mer and Groos, 2024), which allow processes of glacier
mass loss, debris evolution and dynamics to be understood
at high resolution. Others have focused on model develop-
ments (e.g., Buri and Pellicciotti, 2018; Potter et al., 2021)
and new theoretical advances (e.g., Nicholson and Stiperski,
2020). Despite these tremendous advances, some of the basic
aspects of debris-covered glacier processes and modelling re-
main elusive (e.g. debris sourcing and evolution over scales,
numerical reconstruction of debris thickness across spatial
and temporal scales, the future trajectory of debris covered
glaciers at local and global scales). Numerous models have
emerged to represent some aspects of this complexity (e.g.,
Buri et al., 2016a, b; Rowan et al., 2015; Wirbel et al., 2018)
but in the case of ablation of ice covered by debris, our un-
derstanding of key processes is still lacking.

Models developed to simulate the ablation of debris-
covered ice can be broadly grouped into physically-based en-
ergy balance models and empirical temperature-index mod-
els, with a number of intermediate models between the two
categories. Energy balance models estimate the energy fluxes
at the interface between the debris and atmosphere, within
the debris and at the interface between the debris and ice.
As a result, they are able to explain the physical processes
causing melt. These models have been primarily applied at
the point scale using data from on-site automatic weather
stations (Nicholson and Benn, 2006; Reid and Brock, 2010;
Lejeune et al., 2013; Rounce et al., 2015; Giese et al., 2020),
where they can be forced with meteorological data measured
within the glacier boundary layer. Energy balance models
have also been applied using off-glacier and re-analysis data
products (e.g., Rounce et al., 2015). While energy balance
models are physically realistic relative to temperature-index
models, they require more input meteorological data, as well
as knowledge of debris properties and physical parameters
used to calculate the main energy fluxes. These debris and
atmospheric parameters (such as debris thermal conductivity,
debris porosity, debris albedo, surface roughness length and
heat transfer coefficients) are difficult to constrain spatially
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and temporally even for individual glaciers and short (sub-
annual) periods, especially at remote sites outside of the Eu-
ropean Alps, as most previous research has been carried out
in the European Alps (e.g., Nicholson and Benn, 2006; Brock
et al., 2010). Energy balance models are thus less commonly
applied at the glacier scale (e.g., Fyffe et al., 2014; Reid et al.,
2012; Groos et al., 2017; Shaw et al., 2016). It is also ac-
cepted by now that sophisticated models forced with low-
quality input data will produce poor simulations (Machguth
et al., 2008; Anslow et al., 2008; MacDougall and Flowers,
2011; Gabbi et al., 2015; Shaw et al., 2016).

On the other side of the spectrum are temperature-index
(or degree-day) models. These models, initially developed
for clean ice, assume a linear relationship between the melt
rate and air temperature above a given temperature threshold,
typically near 0 °C, such that the melt can be estimated using
a multiplicative factor called the degree-day factor (Hock,
2003). Because most debris-covered areas are mantled in rel-
atively thick debris which reduces ablation, the most com-
mon approach to account for debris in these models has been
to reduce the degree-day factor, thereby reducing the melt
rates (e.g., Immerzeel et al., 2012, 2013; Shea et al., 2015).
However, complexity can be added by including parameter-
izations for other factors such as the radiation component
(Carenzo et al., 2016). Degree-day factors for different de-
bris thicknesses have been calculated from sub-debris melt
rates and air temperature measurements (e.g., Kayastha et al.,
2000; Mihalcea et al., 2006; Hagg et al., 2008; Wei et al.,
2010; Brook et al., 2013; Juen et al., 2014), but knowledge
of their spatial variation remains a challenge that limits this
approach. Constraining the variation of degree-day factors in
space and in time is an area of active research, which has
generated a number of variants of this approach (Anderson
and Anderson, 2016; Carenzo et al., 2016; Winter-Billington
et al., 2020). Degree-day factors cannot be measured directly
in the field, and rely on calibration with in-situ measure-
ments, challenging their transferability to other sites. Despite
this, temperature-index models have seen successful applica-
tions at the glacier and regional scale because they are sim-
ple, computationally efficient and require only air tempera-
ture (occasionally incoming shortwave radiation) as input to
model melt and a low number of parameters (e.g., Kraaijen-
brink et al., 2017). In most cases temperature-index models
are applied at daily or coarser temporal resolution.

Different types of models respond to distinct needs, data
availability and purposes. Often, numerical model develop-
ment has balanced complexity with applicability. Energy bal-
ance models provide an accurate representation of the com-
plex physical processes driving melt under debris at the ex-
pense of high data requirements, while temperature-index
models provide a wider applicability at the expense of sim-
plicity in process representation. Crucially, modelling skills,
model structures and approaches have rarely been system-
atically evaluated across a range of sites for debris-covered
glaciers.

The Cryosphere, 20, 1895-1928, 2026
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Given the growing recognition that debris cover plays
an important role in glacier mass balance and evolution, a
Debris Covered Glaciers Working Group was established
within the International Association of Cryospheric Sciences
(IACS) to foster knowledge sharing and address key knowl-
edge gaps within the community. In this context, we have
designed and carried out a model experiment to compare sev-
eral types of models with different degrees of complexity for
modelling melt under debris. Our motivation is to understand
whether models of differing complexity agree, under which
conditions each of them performs well, and to identify ar-
eas where model development is needed. The comparison is
carried out at the point scale of automatic weather stations in-
stalled on nine debris-covered glaciers using 15 models that
cover a wide spectrum of model structure and complexity,
and we compare them in a systematic manner at all sites.
Our specific objectives are:

1. to assess model performance at different sites

2. to identify the strengths and limitations of the different
model categories

3. to advance our understanding of the impact of model
choice on the accuracy and uncertainty of simulated
melt.

4. to attribute differences in model performance to model
physics, assumptions and/or inaccurate data

We first present the design of the intercomparison experi-
ment, describe the study sites and input data, and provide an
overview of the models. We then present and discuss the re-
sults of the intercomparison, the implications for modelling
and data collection experiments, and conclude with recom-
mendations for future work.

2 Experimental setup

Our intercomparison was conducted as an open experiment.
Nine data provider groups and 13 modelling groups re-
sponded to the call for participation. Modellers were pro-
vided with standardised meteorological data at hourly resolu-
tion, debris properties, and validation datasets that included
sub-debris melt rate from ablation stakes and/or from ultra-
sonic depth gauge measurements, and debris surface temper-
ature data (where available) for 9 study sites (Table 1). Some
of the temperature-index models used the sub-debris melt
and/or surface temperature data for calibration, and the cal-
ibration strategy for individual models was left to the mod-
ellers (see Sect. 4.1 on model calibration).

At each site, we carried out two melt modelling experi-
ments:

1. With measured debris thickness; and
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2. With variable debris thickness (with values of 1, 2, 4, 6,
8, 10, 12, 15, 20, 30, 50 and 100 centimetres) to derive
@strem curves.

We quantified uncertainty for each experiment using Monte
Carlo simulations where we varied the debris properties
of the energy balance models and the parameters of the
temperature-index models (see Sect. 4.2 on model uncer-
tainty).

Each model was run for the period of time that data was
available, which varied by site (Table 1). We restricted the
model simulations to the period without continuous snow
cover on the debris surface to avoid issues associated with
the choices each modeller made associated with snow on top
of the debris, which would affect the comparison of the sub-
debris melt. Nonetheless, each modeller had to decide how
to deal with short, occasional periods of snowfall (see model
descriptions in Sect. S2 in the Supplement).

Given that data were available for one melt season only,
no spin-up was possible for energy balance models. Given
that no snow was present at the beginning of our experiment,
that the time required to spin-up within-debris temperature
should be in the order of hours or a few days, and that only
one model allows ice-temperatures to go below zero, we ex-
pect the lack of a spin-up period to have a minimal effect on
the study.

3 Data and study sites

The experiments were performed at nine study sites, which
included three in the European Alps, two in High Mountain
Asia, two in the Chilean Andes, one in the Caucasus and one
in the Southern Alps of New Zealand (Fig. 1; Table 1). Study
sites were selected based on availability of a complete set
of meteorological data, debris properties and validation data.
The nine glacier sites span a large range of elevations and cli-
mates, as well as debris thickness and morphologies (Fig. 2).
Nevertheless, we recognise that our sites do not include some
critical regions where debris is abundant, including Alaska,
Greenland, Peru and the tropical Andes, Patagonia and the
Western regions of High Mountain Asia such as the Karako-
ram (Fig. 1).
For each study site, the following data were provided:

— Automatic Weather Station (forcing) data: air tempera-
ture (°C), relative humidity (%), wind speed (m s~y and
direction (°), air pressure (hPa), shortwave and long-
wave radiation (incoming and outgoing, W m~2), pre-
cipitation (mmh~'), snow depth (cm), height of me-
teorological sensors (m). These data were provided at
hourly resolution. Wind direction was not used by any
model.

— Debris thickness (k) measured at the site.

https://doi.org/10.5194/tc-20-1895-2026
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Figure 1. Location of the study sites and glacier maps with the position of the automatic weather station (indicated by a cross) on the debris-
covered part (dark grey area) of each glacier (blue shade indicates clean ice). The background colours show relative debris cover per 1 x 1°

tile, from Scherler et al. (2018).

— Debris properties that were measured, derived, assumed
or optimised in a previous modelling exercise: surface
roughness length (zg), thermal conductivity (kq), poros-
ity (¢) and emissivity (¢) (Table S1).

Validation data: surface height change measurements,
from either ablation stakes or ultrasonic depth gauge
readings, and debris surface temperature measurements
derived from outgoing longwave radiation.

— Metadata of the site.

The Supplement provides additional data and information
from the study sites: a photo from each of the nine sites
(Fig. S1), the values of debris properties at each site and
whether they were measured, optimised, estimated or as-
sumed (Table S1), the uncertainty of the validation data mea-
surements (Table S2), and a summary of mean measured me-
teorological data at each site (Table S3).

4 Models
Fifteen models are part of our intercomparison experiment.

When accounting for both calibrated and uncalibrated model
runs, the total number of approaches increases to seventeen.

https://doi.org/10.5194/tc-20-1895-2026
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Figure 2. Characteristics of the study sites. Elevation, mean rela-
tive humidity, mean air temperature and debris thickness at the nine
study sites, grouped by four main geographic regions. Circle sizes
denote debris thickness at the location of the respective weather sta-
tion. Mean air temperature and relative humidity are calculated as
the average over the simulation period of the model intercompari-
son. Note that periods are of different duration at different sites (see
Table 1).
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Table 1. Overview of study sites. Validation data indicates what kind of melt observations are used at each site: ultrasonic depth gauge
(UDG), ablation stakes, a draw-wire, and debris surface temperature (75). hq: debris thickness. The latitude and longitude coordinates refer

to the locations of the automatic weather stations.

Glacier Latitude Longitude Elevation Start date End date Simulation hq  Validation
(mas.d.) (dd/mm/yyyy) (dd/mm/yyyy) length (days) (cm) data
Arolla 45.9814 7.5244 2665  04/07/2010 12/09/2010 71 6 UDG, Stakes, T
Changri Nup 27.9925 86.7799 5471  16/04/2016 24/07/2016 100 10  UDG, Ts
Djankuat 42.7596 43.1997 3050 17/06/2007 07/09/2007 83 61 UDG, T
Lirung 28.2326 85.5621 4076  04/05/2014 24/10/2014 174 30 UDG, Stakes, T
Miage 45.7823 6.8763 2030  13/06/2005 07/09/2005 87 22 Stakes, T
Piramide —33.5896  —69.8907 3459 21/10/2014 30/04/2015 192 18  Stakes, T
Suldenferner 46.4958 10.5692 2623 19/07/2016 11/09/2016 55 11 UDG, Ts
Tapado —30.1565 —69.9224 4570  13/12/2014 22/03/2015 100 80 UDG, T
Tasman —43.6286  170.2030 900  06/10/2017 09/04/2018 186 30 Draw-wire, Stakes, T

Of the 15 models, ten were published prior to the call, three
were a modification of a published model, and two were un-
published. The 15 models span a range of model complex-
ity from energy balance models to temperature-index mod-
els including intermediate models. The intermediate mod-
els are different enough to be included in two distinct cat-
egories: a model that is close to the energy balance approach
(a simplified energy balance) and two models that advance
on the standard temperature-index approach (enhanced tem-
perature index models). We thus group all models in four cat-
egories: eight energy balance models, one simplified energy
balance model, two enhanced temperature-index models and
four temperature-index models (Fig. 3). Temperature-index
model simulations were provided both in the uncalibrated
and calibrated version where possible.

