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Surface energy-balance models are commonly used in conjunction with satellite thermal imagery
to estimate supraglacial debris thickness. Removing the need for local meteorological data in the
debris thickness estimation workflow could improve the versatility and spatiotemporal application of debris thickness estimation. We evaluate the use of regional reanalysis data to derive debris
thickness for two mountain glaciers using a surface energy-balance model. Results forced using
ERA-5 agree with AWS-derived estimates to within 0.01 ± 0.05 m for Miage Glacier, Italy, and
0.01 ± 0.02 m for Khumbu Glacier, Nepal. ERA-5 data were then used to estimate spatiotemporal
changes in debris thickness over a ∼20-year period for Miage Glacier, Khumbu Glacier and Haut
Glacier d’Arolla, Switzerland. We observe significant increases in debris thickness at the terminus
for Haut Glacier d’Arolla and at the margins of the expanding debris cover at all glaciers. While
simulated debris thickness was underestimated compared to point measurements in areas of thick
debris, our approach can reconstruct glacier-scale debris thickness distribution and its temporal
evolution over multiple decades. We find significant changes in debris thickness over areas of thin
debris, areas susceptible to high ablation rates, where current knowledge of debris evolution is
limited.

1. Introduction
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Debris-covered glaciers are found in most glacierised regions (Reid and others, 2012; Kirkbride
and Deline, 2013; Anderson and Anderson, 2018; Scherler and others, 2018). In particular,
mountainous regions that experience high rates of rock uplift (e.g. the Himalaya, Southern
Alps of New Zealand) and erosion (e.g. European Alps) host glaciers with extensive supraglacial debris cover (e.g. Deline, 2009; Scherler and others, 2011; Gibson and others, 2017;
Anderson and Anderson, 2018). The prevalence of such glaciers is attributed to the frequent
deposition of debris on the glacier surface from erosion of glacier headwalls (Deline, 2009;
Gibson and others, 2017), combined with melt-out of englacial debris in their ablation
areas (Kirkbride and Warren, 1999; Salerno and others, 2008; Shukla and others, 2009;
Kirkbride and Deline, 2013; Anderson and Anderson, 2018).
Supraglacial debris thickness has a direct impact on mass balance (Østrem, 1959; Nicholson
and Benn, 2006). Debris layers range from a non-continuous layer, millimetres in thickness, to
a blanket-like continuous cover that can reach several metres in thickness. As debris thickness
increases from zero on a clean-ice surface, the sub-debris melt rate will increase until the critical thickness is reached, representing the maximum ablation rate. The maximum ablation rate
is typically higher than for a climatologically equivalent clean-ice surface (Østrem, 1959;
Mattson and others, (1993); Evatt and others, 2015). As a debris layer thickens, its ability
to efficiently transfer thermal energy to the ice surface beneath decreases, and sub-debris
melt decreases as debris insulates the ice surface (Østrem, 1959; Mattson and others, 1993).
As the areal extent of debris-covered ice increases globally (e.g. Kirkbride and Deline, 2013;
Scherler and others, 2018; Tielidze and others, 2020), it is imperative to improve our understanding of, and ability to model the effects of surface debris on key processes affecting debriscovered glaciers, most notably ablation.
Generally, debris thickness increases towards a glacier terminus and over time
(e.g. Anderson, 2000; Gibson and others, 2017), transitioning from convex to concave in profile due to a decline in surface velocity and the conveyor belt-like nature of debris-covered glaciers (Anderson and Anderson, 2018). In addition to this spatial variability, debris thickness
increases over time, though little is known about the relative contributions or rates of the physical processes which cause this increase (Gibson and others, 2017). Debris is contributed to the
glacier surface from the surrounding hillslopes where it is either deposited in the accumulation
area, where it will be entrained into the englacial environment and transported along englacial
flow paths, or deposited in the ablation area by rockfalls or rock avalanches. In addition to this,
debris is contributed to the supraglacial environment by subglacial bedrock erosion (Boulton,
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1978; Iverson, 1995; Kirkbride, 1995), where it is transported
along englacial flow paths and either remains within the englacial
environment or emerges supraglacially via englacial melt-out of
dispersed debris bands, or discrete septa (Kirkbride and Deline,
2013; Westoby and others, 2020).
Knowledge of the thickness of supraglacial debris remains
unknown for most glaciers on Earth (Scherler and others, 2018;
Herreid and Pellicciotti, 2020) and changes in thickness even
more so. Field measurements of debris thickness are scarce and
challenging to collect: manual excavations (e.g. Mihalcea
and others, 2008a, 2008b; Reid and others, 2012; Rounce and
McKinney, 2014), extrapolations from ice-cliff surveying
(Nicholson and Benn, 2013; Nicholson and Mertes, 2017) and
ground-penetrating radar measurements (McCarthy and others,
2017; Nicholson and Mertes, 2017) are the most commonly
used methods for measuring or estimating debris thicknesses.
However, time and labour constraints limit the spatial distribution
of measurements and these methods rely on the assumption that
the area sampled is representative of the entire debris-covered
area (Rounce and McKinney, 2014). The thickness of a surface
debris layer influences its surface temperature, such that thicker
debris layers generally have higher surface temperatures than
thin debris layers under the same meteorological forcing, because
of longer distances for conduction that slowdown transport of the
heat absorbed at the surface into the underlying ice (Nicholson
and Benn, 2013).
To obtain spatially resolved estimates of debris thicknesses,
recent work has built on the relationship between surface
temperature and debris thickness and proposed to derive debris
thickness from satellite thermal images using either (i) empirical
relationships, which build on the correlation between debris
thickness and surface temperature (Mihalcea and others, 2008a,
2008b) but are not spatially or temporally transferable; or (ii) surface energy-balance modelling (Zhang and others, 2011; Foster
and others, 2012; Rounce and McKinney, 2014; Schauwecker and
others, 2015; Rounce and others, 2018) which solves for all energy
fluxes at the time of image acquisition to derive debris thickness as
the only unknown in the coupled system of the energy balance at the
surface and the heat conduction within the debris. Such methods
provide debris thickness values corresponding to a given time in a
physically-based manner, i.e. assuming that the input meteorological forcing and debris surface properties are well-constrained,
they will provide an accurate estimate of debris thickness and by
their own nature can be applied to estimate debris thickness at
any point in time if the necessary input data are available.
The first attempt to reconstruct debris thickness from satellite
images was by Mihalcea and others (2008a), who derived an
elevation-dependent empirical relationship between debris surface
temperature and debris thickness for Miage Glacier, Italy. This
relationship predicted debris thicknesses to within ±0.05 m for
thicknesses up to 0.4 m. The primary limitation of this empirical
method is the considerable amount of field data that are required
to derive the debris thickness–surface temperature relationship,
and crucially, the fact that these empirical relationships are valid
only for the time and place for which they have been derived, resulting in a lack of transferability both in time and space (Foster and
others, 2012). As a result, this approach cannot be applied for the
detection of changes in debris thickness over time.
To increase the transferability of debris-thickness estimation
methods, more recent studies have used an energy-balance inversion approach to solve for debris thickness using knowledge of the
meteorological forcing of the energy balance, and the corresponding surface temperature, where the latter is determined from
satellite thermal imagery (Zhang and others, 2011; Foster and
others, 2012; Rounce and McKinney, 2014; Schauwecker and
others, 2015). In this way, debris thickness is solved for as the
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only unknown in the coupled system of the energy balance at
the surface and the heat conduction within the debris. A progression of models has been suggested, each advancing over the previous one in some aspects. Foster and others (2012) derived
distributed debris thickness from Advanced Spaceborne
Thermal Emission and Reflection (ASTER) thermal imagery
(90 m spatial resolution) for Miage Glacier using a relatively simple energy-balance model at a specific time step, i.e. assuming no
heat storage in the debris. Foster and others (2012) used
Automatic Weather Station (AWS) and NCEP/NCAR reanalysis
of meteorological data to force their model and demonstrate temporal transferability. The main limitation of their approach is the
assumption of a linear debris temperature–thickness profile
within the debris layer at the time of thermal imagery acquisition,
which can lead to underestimations of debris thickness (Rounce
and McKinney, 2014; Schauwecker and others, 2015) and additionally they exclude the effects of topography on estimating debris thickness. Schauwecker and others (2015) incorporated a
non-linear debris temperature–thickness profile in the Foster
and others (2012) model, similar to Rounce and McKinney
(2014). This development reduces the model uncertainty, but
fails to account for differences in incoming shortwave radiation
due to both slope and aspect. Rounce and McKinney (2014) introduced a factor, Gratio, to their surface energy-balance model to
account for the non-linear temperature gradient within the debris
layer, and used this approach to estimate distributed debris thickness for glaciers in the Khumbu Region, Nepal. Rounce and
McKinney (2014) incorporated the effect of topography in the
calculation of the meteorological forcing to the model by using
a digital elevation model (DEM), and slope and aspect to account
for the incidence of solar radiation. The Rounce and McKinney
(2014) model was forced with meteorological data from an offglacier AWS, while values for debris albedo, surface roughness
and thermal conductivity were estimated from the literature
(Takeuchi and others, 2000; Rounce and McKinney, 2014).
The aims of this proof of concept study are to: (i) determine
whether reanalysis data can be used to estimate spatially distributed supraglacial debris thickness in a remote-sensing-driven
energy-balance modelling framework, and (ii) determine whether
these estimates of debris thickness can enable a multi-temporal
analysis of debris thickness change. Given its advances over
previous approaches, for this work, we use the Rounce and
McKinney (2014) debris thickness estimation model, and use
reanalysis data to force the model and reconstruct historical debris
thickness and debris thickness change for three mountain glaciers.
In pursuit of (i), we compare the relative performance of distinct
reanalysis products to identify which are best suited for this type
of approach, and test: surface-level and pressure-level reanalysis
data using both NCEP/NCAR Reanalysis I (Kalnay and others,
1996) and ERA-5 (Copernicus Climate Change Service (C3S),
2017) meteorological datasets. In support of aim (ii), we apply
the model to 44 time series images to obtain spatially distributed
estimates of debris thickness for Miage Glacier, Italy; Khumbu
Glacier, Nepal; and Haut Glacier d’Arolla, Switzerland, on an
approximately annual basis between 2001 and 2019 and use debris
thickness differencing in combination with Monte Carlo-derived
uncertainty bounds to quantify debris thickness change. We subsequently discuss these debris thickness changes in the context
of the physical processes that are most likely responsible for
them, including the supraglacial redistribution of debris.
2. Study areas
Our three study glaciers were chosen due to the availability of
field-based debris thickness measurements for model evaluation
and on- or near-glacier AWS that measure all meteorological
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variables required by the model. We use AWS data from Miage
Glacier, Italy, and Khumbu Glacier, Nepal, to create a benchmark
debris thickness map from which we evaluate the performance of
the model application when forced with the regional reanalysis
data. We then use regional reanalysis data to estimate debris
thickness over a ∼20-year period for Miage Glacier, Khumbu
Glacier and Haut Glacier d’Arolla.
2.1 Miage Glacier, Italy
Miage Glacier, Italy (45°47′ N, 6°51′ E; Fig. 1a), is a 10 km-long
debris-covered glacier in the European Alps. It is located on the
flanks of Mont Blanc (4810 m above sea level (a.s.l)) and spans
an altitudinal range of 3900–1730 m a.s.l (Pfeffer and others,
2014). Approximately 42% of its surface area is covered by supraglacial debris (Fyffe and others, 2014). At least 75% of the surface
debris on Miage Glacier originates from small rock avalanches
and rockfall debris originating in the ablation zone and
transported supraglacially, with the remainder originating from
melt-out of englacially transported debris in the form of medial
moraines (Deline and others, 2012). Mean glacier surface velocities are ∼10 m a−1 but vary from 2 m a−1 close to the terminus, to
40 m a−1 ∼5 km up-glacier. Debris thickness ranges from less than
a few centimetres at the up-glacier limit of the debris-covered area
at 2400 m a.s.l, to >1 m close to the terminus (Mihalcea and
others, 2008a; Brock and others, 2010).
2.2 Khumbu Glacier, Nepal
Khumbu Glacier, Nepal (27°56′ N, 86°56′ E; Fig. 1b), is a
17 km-long debris-covered glacier in the Everest region (Pfeffer
and others, 2014; Watson and others, 2017). The glacier spans
an altitudinal range of 8230–4850 m a.s.l. and drains the western
flanks of Mount Everest (Gibson and others, 2018). The lower 6.5
km are thought to be slow-flowing or stagnant ice (Quincey and
others, 2009; Thompson and others, 2016; Rounce and others,
2018) and the glacier surface hosts a number of supraglacial
ponds within the debris (Watson and others, 2016). Debris thicknesses range from ∼0.02 m in the upper ablation area, to >1 m
over the stagnant tongue (Rowan and others, 2020).
2.3 Haut Glacier d’Arolla, Switzerland
Haut Glacier d’Arolla, Switzerland (45°58′ N, 7°31′ E; Fig. 1c), is a
4 km-long, north-westerly flowing glacier located at the head of
Val d’Hérens, Valais (Kulessa and others, 2005), and has a total
glacierised area of 3.5 km2. It spans an altitudinal range of
3500–2560 m a.s.l. (Pellicciotti and others, 2005). The supraglacial
debris cover has developed over the last 60 years and is the result
of the emergence of three medial moraines covering ∼10% of the
glacier area (Reid and others, 2012). Reid and others (2012) attribute the increase in debris cover extent to the recession of the glacier terminus and the subsequent emergence of englacial debris
bands. Debris thickness ranges from <0.01 to ∼0.50 m (Reid
and others, 2012).
3. Data acquisition
We use freely available remotely sensed data of debris surface
temperature, DEMs, reanalysis data and in situ measurements
of meteorological variables and debris thickness. These data are
summarised in Tables 1–4 and our handling of these is described
in Section 4.