We rank models by complexity assuming that the
temperature-index models are the simplest and the energy
balance models the most sophisticated ones in the sense that
they include the most complete representation of the physics
of the processes leading to melt under debris. A general de-
scription of the model approaches can be found below, and
an overview of participating models is shown in Table 2
and Fig. 3. A more detailed description of each model can
be found in the Supplement, which fully documents unpub-
lished approaches and includes sufficient detail of published
models to enable understanding of the models’ main charac-
teristics and of the differences that are relevant for this inter-
comparison.

The models will hereafter be referred to by the model
acronyms in Table 2. We used the model acronym provided
in previous publications, or, when no name was provided, by
the first three letters of the first author’s last name followed
by the publication year.

Energy balance models
General model approach. Energy balance models calculate

sub-debris melt by solving two main equations: (i) the heat
exchange at the debris-atmosphere interface and (ii) the heat

The Cryosphere, 20, 1895-1928, 2026

conduction of this surface energy into the debris, until the
energy reaches the debris-ice interface and is transferred to
the ice. If the ice is at 0 °C, this energy is used for melt; oth-
erwise, energy is used to warm the ice towards 0°C. This
assumes that no other energy transfer occurs within the de-
bris.

The general debris surface energy balance equation, fol-
lowing the notation of Reid and Brock (2010), is:

S{+St+L | +L 1 (Ty) + H(Ty) + LE(T5)
+G(T)+ P(T) =0 e))

where S is the net shortwave radiation, L | and L 1 are the
incoming and emitted longwave radiation, H is the turbulent
sensible heat flux, LE is the turbulent latent heat flux, P is the
heat flux due to precipitation, G is the heat conducted into the
debris (equivalent to G1, heat conducted into the first debris
layer, in Fig. 4) and Ty is the surface temperature. The fluxes
that are a function of the surface temperature 7 are explicitly
indicated as such.

The conductive heat flux G is the heat transferred through
the debris layer to reach the ice and melt it, and it depends on
the properties of the debris layer. This flux is calculated with
the heat conduction equation through the debris (Eq. S7), and
most models solve it by iteratively computing the debris sur-
face temperature to close the energy balance, unless they as-
sume a linear temperature profile or steady-state conditions,
in which case the simpler linear Eq. (S3) is used. When solv-
ing iteratively, most models, building on Reid and Brock
(2010), use an iterative Newton—Raphson method to calcu-
late surface temperature (Eq. S6), where the debris tempera-
ture is calculated for N layers of thickness &, with boundary
conditions defined by the surface temperature, 75, and the
temperature of the debris/ice interface, which is assumed to
stay at Tr = 0 °C for all models except one (A-Melt).

The two main equations of the surface energy balance and
heat conduction through the debris are similar for most mod-
els. Models however diverge in several aspects: (i) the ac-
tual number of fluxes that are included; (ii) the way individ-

https://doi.org/10.5194/tc-20-1895-2026
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1901

Table 2. Overview of the models used in this intercomparison, sorted alphabetically within each model category. Note models GRO17/5
are together as they contain the same information in this table. The Supplement describes further model details. EB: energy balance model;
SEB: simplified energy balance model; ETI: enhanced temperature index model; TI: temperature index model. T,: Air temperature, p: air
pressure, RH: Relative humidity, FF: Wind speed, S |, S 1: Incoming/outgoing shortwave radiation, L | : Incoming longwave radiation, P:
precipitation. n/a: not applicable.

Model name  Model type  Meteorological inputs Temporal Resolution ~ Number of debris Model references
layers (N) Thickness
of debris layer (41)
A-Melt EB T.,RH,FE, S |,S1, L, P hourly N=1 Rets and Kireeva
(2010), Elagina et al.
(2025)
d2EB EB T.,RH,FE, S |,St, L|,p hourly N layers of 1 cm each Reid and Brock (2010),
Steiner et al.
(2018, 2021)
DEBcF EB T.,RH,FE S |,S1,L |, P,p hourly N =hq/10 Reid and Brock (2010),
Fyffe et al. (2014)
DEBpg EB T.,,RH,FE, S |, St L, p hourly N =hg/3ifthqg <6, Reid and Brock (2010)
h=2-2.05ifhqg>6
GRO17/ EB To, RH,FE S |, S1,L |, p hourly N=1 Evatt et al. (2015),
Groos et al. (2017),
Groos and Mayer
(2017)
ROU15 EB T.,RH,FE, S |, S1,L|, P hourly N =hq/10 Rounce et al. (2015)
THRED EB T,, RH,FE S |, S1,L |, P daily N=1 Fujita and Sakai (2014)
MCC19 SEB T, S, St hourly N =hg/10if McCarthy (2025)
hq < 10cm, N layers
of lemif hg > 10cm
DETI, ETI Ta, S, S hourly n/a Carenzo et al. (2016),
modified
KO2 ETI Ta,S 1,871 daily n/a Winter-Billington et al.
(2020)
DDFgebris TI Ta hourly n/a Kayastha et al. (2000)
Hyper-fit TI Ta hourly n/a Anderson and
Anderson (2016),
Anderson et al. (2021)
KM1 TI Ta daily n/a Winter-Billington et al.
(2020)
KP1 TI Ta daily n/a Winter-Billington et al.

(2020)

ual fluxes are calculated, which can be more or less sophis-
ticated; (iii) the assumption about the temperature gradient
in the debris; (iv) the way the debris layer is discretised to
calculate the conduction flux (i.e. the number of layers and
their thickness); (v) the numerical scheme to solve the two
coupled equations above (see Supplement); (vi) the ability to
treat the interaction of debris with snow; and (vii) the model
temporal resolution (daily versus hourly).

EB model complexity. We use those aspects of model char-
acteristics and representation of the debris domain to arrange
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energy balance models along an axis of complexity, from
the simplest to the most sophisticated (Fig. 3). We also in-
clude in our arrangement the temporal resolution (hourly ver-
sus daily, with hourly models regarded as more complex).
Since in this intercomparison ablation seasons with no snow
cover (or only occasional snow cover) were chosen, the abil-
ity of the models to deal with snow is not taken into account.
The overall definition of model complexity that includes also
temperature-index and intermediate models is discussed at
the end of this section (and also illustrated in Fig. 3).
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Figure 3. A graphical representation of model complexity, from top (simplest models) to bottom (most sophisticated models), for all four
model categories considered in this intercomparison experiment (TI: temperature index models; ETI: enhanced temperature index model;

SEB: simplified energy balance model; EB: energy balance models
empirical parameters (grey), debris properties (green) and energy fl

). Model complexity includes the required meteorological data (orange),
uxes (blue). Symbols for the meteorological input data are as in Table 2.

Abbreviations and symbols for the fluxes, input data and parameters are as in the text. More details about models are in the Supplement.

All energy balance models directly use the provided ob-
served net shortwave radiation flux and calculate the long-
wave radiative fluxes and the turbulent sensible heat flux
at the surface (Fig. 3). All models except one (GRO17) in-
clude the turbulent latent heat flux at the debris-surface,
and two models include the heat flux due to rain (ROU15
and DEBcp). Models differ substantially in how turbulent
heat fluxes are calculated. Building on Kuzmin (1961) and
Nicholson and Benn (2006), most models use simplified
bulk approaches with constant turbulent exchange coeffi-
cients (Steiner et al., 2018, 2021; Fujita and Sakai, 2014) and
do not take into account atmospheric stability, thus assuming
neutral conditions (Tables S15 and S16). Only two models
(DEBcr and DEBpg) account for the stability of the atmo-
sphere using non-dimensional stability functions for momen-
tum and heat expressed as functions of the Richardson num-
ber (Reid and Brock, 2010; Fyffe et al., 2014). A second ma-
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jor difference is the way the relative humidity of the debris
surface is treated to calculate the latent heat flux. Since no
data on the water content within the debris were available at
any of the sites, modellers either neglected this flux or made
assumptions on the actual relative humidity of the air at the
debris surface (RHs) based on the relative humidity of the air
or precipitation occurrence (Table S16). These vary from as-
suming that the surface is saturated when it rains (DEBcF,
ROU15) to assuming that RHg = 100 % when the air rel-
ative humidity at the measurement height (RH,) is 100 %
(DEBpg).

Models also differ in how the debris layer is represented.
Four models (GRO174, GRO17g, THRED and A-Melt) as-
sume the debris can be treated as a single layer with a linear
temperature gradient between the debris surface and the un-
derlying ice (Table 2). This is an assumption that has been
made for simulations with a time step of 24 h, informed by
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Figure 4. Scheme of energy fluxes at the interface air-debris, within debris and between debris and ice. Fluxes are considered as positive
when directed towards the surface and negative when away from the surface. The debris is discretised into N layers of height (k) each.

Symbols for the fluxes are as in the text.

temperature measurements showing that, although the profile
is nonlinear at various times throughout the day, it is approxi-
mately linear on a 24 h averaged basis (Nicholson and Benn,
2006; Brock et al., 2010; Reid and Brock, 2010). The only
other study that used this assumption, Brock et al. (2010), as-
sumes a linear temperature profile in simulations at 1 h time-
step, but introduces a “debris heat storage” flux to account
for debris warming during the day and cooling at night. This
assumption simplifies the calculation of heat conduction into
the debris (Eq. S7), thereby considerably reducing the com-
putational costs.

Four models (DEBcgr, ROU15, THRED, A-Melt) repre-
sent snow on the debris surface by calculating snowmelt un-
til the debris is exposed again (Table S19). Even here, dif-
ferences are evident: some models accumulate snow on the
ground using the precipitation and air temperature record
(THRED) while other models use the snow depth record to
calculate snowmelt as long as snow is on the ground (DEBcF,
ROU15).

There are other smaller differences between models. All
models assume the ice to be at melting point, except for
A-Melt (see Sect. 2 in the Supplement). All models use
the thermal conductivity value provided for each site (Ta-
ble S1) for the heat conduction flux calculations and the de-
bris emissivity provided for the calculation of the outgoing
longwave radiation flux. All models used the aerodynamic
surface roughness length provided for the calculation of the
turbulent heat fluxes, except the A-Melt model which param-
eterised it based on Kuzmin (1961).