Fig. 1. Location maps of the three study glaciers: (a) Miage Glacier, Italy, the purple
star represents the location of the Automatic Weather Station (AWS) used in the control model runs; (b) Khumbu Glacier, Nepal, where the purple star represents the
location of the Pyramid weather station, Nepal. (c) Haut Glacier d’Arolla,
Switzerland, with two glacier outlines – the larger outline is taken from RGIv6.0
(RGI Consortium, 2017) and the shorter extent of the terminus region is a manually
updated version of this. Black boxes signify the flux boxes used in this study, and
green dots show the location of in situ measurements. The background images are
taken from PlanetLabs RapidEye satellite imagery (Planet Team, 2017).
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Table 1. Summary of meteorological data and debris thickness data used in
this study

Site
Miage
Glacier
Khumbu
Glacier

AWS
measurements
2016:
Tair, Sin, Lin, RH,
SH, u
2009:
Tair, Sin, Lin, RH,
SH, u

Haut Glacier
d’Arolla

Reanalysis
variables
2005–16:
Tair, Sin, Lin,
RH, SH
2000–09:
Tair, Sin, Lin,
RH, SH
2005–16:
Tair, Sin, Lin,
RH, SH

Number of debris thickness
measurements
21 (Mihalcea and others,
2008a)
143 (Gibson and others,
2018; Rowan and others,
2020)
346 (Reid and others, 2012)

temperature product with an uncertainty of ±1.0 K (Barsi and
others, 2003; Coll and others, 2010; Rounce and McKinney,
2014). The Landsat 7 band 6 product has a 60 × 60 m grid spacing
and was automatically resampled to 30 × 30 m.
The ASTER Global Digital Elevation Model (G-DEM 2), with
a 30 × 30 m grid spacing, was used as the DEM input for the
model simulations. ASTER G-DEM has been found to have an
uncertainty of up to 10 m and a horizontal geolocation accuracy
better than 50 m (Fujisada and others, 2005; Nuth and Kaab,
2011; Rounce and McKinney, 2014). Therefore, the final debris
thickness maps have a spatial resolution of 30 m.
3.3 Reanalysis data

Table 2. Reanalysis datasets used in this study and the corresponding surface
and pressure levels for each glacier

Reanalysis dataset
NCEP/NCAR I
surface-level
NCEP/NCAR I
pressure-level
ERA-5 surface-level
ERA-5 pressure-level

Miage Glacier

Khumbu
Glacier

Haut Glacier
d’Arolla

0.995 sigma
level
850 mbar

0.995 sigma
level
500 mbar

0.995 sigma level
N/A

Surface level
800 mbar

Surface level
500 mbar

Surface level
N/A

3.1 Field data
Data from an AWS located at 2066 m a.s.l, in the ablation area of
Miage Glacier (45°46′ N, 6°52′ E, 2066 m a.s.l; Fig. 1a), were
acquired for the period 2016–2018, including two full ablation
seasons (2016 and 2018). These data include incoming shortwave
radiation (Sin), incoming longwave radiation (Lin), air temperature
at 2 m above-ground height (Tair), relative and specific humidity
(RH and SH, respectively) and wind speed (u) (Table 1). Data
were recorded at an hourly time step for the summer ablation season (June–September; Fyffe and others, 2014). Further information regarding specific instrumentation can be found in Brock
and others (2010). The Pyramid Observatory (27°57′ N, 86°48′ E,
5035 m a.s.l; Fig. 1b) is located 1 km from the true right lateral
moraine of Khumbu Glacier and meteorological data were
acquired for the period 2002–2009 for the same variables listed
above (Bonasoni and others, 2010) (Table 1). To assess the accuracy of our AWS- and reanalysis-derived debris thickness maps, we
compared these data with 21 debris thickness measurements for
Miage Glacier obtained in June–July 2005 (Mihalcea and others,
2008a), 143 measurements from Khumbu Glacier obtained in
May 2014 (Gibson and others, 2018; Rowan and others, 2020)
and 346 measurements from Haut Glacier d’Arolla in the summer
of 2010 (Reid and others, 2012) (Fig. 1).

3.2 Remotely sensed data
We retrieved Landsat 7 Enhanced Thematic Mapper (ETM+)
thermal imagery for all glaciers (Table S1). Due to a fault with
its scan line corrector, Landsat 7 images suffer from a ‘striping
effect’ causing a loss of ∼22% of data from each image
(Scaramuzza and Barsi, 2005). Images where <50% of the study
glacier was visible due to the striping effect were discarded from
the analysis along with images that were visually determined to
have extensive cloud and/or snow cover. Fourteen images were
selected for Miage Glacier, 16 images for Khumbu Glacier and
16 images for Haut Glacier d’Arolla (Table S1). Landsat 7 band
6 (thermal band) images were used to derive surface temperature,
by converting spectral radiance to surface temperature (Rounce
and McKinney, 2014; NASA, 2020), resulting in a final surface

3.3.1 NCEP/NCAR reanalysis data
The NCEP/NCAR Reanalysis I data are available in a netCDF4
format at 45 pressure/sigma levels, with global coverage at
2.5° × 2.5° (∼280 km × 280 km) horizontal resolution at the equator (Kalnay and others, 1996). Sigma levels are defined as the ratio
of the pressure at a point in the atmosphere to the pressure of the
surface at that point. Data are produced in 6 h time steps and variables are retrieved from the time step closest to the satellite thermal imagery acquisition (Table S1). Data acquired from the 0.995
sigma level, which is analogous to ‘surface level’, are hereafter
referred to as ‘surface-level’ reanalysis data, and data acquired
from the pressure level analogous to the mean elevation of the
study glacier are referred to as ‘pressure-level’ reanalysis data
(Table 2).
3.3.2 ERA-5 reanalysis data
ERA-5 reanalysis data span 137 pressure levels and have a
horizontal resolution of ∼0.5° × 0.5° (∼55 km × 55 km) at the
equator (2018a). Reanalysis-based estimations of meteorological
data were acquired within 1 h of a Landsat 7 overpass for
ERA-5. ERA-5 hourly data at the single-level (or ‘surface-level’)
are hereafter referred to as ‘surface-level’ reanalysis
data (Hersbach and others, 2018a), and ERA-5 hourly data on
pressure levels are referred to as ‘pressure-level’ reanalysis data
(Hersbach and others, 2018b; Table 2).
4. Methods
The basic idea behind the approach we use, as well as the studies
by Foster and others (2012), Schauwecker and others (2015) and
Rounce and McKinney (2014), is that an energy-balance model,
which solves both the equation of the energy balance at the debris
surface and the heat conduction into the debris, can be used to
solve for debris thickness if surface temperature is known. This
requires the knowledge of the meteorological data used as input
to the energy balance (e.g. Tair, RH, SH, u, Sin and Lin) and of
the debris surface properties (e.g. heat conduction, surface roughness, thermal conductivity and albedo).
Here we first describe the model, highlighting its improvements over previous models, and then present the data that are
needed for its application. Finally, we summarise the overall
workflow needed for the model application with satellite data
and reanalysis data.
4.1 Energy-balance model
The energy-balance model version we use was developed by
Rounce and McKinney (2014). The key advantage of the model
over previous approaches is that it incorporates an empirical factor to account for the non-linearity of the debris temperature profile. A brief summary of the model is outlined below. The energy

Downloaded from https://www.cambridge.org/core. 27 Apr 2021 at 08:02:01, subject to the Cambridge Core terms of use.

370

Rebecca Stewart and others

Table 3. Ranges and values of input parameters and variables for the main debris thickness estimation models using satellite thermal imagery
Mihalcea and others
(2008a)

Model input

Debris properties
Albedo
N/A
Surface roughness (m)
Effective thermal
conductivity (W m−1 K−1)
Temperature profile
N/A
within debris layer

Meteorological data
Sin (W m−2)
Lin (W m−2)
Tair (K)
RH
SH (g kg−1)
u (m s−1)
Ts (K)

Digital elevation model

Zhang and others
(2011)

Rounce and McKinney
(2014)
0.3
0.016
0.96

0.1–0.3
0.001–0.01
0.7–1.3

0.3
0.016
0.96

N/A

2.7
Nonlinear
approximation factor,
Gratio

Inclusion of a stored heat factor, 1
and 0 °C depth factor 0.1–0.5

2.7
Nonlinear
approximation factor,
Gratio

N/A

AWS

AWS

ASTER Level-2 surface
kinetic temperature

ASTER brightness
temperature

N/A

N/A

Baseline
hd

Albedo
Surface roughness (m)
Effective thermal
conductivity (W m−1 K−1)
Gratio
Ts (K)
Tair (K)
u (m s−1)
Sin (W m−2)
Lin (W m−2)
RH

This study

ASTER
N/A
N/A

Parameterised
Parameterised
Reanalysis
Reanalysis
N/A
AWS
Landsat-7 thermal
ASTER Level-2 surface kinetic
band 6
temperature and Landsat-7 thermal
band 6
ALOS PRISM and ASTER N/A
GDEM

Table 4. A Monte Carlo (MC) sensitivity test showing mean change from a
baseline mean debris thickness of 0.13 m, where hd is debris thickness

Parameter

Schauwecker and others (2015)

0.3
0.016
0.96
2.7
N/A
287.81
2.27
547.14
323.75
35.87

MC range

Mean
hd

Mean change
in hd

0.1–0.4
0.0035–0.0600
0.47–1.62

0.19
0.28
0.23

+0.06
+0.15
+0.10

2.3–3.1
±1.0
285–289
1.27–3.27
519–628
219–356
32–39

0.21
0.07
0.22
0.26
0.19
0.28
0.21

+0.08
−0.01
+0.09
+0.13
+0.06
+0.15
+0.08

pressure at sea level, c is the specific heat capacity of air, A is
the dimensionless transfer coefficient.
Using Eqns (2) and (3), we can simplify Eqn (1) to calculate
the conductive heat flux:

TR = Gratio

(1)

(2)

where α is the albedo (0.30), ε is the emissivity (0.95; Nicholson
and Benn, 2006), σ is the Stefan–Boltzmann constant (5.67 ×
10−8 W m−2 K−4) and Ts is the surface temperature (K).
 
P
cAu(Tair − Ts ),
H = rair
P0

ASTER GDEM

(4)

Subsequently, the thermal resistance of debris can be calculated using Eqn (5):

where M is the energy available for melt, Rn is the net radiation
flux of incoming and outgoing shortwave and longwave radiation,
LE is the turbulent latent heat flux, H is the turbulent sensible heat
flux and Qc is the conductive heat flux below the surface. Positive
fluxes are directed towards the debris surface.
Assuming an M of zero and an LE of zero within the energy
balance (for a discussion of these assumptions, see Rounce and
McKinney, 2014), we can also calculate the net radiation flux
(Eqn (2)) and the sensible heat flux (Eqn (3)).
Rn = Sin (1 − a) + 1(Lin − sTs4 ),

AWS
Landsat-7 thermal
band 6

Qc = Rn + H.

balance at the debris surface is:
M = Rn + LE + H − Qc,

Reanalysis

(3)

where ρair is the density of air at sea level and ∼10 °C (1.29 kg
m−3), P is the atmospheric pressure, P0 is the atmospheric

(Ts − 273.15)
,
Qc

(5)

where Gratio is a non-linear approximation factor that accounts for
the fact that the temperature gradient within the debris is
non-linear.
Finally, assuming an effective thermal conductivity (keff ) of
0.96 W m−1 K−1, we solve for debris thickness:
hd = TR · keff .