Inclusion of convection within the debris. All models, with
the exception of GRO17p, assume that energy conduction
into the debris is the only mechanism by which heat is trans-
ported through the debris to the underlying ice. The turbu-
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lent latent heat flux within the debris — and its variation with
depth — was introduced by Evatt et al. (2015) to reproduce the
peak in melt rate associated with the critical debris thickness
(Dstrem, 1959; Kirkbride and Dugmore, 2003; Reznichenko
et al., 2010), and address a potential contradiction between
model predictions and field observations: some field-derived
@strem curves show an initial increase in melt rates (com-
pared to clean ice) up to a thickness of a few cms, after
which melt decreases and reduces below the clean ice melt
rate at a critical debris thickness (@strem, 1959; Kirkbride
and Dugmore, 2003). The only other work that attempted to
reproduce this behaviour (Reid and Brock, 2010) attributed
it to the patchiness of debris for a thin, non-uniform debris
layer, and proposed a patchiness parameter to mimic the in-
crease in melt rate for thin debris. Evatt et al. (2015) instead
included air flow through the porous debris layer, and ac-
counted for the energy exchange between the moving air and
the ice at the bottom of the debris layer that takes the form
of either condensation or evaporation (turbulent latent heat
flux). The airflow within the debris layer is attenuated with
debris depth, causing a reduction in the evaporative heat flux
as the debris thickens. This initially increases the melt rate,
as less latent energy is used for evaporation and more energy
becomes available for melting. However, as the debris layer
continues to thicken, its insulating effect eventually domi-
nates, leading to a reduction in the melt rate. The GRO17g
model builds on the Evatt et al. (2015) model to reproduce
these processes within a porous debris layer. The model re-
quires knowledge of porosity and grain size, which determine
the friction velocity and wind speed attenuation parameters
(Fig. 3).
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Simplified energy balance model

One simplified energy balance model (MCC19; McCarthy,
2025) is part of this intercomparison (Sect. S2.2). At the de-
bris surface, the model computes the net shortwave radia-
tive flux and the conductive heat flux, and represents the re-
maining fluxes using the air and debris temperature differ-
ence together with two free parameters (Fig. 3, Table S12)
(cf. Oerlemans, 2001). The model conducts heat through the
debris layer using the one-dimensional heat equation, where
the boundary condition at the ice surface is the tempera-
ture of melting ice (following Reid and Brock, 2010), and
the boundary condition at the debris surface is the simplified
debris-surface energy balance. The model therefore only re-
quires air temperature and incoming shortwave radiation as
meteorological forcing and debris parameters (conductivity,
heat capacity and density) to solve the heat conduction equa-
tion, and has two parameters that need to be calibrated. Melt
is calculated from the conductive heat flux at the base of the
debris layer.

Enhanced temperature index models

The debris enhanced temperature index (DETI; Carenzo
et al., 2016) model was developed as a model of interme-
diate complexity between a temperature-index model and an
energy balance model, building on similar developments for
clean ice (the ETI model, Pellicciotti et al., 2005). It includes
the shortwave radiation balance, and a term dependent on
air temperature that represents empirically all other fluxes in
the energy balance equations. The model’s empirical param-
eters are a function of debris thickness, to account for the
time needed to transfer energy from the surface to the ice,
and were derived through functional relationships between
the shortwave radiation flux and temperature with sub-debris
melt simulated by an energy balance model at different thick-
nesses. It is designed to run at hourly resolution.

Winter-Billington et al. (2020) introduced an enhanced
temperature-index model based on a mixed-effects approach.
Fitted using data from 27 glaciers, the model predicts degree-
day factors as an exponential function of debris thickness
and, combined with air temperature data and net shortwave
radiation as a second fixed effect, estimates melt at a daily
time step. The mixed-effects framework allows this model to
be applied to new sites without recalibration, while provid-
ing prediction uncertainty based on the original training data.
With two fixed-effect predictors, the model KO2 is consid-
ered an enhanced temperature-index model under our classi-
fication scheme.

Temperature index models
Temperature-index models assume that melt is linearly de-

pendent on air temperature and use a degree-day factor to es-
timate melt. The degree-day factor is generally calibrated to
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reproduce observed melt under debris (e.g., Kayastha et al.,
2000), and likely cannot be transferred to sites with a differ-
ent debris thickness or different climates. Anderson and An-
derson (2016) developed a sub-debris melt model (Hyper-fit;
Anderson et al., 2021) where a degree-day factor for clean ice
is used to estimate a hypothetical bare ice melt rate at each
site. To estimate sub-debris melt, the bare ice melt rate is re-
duced based on local debris thickness and a characteristic de-
bris thickness length scale, 4*. The characteristic length scale
controls how rapidly sub-debris melt asymptotes toward zero
melt as debris thickens, via a hyperbolic relationship. The pa-
rameter 1* can be calculated as a function of debris proper-
ties (conductivity and porosity, and ambient conditions) but
the model performs best by constraining #* directly using
empirical debris-thickness melt data. The model has two pa-
rameters: DDFj.. and 2™ (Fig. 3, Sect. S2.4).

Winter-Billington et al. (2020) introduced two modifica-
tions of the temperature-index model designed for daily sim-
ulations. Models KM1 and KP1 differ from KO2 in that they
do not use shortwave radiation and use debris thickness as
the sole fixed effect. The models KM1 and KP1 share the
same structure but are considered different models because
they differ in their training dataset and parameter values, as
well as calibration scheme (see Sect. 4.1). The last model in-
cluded in this intercomparison is the DDFgepyis, the simplest
degree-day factor approach calibrated for sub-debris melt re-
duction (Fig. 3).

Sorting models by complexity

Models have different levels of complexity based on the
number of input data they require, the number of fluxes
they calculate, the physical realism of the equations used
to calculate the fluxes, the assumptions made, the numerical
schemes used, the temporal resolution, the number of param-
eters and debris properties required and the vertical discreti-
sation of the debris layer. We have previously identified four
model categories with varying levels of complexity. Sorting
the complexity of models within each model category is less
straightforward. In order to use a definition that seeks to be
the least subjective as possible, we quantify the model com-
plexity based on the sum of the total number of input data
required, fluxes calculated, empirical parameters and debris
properties required. This is illustrated in Fig. 3. Based on this
definition, the most complex models are DEBcr and ROU15,
with a total sum of 21 (8 input data, 7 fluxes, 6 debris prop-
erties), but we regard DEBcp as more complex because it ac-
counts for atmospheric stability corrections in the calculation
of the turbulent fluxes. The simplest model is the DDFgepyis.
We arrange the models along this axis of complexity in all
figures throughout the manuscript.
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4.1 Model calibration

The energy balance models do not require calibration and
were run with the input meteorological forcing and de-
bris properties provided per site. The only energy balance
model that adopted a calibration strategy was GRO17g to
account for the latent heat flux within the debris and at
the debris-ice interface in a realistic manner. Calculation of
these fluxes requires porosity and grain size, and lack of site-
specific accurate field observations of these debris proper-
ties led to unrealistic turbulent heat fluxes and poor simu-
lation outcomes. Therefore, the turbulent heat fluxes from
GRO17a/8 were calibrated against the approach of Nichol-
son and Benn (2006), to exclude combinations of model pa-
rameters (low friction velocity and rapid wind speed attenu-
ation) that lead to unrealistic turbulent heat fluxes (i.e. con-
verging to zero). The simplified energy balance model, one
enhanced temperature-index model and other temperature-
index models were all calibrated.

For some of the latter models (DETI;, and Hyper-fit), the
uncalibrated versions were also run to assess their transfer-
ability. The definition of uncalibrated was left to each mod-
eller, so that in some cases literature parameters from the
sites were used as long as they were not optimised for the
same time period. The choice of how to calibrate any model
was considered part of the model setup, and was left to the in-
dividual modellers (parameters, goodness-of-fit metrics and
target variable). The entire period was used for calibration
because the data series were not long enough to split into sep-
arate calibration and validation subperiods. A brief overview
is provided below and full details of the calibration proce-
dures are in the model descriptions in the Supplement.

The simplified energy balance model was calibrated using
both the surface temperature and sub-debris melt data pro-
vided, following a multiparameter, multiobjective optimisa-
tion approach (after Rye et al., 2010). The DETI,, model was
calibrated against the DEBcF simulations, as in the original
publication, while uncalibrated runs used the original model
parameters from Carenzo et al. (2016), which were obtained
for Miage glacier. The calibrated version of Hyper-fit used
hourly cumulative melt data to optimise the characteristic
length scale, h*, for each specific site and time period. The
uncalibrated version of Hyper-fit used previously-published
melt and debris thickness data from six of the nine sites, out-
side the study period of this experiment, to estimate values
for h* (see Table S24). For the other three sites, the global
mean h* value (Anderson and Anderson, 2016) was used to
represent 1*. Therefore, these Hyper-fit model runs were not
defined as uncalibrated but as estimated (E).

In models KP1, KM1 and KO2, the parameters by, b1 and
by were not recalibrated. The model parameter values are ap-
plicable to any site without recalibration by definition of the
mixed-effects modelling approach (Winter-Billington et al.,
2020). However, the value of the melt onset threshold air
temperature (7;,) that was used to calculate positive degree
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days (PDD) as input to model KM1 was recalibrated for each
site. Due to the original data used to fit the models, it was not
possible to recalibrate the value of Ty, to compute PDD for
input to models KP1 or KO2 (see Supplement and Winter-
Billington et al. (2020) for details), and therefore these mod-
els are considered uncalibrated.

4.2 Model uncertainty

Additional simulations were performed for the two exper-
iments (see Sect. 2) and for all energy balance models
to quantify uncertainty associated with debris properties.
At each site, 100 samples were randomly taken from a
uniformly distributed £10 % uncertainty range applied to
surface roughness, debris thermal conductivity and debris
porosity, while a 5% range was applied to emissivity.
These standardised uncertainty ranges match those provided
for most properties at most sites, and are the same ranges
used by Reid and Brock (2010). The parameters and corre-
sponding uncertainty ranges are provided in Table S1. The
standard deviation of the 100 simulations was used to esti-
mate the uncertainty of modelled melt.

In an attempt to use an approach as similar as possible
to the uncertainty in debris properties, all temperature-index
models used +10 % range around the calibration range of
model parameters at each of the nine sites, and 100 randomly
sampled combinations of parameters within that range. Un-
calibrated models used a £10 % of the applied parameter val-
ues.

4.3 Model evaluation

All models are evaluated against measured sub-debris ice
melt, while only the energy balance models and the sim-
plified energy balance model are assessed against the debris
surface temperature too, as the other models do not calcu-
late surface temperature. Model performance was only eval-
uated over one ablation season because data were not avail-
able for additional seasons at most sites. This limited our
capacity to assess model robustness over multiple seasons.
For the models requiring calibration, i.e. temperature-index,
enhanced temperature-index and simplified energy-balance
models (MCC19, DETI,,, Hyper-fit, KM1, DDFgepyis), in
particular, this does not allow a separate validation period, as
all models requiring calibration were optimised for the entire
period of data available.

4.3.1 Evaluation against melt observations

Models were evaluated against observed sub-debris melt us-
ing daily surface height change measurements for Arolla,
Changri Nup, Djankuat, Lirung, Suldenferner, Tapado and
Tasman, and three discrete measurements of ablation stakes
over the ablation season for Miage and Pirdmide. The per-
centage final melt error, simply defined as the difference be-
tween modelled and observed melt at the end of the simula-
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tion period as a percentage of the observed melt, was used
to evaluate the modelled melt. This metric allows for com-
parison across all sites regardless of the resolution and type
of validation data available. We evaluate performance across
models and sites based on the median percentage error, mean
absolute error and the interquartile range (spread). We follow
a similar method to Farinotti et al. (2017) and rank the mod-
els’ performance based on their ranking for median, mean
absolute error and interquartile range errors.

4.3.2 Evaluation against debris surface temperature

Hourly and daily debris surface temperature was used to
evaluate the models using the root mean square error
(RMSE) and bias between modelled and observed surface
temperature. The Nash-Sutcliffe Efficiency was also used to
further evaluate the hourly performance of models because
this metric is most sensitive and meaningful for clearly de-
fined daily cycles. The observed debris surface temperature
was derived at all sites from the measured outgoing and
incoming longwave radiation (which were available at all
sites), following Stefan Boltzmann law as:

o 1/4
Ts=<LT (-2 Li)) @

[oRNe

where Ty is the surface temperature of the debris (in K), ¢ is
the emissivity of the debris, o is the Stefan-Boltzmann con-
stant (in Wm~™2K~*), and LT and L the outgoing and in-
coming longwave radiation (in W m~2), respectively.