(6)

Due to a lack of data on the variability of the debris thermal
regime, we used a value of 2.7 for Gratio, taken from Rounce
and McKinney (2014), who derived Gratio from field experiments
at Imja-Lhotse Shar Glacier. This is one of the limitations of our
work, as its value is likely to be different for other glaciers.
However, the model was least sensitive to Gratio in an analysis conducted by Rounce and McKinney (2014), and moderately sensitive to this parameter in the Monte Carlo sensitivity analysis
presented in Section 4.2. We therefore retained the Imja-Lhotse
Shar Glacier-derived value 2.7 in this study.
The meteorological input needed by the model for each pixel
of the glacier domain was distributed from the input values as follows: We corrected distributed incoming shortwave radiation for
the effects of topography using the G-DEM data, similar to the
methods of Hock and Noetzli (1997). Air temperature was modified based on G-DEM elevation using a lapse rate of 6.5 K km−1
(Fig. 2). Values for the remaining meteorological variables
(incoming longwave, relative humidity and wind speed) and the
non-meteorological parameters (albedo, surface roughness, thermal conductivity and Gratio) were assumed constant across the glacier (Table 3).
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Fig. 2. Workflow for deriving: (a) distributed debris thickness maps using a surface energy-balance model, (b) distributed significant debris thickness change maps.

Table 5. Values of debris properties and meteorological variables used in the
model and for the Monte Carlo analysis
Debris property

Value

MC range

Albedo
Surface roughness (m)
Effective thermal conductivity (W m−1 K−1)
Gratio
Ts (K)
Tair (K)
u (m s−1)
Sin (W m−2)
Lin (W m−2)
RH

0.3
0.016
0.96
2.7
–
–
–
–
–
–

0.1–0.4
0.0035–0.0600
0.47–1.62
±0.4
±1.0
±4
±1
10%
10%
10%

In the column ‘MC range’, we show the range of values used to generate a random, uniform
distribution of values for the Monte Carlo simulations. Dash indicates variables, that vary for
every image (provided by either satellite thermal image (Ts) or AWS (meteorological
variables)).

Fig. 3. (a) Miage Glacier 2016 AWS wind speed compared with NCEP/NCAR reanalysis
I surface-level data (R 2 = 0.018), and ERA-5 surface-level data (R 2 = 0.046). (b) Khumbu
Glacier AWS wind speed compared with NCEP/NCAR reanalysis I surface-level data
(R 2 = 0.0008), and ERA-5 (R 2 = 0.1303) surface-level data. Grey line signifies the 1:1 line.

Foster and others (2012) and incorporate a dependent stored
heat factor to address the non-linear temperature gradient.
Importantly, we present a comparison of multiple reanalysis datasets to determine the most suitable input data (Section 5.2). We
also use the values of incoming shortwave and longwave radiation,
and air temperature from the reanalysis datasets to retain simplicity in the workflow (Table 3). In this regard, our method contrasts with previous approaches for constraining these specific
meteorological variables (Schauwecker and others, 2015) as air
temperature has been shown to be variable over a single debriscovered glacier (Steiner and Pellicciotti, 2016).
4.2 Model input parameters and workflow

All distributed thickness maps presented in this study have
been produced in line with the approach presented above. This
approach is similar to the methodology detailed in Schauwecker
and others (2015). However, we advance this methodology in
several ways: First, we account for the effects of topography
when calculating distributed incoming shortwave radiation,
which is important to improve the estimate of this radiation
flux in high relief topography, whereas Schauwecker and others
(2015) did not make any topographic adjustments. Secondly,
Schauwecker and others (2015) apply the model proposed by

The workflow for running the energy-balance model at each time
step (tx) is summarised in Figure 2, and comprises: (1) image
acquisition (Landsat 7, ASTER G-DEM), (2) GIS pre-processing
of slope, aspect and hillshade products, and (3) the execution of
the model. We followed the method of Rounce and others
(2018) and defined a series of ∼500 m-long contiguous boxes
using the glacier centreline which we refer to as flux boxes
(Fig. 1). The 500–600 m-long flux boxes used by Rounce and
others (2018) for Khumbu Glacier were downloaded from a public data repository (https://doi.org/10.5281/zenodo.1206201). We
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4.3 Model sensitivity and uncertainty

Fig. 4. Scatterplots of in situ debris thickness measurements below 0.5 m against ERA
surface-level estimated debris thickness for, (a) Miage Glacier, where 2005 R 2 = 0.10
and 2016 R 2 = 0.10, (b) Khumbu Glacier, where 2000 R 2 = 0.02 and 2009 R 2 = 0.01,
and (c) Haut Glacier d’Arolla, where 2005 R 2 = 0.17 and 2016 R 2 = 0.09.

only considered pixels where the model estimated hd > 0.00 m in
this analysis.
Meteorological variables were acquired from both NCEP/
NCAR reanalysis I and ERA-5 reanalysis products at tx, except
for wind speed. Due to the documented inaccuracy of reanalysis
data for estimating local-scale surface wind speeds (Schauwecker
and others, 2015; Betts and others, 2019; Gossart and others,
2019; Fig. 3), and the increased sensitivity of the model to this
variable, we followed the methods of Schauwecker and others
(2015) by taking the mean AWS wind speed at the time of satellite
overpass for all three glaciers throughout the ablation season
where available. The mean wind speed at the time of satellite overpass between 2006 and 2018 at Miage Glacier was 2.19 m s−1. The
mean wind speed during the ablation season at the time of satellite overpass between 2005 and 2011 at Pyramid Observatory was
1.41 m s−1. For Haut Glacier d’Arolla, a value of 2.80 m s−1 was
used, calculated using wind speed measured in 2010 (Reid and
others, 2012). These values were used as the wind speed forcing
in the reanalysis-driven simulations. As the model is sensitive to
changes in wind speed, until a reanalysis product emerges
which is able to reliably predict surface level wind speed, we suggest that a fixed value should be derived using the methodology
presented above, or in the absence of available AWS data, a
fixed value of 2.19 m s−1 should be used for alpine settings such
as Miage Glacier and Haut Glacier d’Arolla, and a value of 1.41
m s−1 should be used for Himalayan settings.

We conducted an initial model sensitivity analysis using a Monte
Carlo framework to identify key parameters affecting debris thickness estimation (Table 4). Each parameter was varied randomly
over 1000 model runs, within a sensible range (Rounce and
McKinney, 2014; Rounce and others, 2018; Table 4), while all
other parameters remained constant. The model showed high
sensitivity to surface roughness, incoming longwave radiation
and wind speed. In contrast, it showed a minimal sensitivity to
albedo, incoming shortwave radiation and finally surface temperature. As the model is relatively insensitive to changes in albedo,
following the method of Rounce and McKinney (2014), we used
an albedo value of 0.3 (Nicholson and Benn, 2013). The model
was moderately sensitive to variations in the non-linear temperature gradient factor – Gratio (for a ±14% change in Gratio, the debris thickness varies by +0.08 m; Table 3).
To incorporate the uncertainties in debris properties and
meteorological variables into our estimates of debris thickness,
we use the same Monte Carlo framework to produce a distributed uncertainty estimate. We include in the uncertainty analysis
both debris properties and meteorological variables because of
the assumptions we make about them in the model: (i) debris
properties are assumed constant in time and uniform in space,
but are known to be highly heterogeneous (e.g. Nicholson and
Benn, 2013; Miles and others, 2017); (ii) meteorological variables are also either assumed uniform in space or extrapolated
to the glacier scale with relatively simple assumptions (Fig. 2),
but their variability across the glacier can be high (e.g. Steiner
and Pellicciotti, 2016). For each debris thickness map, we calculate
the debris thickness uncertainty for every pixel by conducting 1000
Monte Carlo simulations varying each variable uniformly within a
range of sensible values (MC range; Table 5). We then calculate the
uncertainty as the mean std dev. of the simulated debris thickness
for each pixel (Section 4.4). These uncertainties provide a level of
confidence in our debris thickness maps and were used to threshold the debris thickness change data and identify significant
changes (Section 4.4).
Further, in situ measurements were compared with modelled
debris thickness estimates using a two-pronged approach. We
compared ERA-5-derived debris thickness with in situ point measurements rather than AWS-derived estimates due to lack of AWS
data availability when in situ measurements were taken at Miage
Glacier (Section 5.1). In addition to this, we compared mean in
situ debris thickness within static Fluxbox areas with modelled
debris thickness estimates (Section 5.3).
4.4 Significant debris thickness changes
To estimate distributed debris thickness change for all glaciers, we
derived a debris thickness map for each of the 44 images
(Table S1), and then differenced these debris thickness maps to
obtain distributed estimates of debris thickness change (Fig. 2).
We subsequently threshold these data using spatially distributed
uncertainty estimates to arrive at significant debris thickness
change, i.e. changes that are higher than the uncertainty in the
calculated changes (Fig. 2). To calculate this uncertainty, we
used the uncertainty estimates of the debris thickness for each
pixel and combined these values in quadrature for two successive
time steps to derive a compound uncertainty for our debris thickness change estimates (σΔh):

sDh = (s2t1 ) + (s2t2 ),
(7)
where σt1 and σt2 are the debris thickness uncertainties associated
with individual debris thickness maps. Values of σΔh ranged from
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Fig. 5. Distributed debris thickness maps for Miage Glacier on 08 August 2016. Figures (a–c) show distributed thickness values derived using surface-level data, and
(d–f) show distributed thickness values derived using pressure-level data from both ERA and NCEP/NCAR. Figures (g–h) and (i–j) show debris thickness changes
relative to the AWS-derived debris thickness control maps.

0.1 × 10−2 to 0.19 m for Miage Glacier, 0.2 × 10−2 to 0.17 m for
Khumbu Glacier and 0.1 × 10−2 to 0.15 m for Haut Glacier
d’Arolla, and we used these pixel-specific values to exclude the
estimates of debris thickness change that fall outside this uncertainty threshold from further analysis: hereafter we define ‘significant debris thickness change’ as change which exceeds σΔh.
5. Results
In this section, we first present an evaluation of the
ERA-5-derived debris thickness estimates with in situ point measurements. We cannot compare in situ observations with our
benchmark (AWS-driven) debris thickness estimates as the
AWS data are not available during the time period where in
situ data were collected, and we thus provide an evaluation of
the best-performing re-analysis-driven product. We then compare
debris thickness estimates derived from (i) pressure-level and
surface-level reanalysis, and (ii) NCEP/NCAR reanalysis and
ERA-5 reanalysis data. Using ERA-5 reanalysis data as the
meteorological forcing, we then present a ∼20-year time series
of debris thickness estimates at each study glacier, and finally
an assessment of debris thickness changes that have occurred during the study period.
5.1 Evaluation of debris thickness estimates
To evaluate our debris thickness estimates, we compared in situ
point measurements with the ERA-surface-level-derived debris

thickness for the pixel that contains these measurements for the
years 2005 and 2016 at Miage Glacier, 2001 and 2009 at
Khumbu Glacier, and 2005 and 2016 at Haut Glacier d’Arolla.
We excluded in situ debris thicknesses >0.5 m (one measurement
at both Miage Glacier and Haut Glacier d’Arolla, and 80% of measurements at Khumbu Glacier, Fig. 4) because debris thickness
estimation methods which use thermal imagery are generally
unable to accurately reconstruct debris thicknesses higher than
this value (e.g. Foster and others, 2012). We find no statistically
significant correlation between the estimated and measured debris
thicknesses. However, such a comparison is problematic for several reasons: (i) measurements of debris thickness have an inherent sampling bias, such that measurements tend to be clustered in
small areas of a glacier due to the time- and labour-intensive
nature of collecting these measurements, and therefore may not
be spatially representative; (ii) our model-estimated debris thicknesses have a resolution of 30 × 30 m but debris thickness is
highly heterogeneous over these scales making a comparison
with a single point measurement rather tenuous (e.g. Mihalcea
and others, 2008b; Zhang and others, 2011; McCarthy and others,
2017; Nicholson and Mertes, 2017); (iii) we do not correct for glacier flow; this is important because the on-glacier location at
which debris thickness is measured at a given point in time will
have since been displaced longitudinally, and perhaps laterally.
With the above considerations in mind, we use our
AWS-derived distributed debris thickness estimations as a relative
benchmark. Our use of the phrases ‘under-estimation’ or ‘overestimation’ of estimated debris thickness is relative to our
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Fig. 6. Distributed debris thickness maps for Khumbu Glacier on 17 June 2009. Figures (a–c) show distributed thickness values derived using surface-level reanalysis
data, and (d–f) show distributed thickness values derived using pressure-level data for both ERA and NCEP/NCAR. Figures (g–h) and (i–j) show debris thickness
changes relative to the AWS-derived debris thickness control maps.

AWS-derived benchmark (Fig. 5; Fig. 6). To lend confidence to
the accuracy of our final ERA-derived debris thickness estimations, we compare debris thickness estimations for Miage
Glacier and Haut Glacier d’Arolla in Section 5.3.
5.2 Comparison of reanalysis-driven estimates of debris
thickness
5.2.1 Single- and pressure-level data
Distributed debris thickness maps were produced using NCEP/
NCAR Reanalysis I and ERA-5 reanalysis data at both the surfacelevel and respective pressure-levels of 800 and 500 mb for Miage
Glacier and Khumbu Glacier, and compared with AWS-derived
distributed debris thickness maps (Figs 5, 6; Table 6). For
Miage Glacier, we estimate debris thicknesses >0.25 m at the
terminus and find that debris thickness decreases up-glacier.
The emerging medial moraine is visible at the upper limit of
the continuous debris extent before the debris thickness decreases

to <0.05 m (Fig. 5). Debris thickness maps derived from the
surface-level NCEP/NCAR data overestimate debris thickness by
up to 0.3 m over the entire ablation area (Fig. 5g), with an
overestimation in mean debris thickness (±1σ) of 0.02 ± 0.07 m
(Fig 5g) compared to AWS-derived estimates (Figs 5b, e;
Table 6). ERA-5 surface-level data have a mean debris thickness
overestimation of 0.01 ± 0.05 m (Fig. 5h; Table 6). A ∼0.06 km2
area of the northern lobe shows an underestimation of debris
thickness of between 0 and 0.02 m when using ERA-5 meteorological forcing compared with AWS forcing (Fig. 5h).
Conversely, the pressure-level-derived thickness maps show
large overestimations using both NCEP/NCAR and ERA-5
reanalysis data; mean debris thickness values are 0.08 ± 0.09 and
0.09 ± 0.12 m (Figs 5d, f; Table 6), producing respective mean
debris thickness overestimations of 0.09 ± 0.14 and 0.04 ± 0.07 m
(Figs 5i, j; Table 6).
For Khumbu Glacier, the ERA-5 surface-level-derived debris
thickness maps show a closer agreement to the AWS-derived
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Table 6. Mean (average of the glacier area) debris thickness estimates obtained
using different meteorological input to force the model

Glacier

Date

Meteorological
forcing

Mean debris
thickness (m)

Mean
overestimation
compared to AWS

Table 7. Linear regression analysis of meteorological variables from both ERA-5
and NCEP against Automatic Weather Station data for the period of AWS data
availability: Miage Glacier 2005–15, Khumbu Glacier 2000–09
Variable
Tair (K)

Miage
Glacier

Khumbu
Glacier

8 August AWS
2016
NCEP/NCAR I
pressure-level
NCEP/NCAR I
surface-level
ERA-5
pressure-level
ERA surface-level
17 June AWS
2009
NCEP/NCAR I
pressure-level
NCEP/NCAR I
surface-level
ERA-5
pressure-level
ERA surface-level

0.07 ± 0.11
0.08 ± 0.09

N/A
0.09 ± 0.14

0.09 ± 0.12

0.02 ± 0.07

0.09 ± 0.12

0.04 ± 0.07

0.08 ± 0.09
0.07 ± 0.06
0.10 ± 0.06

0.01 ± 0.05
N/A
0.02 ± 0.02

Lin (W m−2)

0.09 ± 0.06

0.02 ± 0.02

SH (g kg−1)

0.14 ± 0.10

0.06 ± 0.06

0.09 ± 0.06

0.01 ± 0.02

Sin (W m−2)

Miage
Khumbu
Miage
Khumbu
Miage
Khumbu

RH (%)