5 Results
5.1 Performance of model ensemble at sites

Figure 5a shows the ensemble mean daily melt compared to
the observations at each site for all models considered. As ex-
pected, sites with thinner debris show higher daily melt rates
than sites with thicker debris, with the exception of Changri
Nup due to its low ablation season temperature (Fig. 2). The
observed melt is within the ensemble range of modelled melt
at all sites, but variations among sites and groups of models
are strong. Relative errors and the spread of model perfor-
mance become larger with increasing debris thickness, with
the exception of Tapado. The ensemble performance of mod-
els can also be observed in Fig. S2, where the continuous cu-
mulative melt for the entire period is shown for each site and
model.

Three groups of sites are evident. First are the alpine sites
of Arolla and Suldenferner, where models’ performance is
high and consistent for most energy balance and temperature-
index models except for some uncalibrated ones. The mod-
els’ median error is lowest at Suldenferner (—1.1 %), fol-
lowed by Arolla (—3.7 %) (Table 3). For these sites, mod-
els are consistent and show the smallest spread in terms of
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interquartile range (14.7 % for Suldenferner and 15.2 % for
Arolla, Table 3).

Second, at Changri Nup, Miage, Pirdmide and Tapado
(three of the four highest sites in elevation), models’ per-
formance is relatively high, with —7.5 % median error for
Tapado, 7.2 % for Piramide and a higher —15.8 % at Changri
Nup and 23.7 % at Miage. These sites show a larger spread in
model performance, with 24.2 % at Changri Nup, 34.5 % at
Miage, 37.8 % at Pirdmide and 76.7 % at Tapado, although
the latter is because of the low absolute melt at this site,
which makes the relative errors larger.

Finally, three sites stand out as characterised by low per-
formance, high errors for most models and large spread
among models: Lirung, Tasman and Djankuat (with median
melt errors of 55.2 %, 57.9 % and 90.8 % respectively, Ta-
ble 3). However, the consistency of the large median er-
rors across model groups differs at these three sites. At Tas-
man, the energy balance models show high consistency and
are grouped together but highly overestimate the observed
melt, while the temperature-index models perform better but
have a much larger spread. On Lirung, the energy balance
models also perform poorly and consistently overestimate
melt, while the temperature-index models consistently show
a smaller error but large spread. Finally, on Djankuat, all
four groups of models perform poorly and in a compara-
ble manner, with the energy-balance models having most of
the largest errors and the temperature-index models the low-
est errors. In general, these poor-performance sites have both
high debris thickness (30, 30 and 61 cm for Lirung, Tasman
and Djankuat, respectively, Fig. 5 and Table 1), and very high
debris thermal conductivity (Table S1).

Validation against hourly surface temperature shows both
similarities and differences from the validation against melt
observations (Table S27, Figs. 8b and S3). Arolla, an Alpine
site with good performance against melt observations, has
the best performance (smallest RMSE) against debris sur-
face temperature, with a median RMSE of 3.1 °C. One of
the worst performing sites against melt observations, Lirung,
also has the worst performance against surface temperature,
with a RMSE of 7.1 °C, and the lowest Nash-Sutcliffe Effi-
ciency (Fig. S3). Tasman is a distinct site: it shows a high per-
formance against surface temperature with a RMSE of 3.8 °C
(Table S27), and a high and consistent NSE across models
(Fig. S3), in contrast to the poor agreement with observed
melt (Fig. 5 and Table 3). Contrasting to the high melt per-
formance, most simulations in Tapado show a high RMSE,
but also a high NSE, indicating the daily cycle of temperature
is well reproduced despite a temperature bias (Figs. 8b and
S3). The rest of the sites (Changri Nup, Djankuat, Miage, Pi-
ramide and Suldenferner) have a similar RMSE between 4.2
and 4.9 °C (Table S27), despite their different performances
against melt. Model consistency for surface temperature at
sites is variable, very high in Arolla and Tasman, and low on
Lirung and Tapado (Fig. 8b).
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Figure 5. Performance of the ensemble of models. (a) Modelled mean daily melt by the model ensemble (boxplot) and observed mean daily
melt (black dot). Red crosses indicate outliers, defined as more than 1.5 times outside of the interquartile range. The model ensemble mean
absolute error (MAE) is expressed as a percentage and shown for each site. Bar plots at the top indicate the debris thickness at each site.
(b) Final melt error (in %, as defined in Sect. 4.3.1) at each site, for each group of models, and for calibrated and uncalibrated/estimated

models separately. Sites are ordered by debris thickness.

Model performance against daily surface temperature is
higher but results from averaging out of errors in the hourly
time series (Table S27, Fig. 8b). At this time scale, the overall
pattern of performance across sites does not change substan-
tially, but tends to be more uniform, suggesting that aggre-
gation to daily resolution, by smoothing out variability and
errors, is not appropriate to identify models’ skills.

Consistency of model ensemble performance. A key as-
pect of energy balance model performance is the accuracy in
simulating both sub-debris melt and debris surface tempera-
ture. To evaluate this, we plot the melt error against the daily
bias in surface temperature for each site separately (Fig. 6).
A high model performance across both validation variables
is indicated by models centred around the origin, and a low
scatter indicates high consistency across models.

At most sites, the majority of models diverge from the ori-
gin (Fig. 6). A consistent warm bias in surface temperature
is evident at most sites, with the exceptions of Piramide and
Tasman, which exhibit a cold bias across models (Fig. 6).
Models perform consistently well at Arolla and Suldenferner
(low scatter) for both melt and surface temperature (Fig. 6e,
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g). At Piramide and Tapado, models are distributed across
three different quadrants, indicating a variability in melt er-
rors despite consistent surface temperature biases (Fig. 6f,
h). Conversely, at Lirung and Djankuat, models consistently
fall in the same quadrant, albeit with high scatter and high
errors for melt at both sites and for surface temperature at
Lirung (Fig. 6¢, d). At Tasman, models show a rather high
consistency, with a high overestimation of melt and a cold
temperature bias for most models (quadrant IV, Fig. 6i). The
observed consistency in surface temperature biases can also
be observed in Fig. S4, where all but two models show a pos-
itive temperature bias at most sites. The clustering in Fig. 6
also contrasts with the scatter in Fig. S4, and provides a clear
demonstration that the sites’ characteristics or data quality
likely control the spread of performance more than the model
physics (see discussion).

5.2 Performance of individual models
We evaluate the performance of individual models across

sites against melt for all models (using the final melt error,
Fig. 7, Tables 3 and 4), and against debris surface temper-
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Table 3. Modelled melt error across models and across sites in percentage. Models are ordered by complexity as defined in Fig. 3. The last
three columns correspond to the median (Med.), interquartile range (IQR) and mean absolute error (MAE) across sites per model, and the
last three rows correspond to the median, IQR and MAE across models per site. We provide the IQR as a measure of the spread in model
performance and the MAE as a measure of absolute error. The values of median, IQR and MAE in the bottom right of the table indicate the
overall respective value across sites and models altogether. “C” indicates calibrated, and “U” indicates uncalibrated. Values between —20 %

and 420 % are shown in bold.

Cat.  Model ARO CNU DJA LIR MIA PIR SDF TAP TAS Med. (%) IQR(%) MAE (%)
EB  DEB(f —17.7 -233 454 1037 46 -72 -257 —41.0 465 -72 69.6 35.0
EB  ROUI5 -96 -224 878 1031 184 -75 -58 -77 671 -58 80.4 36.6
EB  GROI7g —69 —234 1206 1548 465 290 150 485  98.1 46.5 94.2 60.3
EB  d2EB -160 —-158 908 1057 242 —117 -53 -—283 579 -53 82.0 39.5
EB  DEBpg 149 —197 952 544 237 183 —95 —298 763 183 72.0 38.0
EB  GROI74 02 122 1124 1451 448 285 139 427 973 4.7 87.6 55.2
EB  A-Melt -92 -92 1046 101.8 254 —132 -73 —148 922 -73 104.8 42.0
EB  THRED —71 =57 1408 146.1 347 2438 40 229 829 24.8 95.8 52.1
SEB  MCCI19-C -1.6 -71 1009 552 121 93 -—-11 -74 522 9.3 55.9 274
ETI DETI,-C —13.0 -562 346 740 —05 -20.7 -27.1 —58.0  43.6 -13.0 712 36.4
ETI DETI,-U —-1.0 -21.5 —460 -233 —05 214 62 561 —18.0 -18.0 30.2 21.6
ETI KO2-U -283 -81.1 -50.7 -855 702 469 122 -772 1578 —28.3 130.9 67.8
TI  KMI-C -37 =21 26 —673 -235 72 —4.0 49 —182 -37 227 14.8
TI  KPI-U —53.6 —943 —113 —348 1349 1542 —205 —175 5426 -113 179.2 117.1
TI  Hyper-fit-C 6.1 31 1885 1.2 73 —136 25 639 2.1 3.1 19.5 32.0
TI  Hyper-fitE 226 —458 413 43 395 =50 88 762 —147 8.8 474 28.7
TI  DDFgepyis-C 60 208 187.6 1.7 69 —133 1.9 641 2.3 6.0 29.8 33.8
- Median (%) —37 —158 908 552 237 72 -11 =75 579 4.3 - -
- IQR (%) 154 242 878 109.0 345 378 147 767 912 - 59.5 -
- MAE (%) 128 273 89 742 305 254 101 383 865 - - 434

ature for models solving the energy balance (using the root-
mean-square-error, Figs. 8, S5). Overall, models tend to over-
estimate melt, with a median final melt error of 4.3 % and
mean absolute error of 43.4 % across all model runs (Ta-
ble 3), dominated by the three sites where melt is consistently
overestimated. However, there are important differences be-
tween models and sites. When removing the effect of the
three worst performing sites, and the uncalibrated models,
the median error across all model runs is —2.8 %, and the
mean absolute error 17.5 %.

The highest ranked model (the calibrated KM1) and the
lowest ranked model in Table 4 (uncalibrated KO2) are
temperature-index based models, highlighting that they per-
form very well when calibrated and show a much wider
spread when uncalibrated. The calibrated temperature-index
models (calibrated Hyper-fit, DDFepyis and KM 1) have a low
error and high consistency, here regarded as the spread (in-
terquartile range) among sites. They are the first three mod-
els ranked on Table 4. The uncalibrated temperature-index
models have higher errors and lower consistency. The Hyper-
fit model performs well with estimated parameters (Table 3)
because it uses literature parameters for the specific study
sites (even if not tuned for this experiment). KM1, KP1 and
KO2 tend to underestimate melt, while the DDFgepis and
the Hyper-fit models tend to slightly overestimate it. These
differences may result from differing parameter calibration
choices. The DETI;,, model performance is unusual, as the
uncalibrated version performs almost as well as the cali-
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brated version on average, but has a smaller spread across
sites. The calibrated model strongly overestimates melt at
Lirung, Tasman and Djankuat, as it follows the performance
of its reference EB model (DEBcr model, Sect. 4.2 and Sup-
plement), and its performance reflects the performance of the
DEBcfr model and thus ranks in the middle on Table 4.