Miage
Khumbu

a

5.2.2 NCEP/NCAR and ERA-5 products
Linear regression of the AWS and reanalysis data variables is
shown in Table 7. Differences in debris thickness estimation
shown in Figures 5 and 6 are due to differences in the value of
the meteorological inputs and it follows that it would be worthwhile to assess the relationship between these input data and
the AWS input data. The data show a positive relationship
between individual meteorological variables; for Tair at Miage
Glacier, R 2 = 0.73 for the AWS versus ERA-5 and 0.48 for the
AWS versus NCEP/NCAR data, and R 2 = 0.83 and 0.80 for Tair
at Khumbu Glacier (Table 7). For Miage Glacier, Tair, SH and
RH exhibit higher R 2 values for AWS versus ERA-5 surface-level
data comparison. For Khumbu Glacier, Tair, Sin, Lin and RH show
a higher R 2 (Table 7; Fig. 7). ERA-5 shows a stronger relationship
(shown by higher R 2 values) to AWS meteorological data than
NCEP/NCAR reanalysis data for three of the five meteorological
variables (Table 7), and four out of the five meteorological variables for Khumbu Glacier (Table 7). This is in line with multiple
studies, where ERA-5 is shown to be a superior reanalysis dataset
(e.g. Balsamo and others, 2018; Mahto and Mishra, 2019).
Although the R 2 value is a good estimate of the strength of the
relationship between the AWS and reanalysis input data, a more

Miage
Khumbu

Where pressure levels are referred to, Miage Glacier is taken at the 800/850 mb level and
Khumbu Glacier is taken at the 500 mb level.

debris thickness maps than the NCEP/NCAR surface-levelderived debris thickness estimates: simulated mean debris thicknesses are 0.09 ± 0.06 and 0.09 ± 0.06 m for NCEP/NCAR and
ERA-5-derived maps (Figs 6a,c; Table 6), and exhibit debris thickness overestimations of 0.02 ± 0.02 and 0.01 ± 0.02 m, respectively.
In contrast, at the 500 mb pressure-level, the NCEP/NCAR and
ERA-5 reanalysis data produce debris thickness maps (Figs 6d,f;
Table 6) with mean debris thickness differences of 0.02 ± 0.02
and 0.06 ± 0.06 m (Figs 6i,j; Table 6). Approximately 10% of the
increase in debris thickness is observed in localised areas (∼0.8
km2) as an overestimation of thicker debris (>0.25 m) on the western margin of the debris-covered area of Khumbu Glacier (Fig. 6).
A qualitative comparison of the debris thickness estimations produced by the different reanalysis datasets provides a clearer insight
into the distributed differences of the respective reanalysis products with respect to the AWS-derived benchmark. The glacierwide mean debris thickness values and mean debris thickness
changes presented above should be interpreted with caution as
they do not reflect the spatial distribution of debris thickness
change shown in Figures 5 and 6.

Location

Reanalysis
ERA
NCEP
ERA
NCEP
ERA
NCEP
ERA
NCEP
ERA
NCEP
ERA
NCEP
ERA
NCEP
ERA
NCEP
ERA
NCEP
ERA
NCEP

R2

RMSE
a

0.73
0.48
0.83a
0.80
0.36
0.88a
0.27a
0.16
0.29
0.55a
0.86a
0.80
0.48a
0.20
0.71
0.73a
0.41a
0.18
0.68a
0.47

1.79
1.94
2.07
2.28
133.00
88.00
123.00
122.00
19.20
16.30
24.60
22.90
1.01
1.44
0.71
0.94
9.50
9.13
16.60
18.80

Indicates highest R 2 value.

representative assessment of the variability that the interplay of
multiple meteorological variables cause in the final debris thickness calculation would be through an analysis of how well
reanalysis-forced estimates represent a 1:1 relationship when compared with the AWS benchmark estimates (Fig. 8). Both reanalysis
datasets show a similar R 2 value and line gradients for Miage
Glacier, with an R 2 of 0.65 and a gradient of 1.12 for NCEP/
NCAR surface-level reanalysis, and an R 2 of 0.55 and a gradient
of 0.80 for ERA-5 surface-level reanalysis. However, at Khumbu
Glacier, there is an R 2 of 0.26 and a gradient of 0.62 using
NCEP/NCAR surface-level reanalysis, and an R 2 of 0.89 and
a gradient of 1.01 using ERA-5 surface-level reanalysis.
Additionally, when the variability – or spread – of the datasets
is considered, ERA-5 surface-level reanalysis shows a lower scatter
than NCEP/NCAR surface-level reanalysis with std dev. of 0.10
and 0.07 for NCEP/NCAR and ERA-5, respectively, for Miage
Glacier, and 0.05 and 0.04 for NCEP/NCAR and ERA-5,
respectively, for Khumbu Glacier.
For Miage Glacier, the use of pressure-level reanalysis data in
the debris thickness model results in a mean overestimation of
debris thickness (compared to AWS) of 0.09 ± 0.14 and 0.04 ±
0.07 m for the NCEP/NCAR and ERA-5 reanalysis inputs,
respectively (Table 6). For Khumbu Glacier, the use of pressurelevel reanalysis produces a mean overestimation of debris thickness of 0.02 ± 0.02 and 0.06 ± 0.06 m for NCEP/NCAR and
ERA-5 data, respectively. For both glaciers, the mean overestimation of debris thickness decreases in magnitude when surfacelevel, rather than pressure-level reanalysis data are used as a model
input. For Miage Glacier, the mean overestimation decreases by
0.07 to 0.02 ± 0.07 m for the NCEP/NCAR data, and by 0.03 to
0.01 ± 0.05 m for the ERA-5 data. For Khumbu Glacier, mean debris thickness overestimation decreases by 0.05 to 0.01 ± 0.02 m
for the ERA-5 data. While we see no improvement in the
NCEP/NCAR data when surface-level, as opposed to pressure-level
reanalysis data are used; the mean debris thickness overestimation
remains as 0.02 ± 0.02 (Table 6). These relative differences in performance are also displayed in Figure 5. Based on these results,
the ERA-5 surface-level data outperform the NCEP/NCAR data
when benchmarked against AWS-derived debris thickness.
To further corroborate this finding, we conducted a linear
regression analysis of the individual meteorological variables
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Fig. 7. Linear regression plots of AWS data against reanalysis data (all available 2016 AWS data at Miage Glacier, and all available 2009 AWS data at Khumbu
Glacier). Green indicates ERA-5 surface-level reanalysis data and black indicates NCEP/NCAR Reanalysis I surface-level data. Grey dashed line indicates the 1:1 line.

(Table 7; Fig. 7), and found that the use of ERA-5 surface-level
analysis data produces a higher R 2 value for 70% of the variables
that are used to force the energy-balance model at both glaciers,
though collinearity may have some influence on this result
(i.e. Tair and RH are expected to have the strongest linear correlation with the same reanalysis data type). We also compared
values of reanalysis-driven debris thickness with AWS-driven
debris thickness at the level of individual pixels and found that
the use of ERA-5 data results in less variability overall as shown
by the std dev. of the datasets (0.10 and 0.07 for NCEP/NCAR
and ERA-5, respectively, for Miage Glacier, and 0.05 and 0.04
for NCEP/NCAR and ERA-5, respectively, for Khumbu Glacier;
Fig. 8). There is a previously published precedent for the use of
pressure-level, as opposed to surface-level reanalysis data
(Schauwecker and others, 2015), for distributed debris thickness

mapping. However, for Khumbu Glacier, pressure-level data
underestimated the magnitude of several variables relative to the
corresponding AWS data, including a relative underestimation
of 2 m-air temperature by ∼5 K. This underestimation and the
results presented in the previous sub-section combine to produce
a convincing argument for the use of surface-level ERA-5 reanalysis data in subsequent calculations.
5.3 Annual debris thickness estimates
Debris thickness was calculated between 2001 and 2019 for Miage
Glacier (12 years with 14 images), between 2001 and 2016 for
Khumbu Glacier, and between 2002 and 2019 for Haut Glacier
d’Arolla (Fig. 9), using ERA-5 surface-level reanalysis data to
force the model (Section 5.2.2).
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Fig. 8. A scatterplot showing AWS-derived debris thickness estimations, and
reanalysis-derived debris thickness estimations, for; (a) Miage Glacier, where NCEP/
NCAR surface-level reanalysis R 2 = 0.65, and ERA-5 surface-level reanalysis R 2 = 0.55,
and (b) Khumbu Glacier, where NCEP/NCAR surface-level reanalysis R 2 = 0.26, and
ERA-5 surface-level reanalysis R 2 = 0.89.

For Miage Glacier, we obtain fluctuating estimates of debris
thickness between 2001 and 2018 of between 0.0 and 6.0 km
from the terminus. However, 2019 and 2016 show a variation
from the trend, with predicted thicknesses at the terminus up
to 0.15 m thinner than the remaining years. At distances of
>6.0 km from the terminus, we observe a linear thickening of
the debris layer between 2001 and 2019 (Fig. 9a). Our annual
time series allows a direct comparison of the reanalysis-derived
debris thickness estimates with the in situ measurements taken
on the glacier in the 2005 ablation season (Mihalcea and others,
2008a). For each flux box, the mean measured debris thicknesses
were plotted against the annual mean simulated debris thickness
over the study period (Figs 9a, c), with 60% of measurements at
Miage Glacier and 80% of measurements at Haut Glacier
d’Arolla falling within the range of estimated debris thickness
values. Debris thicknesses of up to 1 m have been reported for
the southern terminal lobe of Miage Glacier (Mihalcea and others,
2008a), so it is likely that the model results underestimate debris
thickness in this area. Further, all in situ debris thickness measurements for Miage Glacier are located where a significant
change cannot be detected (Figs 9a, 10a; 0–6.0 km up-glacier).
However, two-thirds of the in situ measurements fall within the
range of debris thicknesses estimated by the model lending confidence to the accuracy of the absolute debris thickness estimates
for Miage Glacier.
Similarly, for Khumbu Glacier, there is a large fluctuation in
the debris thickness estimates over the period 2001–16, between
0.0 and 7.5 km from the terminus for Khumbu Glacier
(Fig. 9b). However, when the upper ablation area is isolated
(Fig. 10ii), there is a general trend of thickening over the study
period. Debris thickness was measured at 143 locations via pit
excavation, and 80% of the locations were found to have debris
thickness >1 m (Gibson and others, 2018; Rowan and others,
2020). Our reanalysis-derived output underestimates debris
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thickness at the terminus of the glacier (0–2.5 km up-glacier) relative to these measurements: the local mean debris thickness from
in situ measurements is 0.85 ± 0.24 m, whereas estimated debris
thicknesses produce a local mean of 0.15 ± 0.07 m. These large
discrepancies between estimated and measured debris thickness
are not entirely unexpected, for two reasons: (i) debris cover
exhibits large heterogeneity in thickness over short distances
(e.g. Mihalcea and others, 2008b; Zhang and others, 2011;
McCarthy and others, 2017; Nicholson and Mertes, 2017), and
(ii) thermal imagery-based models are known to have poor
performance at estimating debris thicknesses >0.5 m
(e.g. Schauwecker and others, 2015), because of the need to
account for heat storage in the debris, and this caveat likely
applies to our approach. These explanations likely account for
the large scatter in estimated debris thickness for Khumbu
Glacier between 0.0 and 7.5 km from the terminus (Fig. 9b); as
debris cover thins with increasing distance from the terminus,
this scatter reduces and we observe a more systematic progression
of increasing debris thickness through time.
On Haut Glacier d’Arolla, supraglacial debris thickness was
calculated for every year between 2002 and 2019 (Fig. 9c), and
shows a general trend of thickening for the entire glacier, with
peaks in thickness observed at 1.5 and 2.0 km from the terminus.
In situ debris thickness measurements from the year 2010 generally agreed well with estimated results, with mean measured
debris thicknesses falling within the range of simulated debris
thicknesses for each flux box within 0–1.5 km from the terminus (Fig. 9c). However, at a distance of 2 km from the terminus, measured debris thickness is up to 0.05 m thicker than
our simulated debris thickness. This discrepancy is likely due
to the fact that the measured debris thickness measurements
were taken on or near the upper eastern moraine in only
∼10% of the flux box area, whereas the flux box spans the full
width of the glacier and incorporates areas where debris cover
is much thinner (based on visual inspection of satellite imagery
and field observations).
Annual median debris thickness over the period of analysis is
plotted for each glacier (Fig. 11). Trendline analysis of the annual
debris thickness shows that for Miage Glacier, the median debris
thickness increases by 0.01 m over a 20-year period (a gradient of
0.0007), and over the same period, it increases by 0.01 m for
Khumbu Glacier (a gradient of 0.0006) and by 0.04 m for Haut
Glacier d’Arolla (a gradient of 0.0016); however, this linear
trend is not statistically significant.
5.4 Estimated debris thickness change
Figure 12 shows debris thickness changes for the three glaciers
over areas where those changes are significant. The uncertainty
maps were used to remove insignificant debris change pixels
from further analysis, as explained in Section 4.4. This thresholding removed 87% of the debris-covered pixels for Miage Glacier,
95% for Khumbu Glacier and 84% for Haut Glacier d’Arolla
(Fig. 11). The uncertainty estimation and subsequent thresholding
addresses variation in debris thickness that may be due to inaccuracy of the input meteorological variables. The complex interplay
of meteorological variables and the surface temperature of the
debris is resolved within the energy-balance model to provide
robust estimations of significant debris thickness change. This
ensures that changes observed as significant can be confidently
attributed to a change in debris surface temperature due to changing proximity to the underlying ice, and therefore a corresponding change in debris thickness – a relationship shown by the
Østrem curve. Higher uncertainties are found for pixels with
thicker debris cover. Haut Glacier d’Arolla has the thinnest debris
cover of the three glaciers, thus more pixels are retained as
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Fig. 9. Along-glacier estimated debris thickness using
ERA surface-level reanalysis data for Miage Glacier
(a, b), Khumbu Glacier (c, d) and Haut Glacier d’Arolla
(e, f) with the left-hand column representing the full
glacier length and the right-hand column the upper
ablation area of both Miage and Khumbu glaciers.
Black dots represent the mean debris thickness of in
situ measurements per Fluxbox for individual years:
2005 for Miage Glacier; 2010 for Haut Glacier d’Arolla.
In situ debris thickness measurements on Khumbu
Glacier exceed the vertical scale (see Section 5.3).

significant and thickness change results were retained along the
full length of Haut Glacier d’Arolla (Fig. 11c). By comparison,
Khumbu Glacier has the thickest debris cover and a higher
overall degree of uncertainty, and so a high proportion of pixels
fell below our change detection threshold. For Miage and
Khumbu glaciers, our thresholding resulted in only retaining
significant debris thickness change in the upper ablation area
(Figs 11a, b).
Between 2002 and 2019, we observe an overall debris thickness decrease (Δhd = −0.02 ± 0.20 m; Table 8) for Miage Glacier
(Fig. 11a). Of the significant change (13% of the total glacier
area), 54% shows a decrease in debris thickness, and 45%
shows an increase in debris thickness. We observe significant
thickening (local median Δhd = + 0.02 ± 0.01 m) of debris
located in the upper ablation area of Miage Glacier, along the
medial moraine (Figs 12a, b). The majority of the significant
debris thinning (local median Δhd = −0.12 ± 0.26 m) is located
towards the glacier boundary and in the lower parts of its tributary glaciers (Figs 12a, b).
For Khumbu Glacier, the median debris thickness increases
by 0.02 ± 0.07 m between 2002 and 2016 (Table 8). Of the significant change (5% of the total glacier area), 85% shows thickening over the study period, while only 15% showed thinning
(Fig. 11b). Significant thinning of the debris is observed in a
small patch at the lower end of the dirty ice that forms the base
of the Khumbu icefall (Figs 12d–f). Debris accumulation is
observed on the patches of formerly clean ice between crevasses
(Figs 12d–f).
Haut Glacier d’Arolla shows a median significant debris thickness change of +0.01 ± 0.02 m over the study period (Table 8). Of
the significant change (16% of the total glacier area), 67% shows
thickening, and 33% shows thinning between 2002 and 2019.
Significant thickening is evident at the terminus of the glacier
and on the medial moraine and the upper eastern moraine
(Figs 12g–i). Thinning is estimated at the edges of the medial
moraine, and at the glacier margin, specifically towards the accumulation area in the lower south-east and at the confluence with
the tributary glacier (Fig. 11).