Clear differences are also evident among energy balance
models, which show an overall overestimation of melt and
relatively large errors (20.6 % median, 44.8 % MAE) when
all sites are considered, and a slight underestimation of melt
and much smaller errors (—6.3 % median, 18.7 % MAE)
when the three sites with poorly constrained debris prop-
erties are not considered. The models that perform best in
terms of the smallest median error are DEBcg (—7.2 % error,
Table 3), ROU15 (—5.8 %, Table 3) and d2EB (—5.3 %, Ta-
ble 3). The ones with the strongest consistency (taken as the
IQR) across sites are DEBcp (69.6 %, Table 3) and MCC19
(55.9 %, Table 3), which is a calibrated model. This makes
DEBcF the highest ranked energy balance model in Table 4,
followed closely by ROU15 and d2EB. The energy balance
model with the lowest performance in terms of median error
is GRO17g (46.5 % error, Table 3), which is also the lowest
ranked energy balance model in Table 4, followed closely by
THRED and GRO174. Figure S6 presents an alternative vi-
sualization of model rankings, demonstrating that the method
of visualization does not alter the overall results or ranking.
The figure produces results and interpretations that are con-
sistent with those reported in Table 4.
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Figure 6. Consistency of model performance across the two validation datasets. For each site (a—i), each energy balance model (and simplified
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separate the plot in four quadrants. Quadrants above the horizontal dashed line indicate overestimation of surface temperature. Quadrants to
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at those sites.

The energy balance models (including the simplified en-
ergy balance model) were also evaluated against the surface
temperature data (Fig. 8, Table S27). The RMSE is provided
both at the hourly scale (of most simulations) and at the daily
scale to include the THRED model. Important differences
between energy balance models are apparent. At the hourly
scale, DEBcp and DEBpg perform particularly well, with
low median RMSE, of 3.0 and 2.8 °C (Fig. 8, Table S27),
respectively, as well as high NSE of 0.81 and 0.88 respec-
tively (Fig. S5), and a low spread and thus high consistency
across sites. ROU15 and A-Melt have a slightly higher me-
dian RMSE of 3.9 and 4.6 °C, respectively. The GRO174,

https://doi.org/10.5194/tc-20-1895-2026

GRO17p and d2EB models show the highest RMSE, of 7.2,
7.1 and 5.5 °C, and lowest NSE of 0.15, 0.27 and 0.52, re-
spectively (Fig. S5), and a much larger spread across sites.

At the daily scale, the patterns of errors remain the same,
but with overall lower RMSEs (Fig. 8, Table S27). The
THRED model has the highest median RMSE (4.6 °C). The
simplified energy balance model performs well at both tem-
poral scales (RMSE of 3.2 and 2.4 °C, respectively), but this
is to be expected given that it is calibrated against surface
temperature. Sites with poor performance for more than one
model are Tapado, Lirung and Piramide.

The Cryosphere, 20, 1895-1928, 2026
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Figure 7. Final melt error (as defined in Sect. 4.3.1) for individual models at all sites expressed as interquartile box plots. Models are grouped
in the four categories that we use in the paper (separated by dashed lines) and sorted from more complex (left) to less complex (right). Both
calibrated (C) and uncalibrated (U) temperature index models are shown.

Table 4. Ranking of model performance based on median, in-
terquartile range (IQR), and mean absolute error (MAE). Models
are ranked on each metric and sorted by the mean rank.

Model Model Rank Rank Rank Overall
Type name Median IQR MAE Rank
TI KM1 (C) 2 2 1 1.7
TI Hyper-fit (C) 1 1 5 2.3
TI DDFgepyis (C) 5 3 6 4.7
TI Hyper-fit (E) 8 5 4 5.7
SEB MCC19 (C) 9 6 3 6.0
ETI DETIy, (U) 12 4 2 6.0
EB DEB(F 6 7 7 6.7
EB ROU15 4 10 9 7.7
EB d2EB 3 11 11 8.3
ETI DETI, (C) 11 8 8 9.0
EB DEBpg 13 9 10 10.7
EB A-Melt 7 15 12 11.3
EB THRED 14 14 13 13.7
EB GRO175 16 12 14 14.0
TI KP1 (U) 10 17 17 14.7
EB GRO17p 17 13 15 15.0
ETI KO2 (U) 15 16 16 15.7

5.3 Model uncertainty

We depict the uncertainty in model results due to debris prop-
erties and model parameters (see Sect. 4.3) in Fig. 9. Model
sensitivity to parameter uncertainty is small (around 5 % for
most models) compared to the modelled total error for most

The Cryosphere, 20, 1895-1928, 2026

models considered and at most sites; particularly so for the
energy balance models. For the energy balance models, the
model sensitivity to uncertainty in debris properties propa-
gates into final modelled melt uncertainty in a manner that is
consistent both among models and sites. For empirical mod-
els, the comparison is more difficult, as each model has dif-
ferent parameters that control the melt calculations in a dis-
tinct manner; parameters have different meanings and units,
and the plausible parameter ranges vary between parame-
ters and are more difficult to define. Even with these caveats,
however, model sensitivity due to estimated parameter uncer-
tainty is smaller than the model error for most temperature-
index models. In general, empirical models have higher un-
certainty, and the uncertainty is more variable among models,
reflecting models’ differences from one another. The uncer-
tainty is slightly higher for the KM1/KP1 models, followed
by the DETI;, model, while the lowest uncertainty is for the
DDFgebris, followed by the Hyper-fit models.

5.4 Ostrem curves

All models until now have been evaluated based on their per-
formance at the location of the automatic weather stations for
the measured debris thickness. Here, we plot simulated melt
as a function of debris thickness (as described in Sect. 2)
(Fig. 10) and consider how divergent the models are when
used to calculate melt at different thicknesses, which has im-
plications for simulations of melt at the scale of an entire
glacier, i.e. across a spatial domain of varying thickness.

https://doi.org/10.5194/tc-20-1895-2026
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Figure 8. Validation of the energy balance model simulations (including SEB) against surface temperature, across models (a) and sites (b).
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hourly data, red boxes are for daily data. Note that the THRED model is run and validated at daily resolution only.

Figure 10 shows the @strem curves simulated by each
model, grouped by model type, and it highlights clear dif-
ferences between models and sites (see also Fig. S8). The
temperature-index models produce a larger spread for the
same value of debris thickness than the other models and
generally exhibit a more linear behaviour than the rest of the
ensemble (Fig. S8), suggesting smaller sensitivity to debris
thickness. This is not the case for the ETI and SEB, which
simulate shapes that are close to those of the energy balance
models. For most sites, and especially at Lirung, the spread
among models increases dramatically for thin debris, imply-
ing that the choice of model is crucial for melt simulations for
thin debris. It also suggests that we are not able to constrain
the @strem curves for thin debris, partly because this exper-
iment is conducted with the input data and debris proper-
ties of the original location with thicker debris, which do not
represent the properties of a very thin debris layer. Surface
albedo in particular remained constant with debris thickness
but should increase for thin debris as this becomes patchy and
the debris cover area decreases (Azzoni et al., 2016). Models
also diverge for thicker debris at Djankuat (Fig. 10c).
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For most models and sites, the slope of the curve is steeper
for thin debris than for thick debris (Fig. 10, S8), suggesting
that models are more sensitive where the debris is thinner.
This points to the importance of correctly representing pro-
cesses where debris is thin (Fyffe et al., 2020), where we
expect a quicker response to changing meteorological con-
ditions, quicker drying or moistening of debris, and a larger
role of surface roughness. Only the GRO17g model is able to
reproduce the peak in melt occurring for thin debris based on
the data provided and the experimental set up (Fig. S8). This
melt enhancement is mostly visible at Tasman and Piramide
and occurs only for thin debris.

The Cryosphere, 20, 1895-1928, 2026
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6 Discussion

6.1 Performance across sites and importance of debris
properties and input data quality

6.1.1 Sites with high performance

A clear result of our analysis is that model performance
varies considerably between sites. Models perform well and
in a consistent manner at the three European Alps sites:
at Arolla and Suldenferner, with a consistent, high perfor-
mance, and at Miage, with slightly larger errors (Sect. 5.3).
For energy balance models, this might be due to a combina-
tion of three aspects: (i) most energy balance models have
been developed for initial application to those sites, and thus
might be better suited to represent processes that dominate
there; (ii) the ease of access to these sites facilitates field vis-
its, instrument maintenance and data quality checks, so that
the quality of input and validation data might be higher; and
(iii) debris properties are better constrained at those sites as
they have been measured there (e.g., Brock et al., 2010; Reid
and Brock, 2010). At Miage, in particular, an extensive ef-
fort of field measurements since 2005 (Brock et al., 2010)
has made this glacier one of the few where debris properties
have been measured or directly derived from measurements
(Tables 1 and S1). Miage Glacier is thus a “literature” site,
the properties of which have been used by numerous other
studies (e.g., Carenzo et al., 2016) and for a number of sites
in this intercomparison (Table S1).

6.1.2 Sites with poor performance

In contrast to the European sites, three sites stand out as low
performance sites: Djankuat, Lirung and Tasman. The inter-
mediate and energy balance models cannot reproduce the
observed melt at any of these three sites (Fig. 5) nor sur-
face temperature at Lirung (Fig. 8b). The only models that
achieve a good or reasonable performance are the calibrated
temperature-index models (Fig. 5, Table 3), which tune their
parameter(s) to maximise agreement with observed melt; it
remains to be investigated whether their performance would
remain high over a distinct validation period. The uncali-
brated Hyper-fit model performed well, but it used literature
parameters from the same site. It is not straightforward to dis-
entangle the reasons leading to reduced model skills at these
three sites. A low model performance can be associated with
either poor data (input and/or validation data), poor parame-
ter values (debris properties), or a poor model, (i.e. lacking
or failing in the representation of processes that are impor-
tant at those sites). At the three sites, the clustering of model
performance shown in Fig. 6 suggests that either all models
miss a crucial process that is important at those sites or there
is a common problem with the validation, forcing or debris
properties data, which affects equally all models except for
the calibrated temperature-index models.
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6.1.3 Lirung study site and the difficulties in deriving
thermal conductivity

Lirung is one of the few sites with a conductivity value esti-
mated from field data. The debris thermal conductivity value
however is very high (Table S1). It was derived from ther-
mistor records of temperature at variable depths within the
debris using three approaches: (i) the method by Nakawo and
Young (1982) and Brock et al. (2010), which assumes a linear
vertical temperature gradient within the debris; (ii) the ap-
proach by Conway and Rasmussen (2000) based on the dif-
fusion equation; and (iii) the approach of Anderson (1998),
which assumes a sinusoidal variation of temperature in time
and an exponential decay of temperature in space. All meth-
ods were applied to data collected in 2013 at an AWS loca-
tion (unpublished data), and the value provided for this inter-
comparison experiment was the average of the three values.
The values obtained with each approach differed consider-
ably and were higher than many literature values, but since
there was no way to establish which method was best, the
average was provided. This points to an irony, that at one of
the only sites where data were collected to estimate thermal
conductivity, the values obtained through a devoted calcula-
tion may be inappropriate for modelling, pointing to a dis-
crepancy between conductivity derived from field data and
values needed by EB models, something that has also been
suggested recently by Melo-Velasco et al. (2025). This sug-
gests that: (i) we do not know yet which is the best method
to measure or derive debris conductivity in the field, directly
or from other field observations (Melo-Velasco et al., 2025),
and (ii) simpler methods providing bulk values, such as the
one by Brock et al. (2010), might be more suitable for the
existing energy balance models (e.g. the DEB model of Reid
and Brock, 2010), which have been developed for conductiv-
ity values derived in this way. Future efforts should therefore
seek to devise methods to estimate debris thermal conductiv-
ity accurately and in a manner that is consistent with their
use in EB models.

It should also be noted that on Lirung there is a differ-
ence of 14 cm between the debris thickness at the location
of the automatic weather station (A = 30cm) and the loca-
tion of the ultrasonic depth gauge used as validation site
(h =44 cm). This might explain some of the divergence of
models’ outputs from the observations. As observed in the
@strem curves for Lirung (Fig. 10d), melt rates are lower
(for all models) if thicker debris is used. We thus run one
of the best performing energy balance models, DEBcg, with
the debris thickness at the ultrasonic depth gauge location,
with the debris conductivity and surface roughness of Mi-
age (k= 1.04Wm~!'K-! and zo = 0.016 m, Brock et al.,
2010), which were used by other sites as well (Table S1), and
with a combination of these changed debris properties. The
model simulations with debris thickness changed from 30 to
44 cm differ by 22.2 % and show a better agreement with
the observations (Table 5). The difference from the standard
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simulation is highest (42.7 %) when we additionally con-
sider the conductivity value from Miage, and slightly lower
(38.5 %) when we also consider surface roughness from Mi-
age (Table 5). This combination reduces the total melt error
of the DEBcr model at Lirung from 103.8 % to only 16.6 %,
demonstrating the large impact of inaccurate debris proper-
ties. The thicker debris decreases melt rate considerably (and
delays its peak), and the smaller conductivity value also con-
siderably reduces and delays the peak melt (Fig. S9). It is
therefore a combination of at least these two factors (hetero-
geneous debris thickness between the automatic weather sta-
tion and validation site, and uncertainty in the site conductiv-
ity) that likely explains the poor performance of all models
at this site. Our sensitivity analysis thus confirms that devia-
tions between the debris thickness at the location of the auto-
matic weather station and the location of the sub-debris melt
observations can have substantial implications for sub-debris
melt modelling assessments.

6.1.4 Tasman and Djankuat

At Tasman, most models are clustered together (Fig. 61), but a
cold bias in surface temperature (with median RMSE 3.8 °C,
Table S27) corresponds to a melt overestimation of about
58 % (Table 3, Fig. 5). At this site, debris thermal conductiv-
ity is very high (k = 1.8 Wm™! K~!) compared to literature
values (Table S1). It was taken from R6hl (2008), who in turn
used a value from McSaveney (1975) describing a pure mix-
ture of rock and water without pore space. It is therefore inac-
curate for the conductivity of a porous debris layer, and likely
responsible for the melt overestimation and cold bias. Even
though most models overestimate melt, an ablation stake at
the same location measured higher total melt than that ob-
served at the ultrasonic depth gauge (Fig. S2i), suggesting
the melt overestimation may be lower than reported. Finally,
we cannot exclude that at Tasman, which is the warmest and
wettest of our sites (Fig. 2, Table S3), processes not included
in the models, such as those related to the water content in
the debris, might be playing a role.

Finally, at Djankuat, even the more empirical models, both
calibrated and uncalibrated, fail to match the observed melt,
with the exception of the calibrated KM 1. Djankuat is the site
with the second thickest debris cover (61 cm, Table 1) and
the one most similar to the European sites in terms of con-
ditions (temperature and relative humidity, Fig. 2). For this
site, debris properties, and conductivity in particular, clearly
play a key role in explaining the model failure. Debris con-
ductivity is extremely high (k = 2.8 Wm™! K~!), the highest
of all sites (Table S1), and was taken from Bozhinskiy et al.
(1986). Upon scrutiny, we realised that this is the conductiv-
ity of the rock material itself, and not that of a porous debris
layer, which would be strongly reduced, reinforcing our con-
clusion that site-specific properties (representing the actual
debris layer) are needed.
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6.1.5 Knowledge of debris properties remains a key
gap

An interesting site in comparison to all other sites is Changri
Nup, where the overall performance is relatively high. At this
site, the provided debris properties had been optimised to
match observed melt with an energy-balance model not par-
ticipating in the experiment (Table S1, Lejeune et al., 2013;
Giese et al., 2020), thus explaining the high performance of
most energy balance models (Fig. 5). The Changri Nup case
exemplifies a relatively common strategy to determine de-
bris properties by optimization, which seems a valid alter-
native when there are no reliable estimates from direct field
measurements (Melo-Velasco et al., 2025). It seems particu-
larly useful relative to literature values that may not be rele-
vant (e.g. Tasman), or when direct methods provide divergent
estimates with high uncertainty (e.g. Lirung). From all the
cases considered in this intercomparison, and from the va-
riety of approaches adopted to determine debris properties,
it is apparent that debris properties are not well constrained
at most sites, estimates from literature are often not appro-
priate, and even more importantly, that published methods to
determine conductivity in the field (Conway and Rasmussen,
2000; Nicholson and Benn, 2013; Reid et al., 2012) may
not agree, as exemplified by the case of Lirung, and con-
firmed by a separate study (Melo-Velasco et al., 2025). In
addition, even if we are able to constrain debris properties
at an individual automatic weather station, their values are
affected by differences in porosity and pore water content
across the debris-covered areas of a glacier, and therefore are
also likely to vary considerably in time and space. Neither
aspect has seen much investigation to date. Limited knowl-
edge of the variability of debris properties also led to ap-
plying literature-derived uncertainty estimates to the debris
properties (~ 10 % for surface roughness and thermal con-
ductivity), which are likely too narrow, leading to a resulting
uncertainty in modelled melt smaller than the actual model
error (Fig. 9). A lack of debris property data is also relevant
for the GRO17g model, for which there are no data available
of debris porosity and grain size, and which thus necessitated
the calibration of the latent heat flux component. Knowledge
of debris properties emerges thus from this intercompari-
son experiment as a key knowledge gap that the community
should address, by both making a large community effort to
compile and scrutinise existing estimates and datasets (e.g.,
Fontrodona-Bach et al., 2025; Groeneveld et al., 2025), and
by developing and thoroughly testing field methods to deter-
mine these crucial parameters.

6.2 Model performance, strengths and limitations
We have considered four groups of models ranging from em-
pirical temperature-index models to physically-based energy

balance models, with two models of intermediate complexity
(Fig. 3). Our results indicate that model performance varies
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Table 5. Sensitivity test of melt rates by the DEBcp model at Lirung to substantially modified debris properties. Simulations with 73 = 30 cm
(thickness at the automatic weather station location) and &g = 44 cm (thickness at the ultrasonic depth gauge location), and with debris
conductivity and surface roughness from Lirung (k = 1.55 and zg = 0.035) and Miage (kg = 1.04 and zg = 0.016), as well as combinations
of them. Debris properties underlined in italics denote the standard run (experiment 1) from this model intercomparison. Debris properties in

bold denote the largest difference with the standard simulations.

Debris thickness, ig (cm) 30 ‘ 44

Thermal conductivity, k (Wm ™2 K1) 1.55 \ 1.04 \ 1.55 \ 1.04
Surface roughness, zo (m) 0.035 0016 | 0.035 0016 | 0.035 0016 | 0.035 0016
Total modelled melt (m w.e.) 2.34 2.48 1.78 1.91 1.82 1.94 1.34 1.44
Total modelled melt error (%) 103.7 1164 55 66.8 58.4 69 16.6 26
Difference from standard simulation (%) 0 6.0 | —239 —184 | =222 —17.1 | —42.7 —38.5
Changed debris properties - 20 k 20,k ‘ hqg  hg,z0 ‘ hq,k hq,zo.k

greatly, reflecting structural choices, distinct parameterisa-
tions of fluxes and levels of complexity in the representation
of processes (Fig. 3 and Table 4). Energy-balance models of-
fer a variety of model structures, flux calculations, temporal
resolution, numerical solutions and vertical discretisation of
the debris domain, and consequently produce a large range
of model performance. Temperature-index models perform
well when calibrated, with a performance similar — and su-
perior in some cases — to that of the energy balance models,
and poorly when uncalibrated, although it was not possible
to assess their performance over an independent evaluation
period.

The discussion below is guided by the ranking of models
in Table 4. We note however that an objective and unam-
biguous ranking is difficult to obtain, and this evaluation is
valid for one melt season and the sites available to this in-
tercomparison. Model choices respond to data requirements
and specific research questions, and therefore our discussion
does not disqualify models from being used for a particular
research question or a given data availability.

Energy-balance models

Large spread and variability among energy balance models’
performance. There are clear differences among the energy-
balance models, with a large variability and spread, as well as
a general difficulty to model melt at some sites. Models dif-
fer substantially in their calculations of both latent and sen-
sible turbulent heat fluxes (Figs. 11 and 12). The two models
with the highest degree of complexity according to our def-
inition (see Sect. 4), DEBcr and ROU15, were the highest
ranked models based on their melt performance at the end
of the modelling period (Table 4). However, the third most
complex model, GRO17g, clearly overestimates melt, espe-
cially at sites with thick debris. The GRO17g model, based
on (Evatt et al., 2015), includes the heat convection within the
porous debris layer. Including this process adds complexity
and uncertainty due to two extra parameters — the wind speed
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attenuation constant and friction velocity (Fig. 3) — which are
required for the calculation of the evaporative (latent) heat
flux. To obtain realistic estimates of these parameters, they
were calibrated against the bulk method of Nicholson and
Benn (2006) for the calculation of turbulent heat fluxes (see
Sect. S2.1, Table S6), but not to match melt observations as
this was a requirement of this intercomparison experiment.
The inclusion of this process is the main difference between
GRO17p (including the latent heat flux within the debris) and
GRO174 (not including the latent heat flux within the de-
bris), and nevertheless showed no significant effect for exper-
iment one of this intercomparison, with thickness prescribed
based on actual measurements. This is likely because con-
vection is most relevant for thinner debris than at the sites
considered in this experiment (Evatt et al., 2015). Its effect
for thin debris is evident at Piramide, Tapado and Tasman
for the model runs of experiment 3 (Fig. 10). The large melt
overestimation at sites with thick debris is likely due to other
model features, including the assumption of a linear temper-
ature gradient in the debris layer. The same assumption is
also made by the THRED and A-Melt models (Table S18),
which are also ranked lower than the other energy balance
models (Table 4), and have lower performances against sur-
face temperature observations (Table S27, Fig. S5), suggest-
ing that the assumption of a linear temperature gradient may
limit model accuracy, especially for thick debris and short
time intervals (e.g. hourly).

Disentangling differences between the best performing
models. Among the energy balance models, the models
with the highest degree of complexity (DEBcg, ROU15 and
d2EB) show the best performance, excluding the problematic
sites of Lirung, Tasman and Djankuat (see Sect. 6.2). These
are also the models with the highest consistency of perfor-
mance against the two independent datasets. We thus further
explore differences between these three best ranking mod-
els, as well as the DEBpg, which is similar to DEBcg but
has nevertheless a lower performance. The main differences
between models are: (i) the debris layer is discretized in a
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similar way in DEBcr and ROU1S5, but differently in d2EB
and DEBpg (Table 2); (ii) a snowmelt module is included in
DEBcr and ROU1S5, but not in the other two models; (iii) the
rain heat flux is included in DEBcp and ROU15 but not in
d2EB and DEBpg; (iv) the latent heat fluxes are activated in
an equivalent in manner in DEBcr and ROU15, which both
assume debris is saturated when it rains, but differently in
d2EB, which uses a parameterisation based on surface tem-
perature (Steiner et al., 2018) and in DEBpg, which assumes
debris is saturated when the relative humidity of the air is
100 % (Table S16); and finally (v) stability corrections are
included in DEBcg and DEBpg, but not in ROU15 and d2EB
(Table S15).

To evaluate the importance of each of these aspects, we ex-
plore the relative importance of these assumptions and flux
implementations using the DEBcr model, and compare the
new simulations with the standard DEBcg run. The heat flux
due to rain is very small and neglecting it does not affect
melt in any considerable manner at any of the sites (Ta-
ble 6). Occasional snowmelt is present only at three sites,
Arolla, Changri Nup and Pirdmide, and important only at
Changri Nup, where snow is present on the ground 8 % of
the time and snowmelt accounts for 47 % of the ice- and
snowmelt calculated with DEBcF (Fig. S13). In Arolla, snow
and snowmelt are negligible, and in Pirdmide snowmelt is
very small (Fig. S13). The manner in which the debris layer
is discretised does not seem to play a key role. Table 6 shows
the effect of using two alternative approaches to discretise
the debris: (i) the approach by DEBpg and the one employed
by Reid and Brock (2010). Both approaches lead to more
numerous, thinner layers the thicker the debris, but neither
approach has an effect on melt except for Tapado (5 % dif-
ference), suggesting that the debris discretisation is slightly
important only at thick debris (> 61 cm) sites.

The treatment of the turbulent fluxes seems instead a key
element of distinction (Figs. 11 and 12). The use — or lack of
— stability corrections can be a cause of large differences, but
it was impossible in this experiment to quantify differences
in total turbulent fluxes or total melt attributable to the use of
stability corrections as models differed in too many other as-
sumptions to be able to isolate this effect. We notice here the
large differences in the turbulent sensible heat flux (Fig. 11)
and call for an experiment that can systematically identify
their causes (see Sect. 6.3).

Key differences are evident also when considering the la-
tent heat flux. The two models that use the same theoretical
approach, DEBcr and DEBpg, differ in the way the latent
heat fluxes are activated and debris surface moisture is calcu-
lated. Since no observations of debris surface moisture were
available, the two models used common (e.g., Rounce et al.,
2015) but distinct assumptions. DEBcr assumed that water
was available to evaporate at all timesteps during rain events
(i.e. relative humidity of the debris surface is 100 % during
rain events), an assumption also made by ROU15. DEBpg
instead assumed that there was water available to evaporate
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when the relative humidity of the air was 100 %. As the lat-
ter situation barely occurred at our sites, the latent heat flux
calculated by DEBpg is almost always zero (Fig. 12). The
assumption about the relative humidity of the debris surface
seems far more important than the inclusion of stability cor-
rections (Table 6, Fig. 12). The ROU15 and DEBcfg models,
which differ in the manner the turbulent fluxes are calculated
(Tables S15 and S16) but use the same approach to determine
the debris relative humidity (Table S16), produce similar tur-
bulent fluxes at most sites, except for Djankuat (Fig. 12),
which emerges from this intercomparison as a rather anoma-
lous and problematic site (see Sect. 6.1). The d2EB model
includes an empirical parameterisation to determine the rel-
ative humidity of the surface from the vapour pressure of the
air (Steiner et al., 2018), and Sect. S2.1), which requires two
empirical parameters originally estimated from 10 d of mea-
surements on Lirung glacier in autumn, and used at all other
sites. The latent heat flux simulations with this model are dis-
tinct from all others, and from DEBcr and ROU1S5 in partic-
ular (Fig. 12).

We have no way to evaluate which of those formulations is
the most correct besides doing so indirectly through assess-
ment of melt and surface temperature accuracy. The fact that
DEBCcF has one of the highest performances, and that some
of the other characteristics of this model seem to have little
influence (Table 6), seems to suggest that the approach to cal-
culate the turbulent fluxes adopted in that model might be the
most suitable for the whole range of sites based on the mea-
sured and assumed debris properties. Neglecting latent heat
fluxes will likely lead to overestimation of the sensible heat
fluxes (Collier et al., 2014; Nicholson and Stiperski, 2020),
so it seems crucial to validate the flux calculations directly,
and not indirectly as in this intercomparison experiment (see
Sect. 6.3). Measurements of latent heat fluxes are becom-
ing available (Steiner et al., 2018; Nicholson and Stiperski,
2020), creating the opportunity for such an effort.

Temperature-index models

Temperature-index models offer computational efficiency. In
this experiment, they ran on average 10°~10* times faster
than energy balance models (Table S26), a substantial advan-
tage when used for spatially-distributed or long-term simula-
tions. In addition, they require only a few, commonly avail-
able input data. We show that they perform well in reproduc-
ing daily melt rates when calibrated against melt observa-
tions from the same time period, but also note that no inde-
pendent validation was possible. The Hyper-fit model shows
that empirical models can perform reasonably well with pa-
rameters determined from independent sites and time periods
on the same glacier. Since they rely on air temperature as in-
put, they cannot reproduce sub-daily sub-debris melt rates
accurately and the strong sub-daily variability that charac-
terises melt rates under thin to moderate debris (Fig. S9).
This is something that has been suggested already for debris-
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Table 6. Results of changes in layer discretisation, LE calculations and assumption of precipitation flux obtained from running DEBcp and
compared to the standard run. Values in italics in the header are the debris thickness in cm.

% difference from DEB-model standard run ARO CN DJA LIR MIA PIR SDF TAP TAS
hq (cm) 6 61 30 22 18 11 80 30
1 cm layers —0.02 0.00 0.78 0.52 0.37 0.03 0.03 5.35 041
DEBpg layers (3 cm) —-0.11 —0.07 0.28 0.01 0.07 -0.01 -—-0.33 4.84 0.27
No precipitation flux —0.06 —0.18 —0.04 023 000 -0.02 -0.01 000 —0.03
RHg =100 % when RHy; = 100 % 1.10 10.14 21.64 149 2.79 10.79 1.14  0.00 1.87
| DEB ¢ ROU15 GRO1 7y d2EB DEBpg GRO1 Ta A-Melt ‘
200 (a) Arolla 200 (b) Changri Nup 200 (c) Djankuat
0
e -200
=3
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0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
200 (d) Lirung 200 (e) Miage 200 (f) Piramide
0
'E 200
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0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
200 (g) Suldenferner ‘ 200 (h) Tapado 200 (i) Tasman
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Figure 11. Average sub-daily cycle of the turbulent sensible heat energy flux (H) calculated by the energy balance models at all sites.
Averages calculated over the entire simulation period are shown in Tables S28—S30. Note that fluxes are negative when going away from the

surface.

covered ice melt (Carenzo et al., 2016) and is well known for
debris-free ice melt (e.g., Gabbi et al., 2014).

Our results show that calibration greatly improves the
performance of temperature-index models. The simpler the
model, the more important its calibration, as most of the vari-
ability in melt rates and the processes controlling them is rep-
resented by the few parameters. The KM1 model performs
considerably better than KP1, a very similar model which
is uncalibrated (Fig. 7, Table 3). The Hyper-fit model has
a stronger performance when calibrated than uncalibrated
(Fig. 7, Table 3). The uncalibrated version uses parameters
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derived for the same glacier as in this intercomparison but
for time periods distinct from those of the intercomparison.
This differs from the other uncalibrated models which use a
single parameter set applied to each study site. Nonetheless,
the uncalibrated version of the Hyper-fit model reveals that
parameters determined outside of the study period and from
other locations on the same glacier can produce consistent
high model skill (Fig. 7, Table 3), at least within the experi-
mental setup of this model intercomparison. This means that
for glaciers where Hyper-fit model parameters (DDF;c. and
h*) have been constrained in the past, sub-debris melt may
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Figure 12. Average sub-daily cycle of the turbulent latent energy flux (LE) calculated by the energy balance models at all sites. Averages
calculated over the entire simulation period are shown in Tables S28—S30. Lines are not visible when the flux is close to zero and models

overlap each other.

be modelled reasonably well (Table 3). This ability of the
Hyper-fit model is possible because of the stability of the
characteristic debris thickness, 2* in space and time across
individual glaciers.

The calibration strategy chosen by each modeller has a
strong impact on model performance. How empirical mod-
els were calibrated was left to modellers as part of the exper-
imental design. These models were calibrated both against
the cumulative daily melt, sub-period melt and total melt,
the latter being the metric we use for their evaluation (see
Sect. 4.3). It is clear that if the error metric chosen to evalu-
ate model output is different from what the model was tuned
to then the performance would be different, and possibly re-
duced. Use of a different calibration metric might result also
in distinct parameter values, something to remember when
considering parameter transferability. As an example, we re-
calibrated the KM1 model based on daily melt, rather than
total melt, and this resulted in lower performance against
total melt at many sites (Fig. S12), but an increased ability
to reproduce the variability during the period of simulations
(e.g. Changri Nup, Lirung), suggesting that at some sites rel-
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atively accurate calculation of total melt might result from
compensation of errors in the daily melt rates.

Models of intermediate complexity

Two models of intermediate complexity, SEB and ETI, per-
form similarly to that of the best energy balance models (Ta-
ble 4 and Fig. 7). Both models calculate net shortwave ra-
diation flux using identical inputs, with the DETI,, having
three empirical parameters and the SEB using two empirical
parameters and debris conductivity to calculate heat conduc-
tion through the debris (Fig. 3). A strength of both models
is their ability to reproduce the sub-daily cycle of melt rates,
similarly to energy balance models (Fig. S9), an ability that
derives from inclusion of the shortwave radiation balance.
Crucially, both models require calibration against variables
that exhibit sub-daily variability. However, the uncalibrated
DETlIy,, using parameters from Carenzo et al. (2016) for Mi-
age glacier, performs comparably to its calibrated version
across sites (Fig. 7, Table 3). This suggests that the parameter
values derived from Carenzo et al. (2016) are fairly transfer-
able across sites and that calibration may not significantly en-
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hance performance if the energy balance model to calibrate
against is suboptimal.

6.3 Future perspectives

Cooperation between a large number of scientists has al-
lowed this intercomparison to provide a robust assessment of
different approaches to modelling sub-debris melt at glaciers
across the world. It has also highlighted model and data lim-
itations and provided insight into what data should be col-
lected to enable a future model intercomparison focused on
the physical processes that control melt in different climatic
settings.

6.4 Recommendations

A new vision for old measurements. While it is clear that
the growing debris-covered glaciers community is making a
large effort to collect data at a variety of sites (Fontrodona-
Bach et al., 2025; Groeneveld et al., 2025), it is still young
in terms of data collection and standardisation. Meteorolog-
ical data quality has been a major issue as no data provider
was able to establish the measurement accuracy beyond the
sensor accuracy. It seems important to design observations
where both the accuracy of the measurements and the actual
meaning of a measurement are clearly defined. Despite re-
cent advances in deriving debris properties (Rounce et al.,
2015; Quincey et al., 2017; Miles et al., 2017; McCarthy
et al., 2017; Nicholson and Mertes, 2017; Nicholson et al.,
2018; Bisset et al., 2023; Messmer and Groos, 2024), de-
bris properties remain a very major gap in knowledge, as dis-
cussed in Sect. 6.1. Comparable, standardised field and labo-
ratory measurements should be designed to determine debris
properties, and debris thermal conductivity in particular, and
their variability in space, time and with depth, under distinct
meteorological and surface conditions.

A discrepancy that should be considered is that often the
three sets of data needed for model simulations (input me-
teorological data, debris properties and validation data) are
measured at different locations. Considering the high hetero-
geneity of debris thickness and properties even within short
distances (Nicholson and Benn, 2013), it is important to ac-
count for these spatial discrepancies. For instance, the point
where automatic weather station sensors “look at” is often
metres distant from the ablation stake or ultrasonic depth
gauge measuring melt. Melt records are often measured at
only one site because of the effort required and can be non-
representative of the area around automatic weather stations.
This has been exemplified by the case of Lirung, where dif-
ferences in debris thickness between the location of the AWS
and ultrasonic depth gauge affected the comparison of mod-
elled and observed melt rates.

Recommendations for novel measurements. Despite the
strong need for standardisation and improvements in the
quality of existing measurements, more routine measure-
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ments and estimates of their uncertainty, it seems also crucial
that new datasets are collected that allow both internal valida-
tion of existing models and model developments. Measure-
ments of internal variables allowing for the testing of state
variables and intermediate fluxes simulated by energy bal-
ance models (e.g. debris temperature profiles, water content,
single fluxes estimates) should be collected. What has been
called “internal validation” has been widely recognised and
accepted in hydrological research for a decade or longer, and
increasingly also in glaciological mass balance and runoff
models (Huss et al., 2008; Ragettli et al., 2015). It should be
adopted widely also by the debris-covered glaciers research
community.

It seems also crucial to collect accurate datasets at sub-
daily resolution to evaluate the performance of all models,
and energy balance models in particular, that can work at
high temporal resolution, as part of this strategy of internal
validation and to avoid equifinality problems (Gabbi et al.,
2014). Ultrasonic depth gauge (UDG) records do in theory
offer sub-daily records, but these are noisy and there is lit-
tle agreement as to how those datasets should be treated and
processed, nor about what is their actual accuracy at hourly
or higher resolution time intervals. Supplementary informa-
tion (e.g. photos of the station/UDG, measurements from the
surface to UDG at start and end of the data set) are needed
to confirm the accuracy of UDG data. A systematic collec-
tion of additional independent validation datasets such as
within-debris temperature and measurements of debris mois-
ture seem important (Sakai et al., 2004) to allow validation of
internal processes and thus testing of individual model com-
ponents, and not only bulk simulations. Community compi-
lation of manuals of best practice guidance for observations
may be a useful way forward to increase the systematic col-
lection of relevant data.

We have shown that there are still major knowledge gaps,
and models are in need of further testing and developments,
even in a field relatively well established such as melt mod-
elling at the point scale. At this scale, the uncertainties as-
sociated with the spatial variability of meteorological data
and debris properties are removed, and still uncertainties are
large. It seems particularly important to design acquisition
of observations to test the model component proposed by
Evatt et al. (2015) to account for air flow and heat convec-
tion into a porous debris layer and to allow evaluation of the
schemes designed to estimate the turbulent heat fluxes (with
e.g. eddy-covariance measurements as in Collier et al., 2014).
Similarly, water flow through the debris matrix should be ac-
counted for (Fyffe et al., 2020), as a saturated layer thickens
and thins with daily melt cycles and in response to warm and
cold weather, causing temporal variations in both debris con-
ductivity and the evaporative flux.

A key aspect of investigation that is left open is a thor-
ough understanding of the relative importance of processes.
This should be systematically assessed for both distinct de-
bris thicknesses (and thus debris properties) and climate con-
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ditions. We were able to show that the conditions for latent
heat flux activation are more important at some sites (Changri
Nup, Djanukuat and Pirdmide, with errors of 10 % to 25 %
in total melt, Table 6) than at others. Those three sites how-
ever are remarkably distinct, and include: (i) a high elevation,
cold, humid (80 % average relative humidity) site with rela-
tively thin debris (10 cm), Changri Nup; (ii) a relatively warm
site with average relative humidity of 60 % and thick debris
(61 cm); and (iii) a relatively cold, very dry (30 % average
relative humidity) Andean site with 18 cm debris. It is thus al-
most impossible to identify which characteristics make these
three sites sensitive to changes in the parameterisation of de-
bris surface moisture content. A devoted field experiment,
where each of those factors (debris thickness, debris mois-
ture and water flow, climatic controls) is controlled, should
be designed to disentangle the driving factors.

An aspect of model performance that has emerged from
this intercomparison as worth further investigation is the de-
pendence of model skills as a function of debris thickness.
With increasing debris thickness, processes such as heat stor-
age and conductivity might become more relevant, while oth-
ers such as the air flow within the debris and associated con-
vective heat exchange with the underlying ice (Evatt et al.,
2015) might lose importance. Both thick and thin debris
should be investigated at sites if possible. It is also clear from
our analysis that at some sites, and Lirung in particular, thin
debris is where models diverge most, and we are not able to
constrain an @strem curve with a model ensemble. Areas of
thin debris, usually located in the upper region of the debris-
covered area, is where maximum rates of sub-debris ablation
are predicted (Fyffe et al., 2020) and where determining abla-
tion rates with confidence is critical to pin down the interplay
between melt and ice flux in determining the glacier profile
(e.g., Nicholson and Benn, 2013). This consideration should
guide data acquisition to explain the model divergence for
thin debris across sites.

Suggestions for future model developments. The models
that joined this intercomparison experiment reflect the state-
of-the-art of modelling skills and structures available to the
community. There is still large potential for model improve-
ments, however. No model in this intercomparison includes
freezing/refreezing and the cold content of the frozen porous
debris layer. Although this may not be relevant during the
ablation season, it may be important at high elevation sites
and during shoulder seasons (Giese et al., 2020). On Lirung
Glacier, for instance, Steiner et al. (2021) demonstrated that
during up to a week in spring all energy available was used
to defrost the debris. A second crucial limitation of all mod-
els is that none of them considers water content in the de-
bris, which has been shown to impact modelled melt volumes
(Collier et al., 2014). A key aspect related to this is the lack
of observations of debris water content, either for model de-
velopment or validation. Refreezing and water content in the
debris should therefore be included in future model develop-
ments (Winter-Billington et al., 2022).
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Snow has been neglected from this intercomparison,
which as a first step and to allow the inclusion of the largest
possible number of models, has focused on the ablation sea-
son. For calculation of mass balance and long-term glacier
changes, however, it is important to run models for an entire
year and then for multiple years. This would require inclu-
sion of snow accumulation and melt above the debris layer.

Finally, this intercomparison has evidenced the need to as-
sess how important the heat convection into a dry porous
layer is (Wicky and Hauck, 2020), when it occurs, and at
which sites it is dominant. This would allow evaluating the
relative importance of the model developments suggested by
Evatt et al. (2015).

Limitations and recommendations for Phase II. There are a
number of limitations to our study, which could be addressed
in a phase II of this experiment. First, we have evaluated
model skills against low temporal resolution melt observa-
tions, daily at best, which cannot reproduce the diurnal cy-
cle of melt, and from sensors that might have considerable
errors. The results are striking, as the highest ranked mod-
els are calibrated temperature-index models (Hyper-fit, KM1
and DDFepyis, Table 4) that cannot reproduce the daily cycle
because of intrinsic structural limitations (Fig. S9). While at
the seasonal scale the sub-daily variability may not matter,
model intercomparisons should ideally be carried out at a va-
riety of scales, which each correspond to a distinct model
ability and model purpose (e.g. mass balance versus runoff
simulations). It also points to the fact that we do not have in
most cases measurements of high resolution available, and
improved melt measurements at daily resolution (rather than
weekly/seasonal stake measurements) would be beneficial.

Second, this study has made a large effort to gather exist-
ing data sets across the globe so as to include in the com-
parison as many sites with distinct debris and climate char-
acteristics as possible. However, all our conclusions rely on
data from only one melt season at each of the nine sites.
Although some uncalibrated temperature-index models per-
formed well using literature parameters, this limitation did
not allow testing the model robustness and parameter trans-
ferability in time over multiple melt seasons. To fully as-
sess and equally compare the performance and transferability
of empirical temperature-index models and energy balance
models, and their robustness in space and time in particu-
lar, we suggest that a follow-up effort should test the model
performance of calibrated models over an independent vali-
dation period. In general, model simulations should be tested
over multiple years to assess their robustness and how the
errors we identified over one melt season propagate (or not)
over the temporal scales needed for mass balance change cal-
culations.

Third, it was apparent from this intercomparison that
the broad variety of choices in model structures, coding
languages, debris discretisation, parameterisations, temporal
resolutions and assumptions masked at times actual differ-
ences in representation of processes. This hindered an un-
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ambiguous identification of strengths and limitations, as too
many differences in model choices did not allow identifica-
tion of the actual reasons for distinct model performances.
A lesson learned from our experiment is thus that a consis-
tent modelling framework including multiple parameterisa-
tions and modelling assumptions is needed to identify the im-
portance of individual processes and assumptions. We would
thus advocate for such a modelling framework that includes
the suites of models tested in this experiment, as well as the
processes we identified as missing above.

7 Conclusions

We have compared 15 models of different complexity to sim-
ulate glacier ice melt under debris (Fig. 3), including energy
balance models, temperature-index models and models of in-
termediate complexity. The models were run at 9 sites across
the globe, for one melt season of variable duration, and val-
idated against sub-debris ice melt and surface temperature
observations. Our main conclusions are as follows:

— Energy balance models and empirical temperature-
index models perform in a distinct manner and serve
distinct purposes. Temperature index models perform
best in this experiment, and better than energy balance
models, when calibrated and evaluated on the same
data, and poorly (worse than energy balance models)
when applied in their uncalibrated form. However, the
DETI,, model shows one of the best performances with
parameters from one site applied to all other sites. The
Hyper-fit model shows that site-specific estimated pa-
rameters (i.e. parameters from the same site but outside
of the study period) can produce satisfactory melt esti-
mates.

— Energy balance models show a range of performance
and model skills, with an overall overestimation of
melt and relatively large errors (20.6 % median, 44.8 %
MAE) when all sites are considered, and a slight un-
derestimation of melt and much smaller errors (—6.3 %
median, 18.7 % MAE) when the three sites with poorly
constrained debris properties are not considered. A clear
finding from this work is that the energy balance mod-
els that perform best are those with the highest degree of
complexity at the debris-atmosphere interface. We were
not able to demonstrate the added value of additional
complexity within the debris, because of lack of data
representative of processes within the debris layer. The
use of simplifying assumptions (and of a linear temper-
ature profile within the debris in particular) within the
model that included convection in the debris made it dif-
ficult to disentangle the importance of this process.

— A striking result of our intercomparison is that models
perform well at the three Alpine sites of Arolla, Miage
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and Suldenferner, and consistently poorly at Djankuat,
Lirung and Tasman. While a variety of reasons con-
tribute to explain this inter-site variability in model skill,
we have been able to clearly identify variable knowl-
edge of debris properties, and thermal conductivity in
particular, as a key cause.

— Debris properties are a major control on melt simula-
tions and model performance. We thus need estimates
of debris properties (especially surface roughness and
thermal conductivity) of high accuracy. Crucially, we
currently are not able to constrain them using measured
values at most sites. The uncertainty ranges of debris
properties typically used in the literature are insufficient
for most models to encompass observed melt values. Ef-
forts should be devoted to measure debris properties in
the field and establish their variability in time, space and
with depth.

— Despite tremendous advances in recent years, we
showed that sub-debris melt models still need to be im-
proved, and important model developments are needed.
Most are not able to cope with debris-snow interactions,
moisture in the debris is not accounted for and refreez-
ing rarely represented.

We suggest that a follow-up to this intercomparison should
focus on systematically improving a single model framework
(written in the same language, with the same assumptions
and main schemes) to understand the effects of individual
processes such as debris moisture related processes (phase
change, percolation, conduction properties change) and con-
vection within the debris. This would allow to both: (i) de-
termine the most appropriate representations and parameter-
isations of each process; and (ii) understand where the bal-
ance lies between increasing the number of parameters and
achieving substantial improvements in model skills, thus also
avoiding equifinality problems and error compensations that
might be related to a too high number of parameters. Adding
more complex process representation bears the risk of trans-
ferring uncertainty into parameters that might be impossible
to measure. It also seems imperative to establish a hierarchy
of processes in terms of their importance, and to focus on
advanced, robust representations of those. A way forward is
thus to develop a flexible, modular model that would allow
testing distinct calculations and parameterisations within the
same model structure, allowing comparisons of single model
components.

Our main conclusions are that models need to be improved
and knowledge of debris properties substantially advanced.
Data collection is often regarded as functional more to model
validation than development. We suggest that data collec-
tion and model development should be closely coupled, it-
eratively informing each other — something that only a truly
community, cooperative effort might afford. In addition to
the model development needs identified above, we need to
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clearly identify community priorities and methodologies for
making debris measurements.

Code and data availability. All data were stored on the Zen-
odo community on debris-covered glaciers (https://zenodo.org/
communities/iacswgondcgs, last access: 20 February 2026) set up
by the working group on debris-covered glaciers from the Interna-
tional Association of Cryospheric Sciences. The data are publicly
accessible at:
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