6. Discussion
6.1 The use of climate reanalysis data in the debris thickness
modelling workflow
When compared to the AWS benchmark, pressure-level reanalysis
data overestimated debris thicknesses. Although pressure levels
were selected at representative altitudes of 800 and 500 mb for
Miage Glacier and Khumbu Glacier, respectively, surface-level
reanalysis considers the influence of surface topography, offering
a significant advantage over pressure-level reanalysis data.
Moreover, when compared with the AWS benchmark, ERA-5
outperforms NCEP/NCAR when predicting debris thickness for
Miage and Khumbu Glaciers. ERA-5 benefits from a substantial
improvement in model physics and data assimilation relative to
its ERA-40 counterpart (Wang and Dickinson, 2013). A lack of
assimilation data for air temperature and humidity data leads to
deficiencies in the atmospheric water vapour values and thus
the longwave radiation calculation of NCEP/NCAR reanalysis
(Trenberth and others, 2005; Wang and Dickinson, 2013). In addition, the spatial resolution of NCEP/NCAR is coarser (2.5° ×
2.5°) than that of ERA-5 (0.5° × 0.5°). We attribute these factors
to the ability of ERA-5 input data to produce more accurate estimations of debris thickness.
Simulated debris thickness values for Khumbu Glacier are
underestimated compared to in situ measurements (e.g. Nakawo
and others, 1986; Gibson and others, 2018; Rowan and others,
2020), and it is likely that they are also underestimated for
Miage Glacier where debris thicknesses >1 were observed in the
field (Mihalcea and others, 2008a). This underestimation is due
to several factors. Firstly, to develop a method for deriving distributed debris thickness maps using a non-proprietary workflow, we
retrieved topographic information from the ASTER GDEM.
Where possible, Rounce and McKinney (2014) advise using a
high-resolution (<10 m grid spacing) DEM, because detailed
topographic corrections of the incoming shortwave radiation are
important for accurately deriving debris thickness predictions.
Our use of relatively coarse-resolution topographic data and thermal imagery decreases our ability to resolve local variations in
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Fig. 10. Annual box-and-whisker plots of debris thickness for areas of significant debris thickness changes estimated using ERA surface-level reanalysis data for (a)
Miage Glacier, (b) Khumbu Glacier and (c) Haut Glacier d’Arolla. Red line shows the change in estimated median debris thickness over time. Years with no data are
due to available satellite imagery being unsuitable for debris thickness estimation.

debris thickness. Comparing averaged flux-box or debris
thickness map pixel (30 × 30 m) data with point-based field
measurements is problematic; supraglacial debris is inherently
heterogeneous over short spatial scales and can vary considerably over a 30 × 30 m Landsat 7 thermal imagery pixel
(Gibson and others, 2018; Nicholson and others, 2018). Such
local-scale heterogeneity is not captured by our coarseresolution debris thickness maps, but could be overcome by
using higher-resolution topographic data inputs, such as the
High Mountain Asia 8 m DEM (Shean, 2017), and by leveraging
future improvements in the spatial (and temporal) resolution of
satellite thermal sensors and reanalysis datasets. Finally, a key
limitation to thermal-image-based debris thickness estimation
methods is the use of instantaneous energy-balance models
for thick debris, in which storage of energy is likely and
which would require calculations of the heat accumulation
within the debris (Schauwecker and others, 2015). This will be
discussed in the following section.

6.2 Debris thickness distribution and its spatio-temporal
evolution
In situ debris thickness measurements at both Miage Glacier and
Haut Glacier d’Arolla are within the range of estimated debris
thickness values. This lends confidence to the absolute values of
debris thickness predicted. In contrast, where non-linear changes
in debris thickness are calculated for areas of Khumbu Glacier,
these changes correspond to areas where the model severely
underestimates in situ measurements of debris thickness
(Fig. 9b). We attribute this underestimation to the documented
inability of thermal-based models for accurately predicting field
debris thicknesses >0.4 m. Field observations suggest that debris
on the tongue of Khumbu Glacier exceeds 1 m (Rowan and
others, 2020), therefore it is not unexpected that our estimated
debris thickness values show no relationship to in situ debris
thicknesses. When areas of significant debris change are isolated
(Figs 9a, b), we see a more linear and systematic increase in debris
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Fig. 11. Significant debris thickness change in meters between (a) 2001–19 (Miage
Glacier), (b) 2002–16 (Khumbu Glacier) and (c) 2002–19 (Haut Glacier d’Arolla) derived
from ERA surface-level reanalysis data. Distributed maps are derived by differencing
the first and last debris thickness estimates at the dates listed above. Where the
debris thickness change is below the pixel-specific uncertainty or there is a lack of
thermal satellite data, the pixels are coloured white and have been excluded from
any further analysis. Glacier outlines are taken from RGIv.6.0 (RGI Consortium,
2017), except for the outline for Haut Glacier d’Arolla which has been updated to
reflect the significant retreat of the glacier outline by 2019.

thickness over time and this is because the debris is thin enough
(<0.4 m) for the model to resolve debris thickness and thus provide maps that can be used to calculate debris thickness changes
with confidence.
For Miage Glacier, linear regression-derived trends in median
debris thickness indicate an increase in debris thickness of 0.01 m
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over the 20-year study period (Fig. 10a). However, if we calculate
the change in debris thickness as the difference between the debris
thickness maps in 2001 and 2019, we obtain a median debris
thickness decrease of −0.02 ± 0.20 m (Table 8; Fig. 11a). Such
comparison highlights an important methodological result and
how debris thickness studies should be wary of describing debris
thickness and debris thickness change using single images that
might both have high errors and be affected by localised, timespecific thickness changes. In line with recent, novel research on
DEM differencing that increasingly uses trends obtained from
multiple, numerous datasets (Brun and others, 2017; Dussaillant
and others, 2019), we suggest that for the detection of debris
thickness changes, trends from multiple estimates should be
used. Caution should also be used when calculating changes
from isolated glacier-wide values, as the general trend in debris
thickness and time-step-specific thickness change may vary
significantly.
All three glaciers exhibit thinner debris layers in their upper
reaches than in the lower sections at any given time considered
in this analysis, which is typical of most debris-covered glaciers
worldwide (e.g. Kirkbride and Warren, 1999; Gibson and others,
2017; Anderson and Anderson, 2018). This pattern is a product of
glacier flow, ablation and debris transport dynamics; under a
negative mass-balance regime, the capacity for a glacier to evacuate its sediment load via its margins is reduced, and a debris cover
may develop from the combination of englacial melt-out of debris
in the form of medial moraine or discrete, discontinuous debris
septa, and the addition and retention of supraglacial debris in
the ablation zone via rockfall and rock avalanching (Kirkbride
and Deline, 2013; Anderson and Anderson, 2018). Debris can
also be delivered to the glacier surface via the collapse of lateral
moraines, and we may observe this mechanism for Haut Glacier
d’Arolla (Fig. 10c), where our debris thickness differencing results
suggest the addition of debris to the glacier surface from lateral
moraines in the upper ablation area. It is most logical that significant debris thickness increases for Miage Glacier are driven primarily by englacial melt-out of debris (e.g. Kirkbride and
Deline, 2013) and medial moraine expansion (Fig. 12;
Anderson, 2000). These areas exhibit very thin debris cover, or
‘dirty ice’ (Fyffe and others, 2020), and effectively represent a
marginal area between more-or-less continuous debris cover,
and ‘clean’ ice, into which the debris cover is encroaching as a
negative mass balance persists and the equilibrium line increases
in altitude. Little is known about the rates of debris emergence
and thickening within these areas, and so our study presents
the first multi-temporal analysis of the dynamics of debris thickness change at the margins of an expanding debris cover.
Research within the debris-covered glacier community has primarily focused on ‘advanced stage’ glaciers such as Khumbu
and Miage Glacier (Herreid and Pellicciotti, 2020: Figure 4), but
there is an argument that more research should focus on those
glaciers, or regions of glaciers, at earlier stages of debris development, where an expanding debris cover is more influential on glacier mass balance and can also enhance ablation when very thin
(i.e. in the so-called dirty ice zones; Herreid and Pellicciotti,
2020). Because our model performs particularly well at resolving
debris thickness change in these areas, our method seems a valuable contribution to this research direction.
Where we observe a decrease in debris thickness through time
(Fig. 11), this decrease could be attributed to thinning of the glacier, accompanied by exposure of bedrock as glacier ice retreats.
This process is evident in Figures 12a–c where, over the
∼20-year study period, the tributary Mont Blanc Glacier detaches
from the main trunk of Miage Glacier. Debris is deposited at the
base of the bedrock cliff that occupies the space between the
retreating tributary glacier and the debris-covered surface of
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Fig. 12. Evidence of debris thickness change at the three study glaciers. Miage Glacier: (a) location of debris thickness increase along the medial moraine (red) in
2011, and (b) both thickening of this moraine and detachment of Mt Blanc Glacier from the main trunk of Miage Glacier (yellow) by 2015, (c) significant debris
thickness change over the study period, black boxes show the location of debris thinning–thickening at the glacier margins; Khumbu Glacier: (d) location of a
substantial debris deposit at the base of the Khumbu icefall in 2003, (e) disappearance of the debris deposit by 2019, and (f) significant debris thickness change
over the study period; and Haut Glacier d’Arolla: (g) outline of an emerging medial moraine in 2009, (h) thickening and widening of the moraine by 2017, and (i)
significant debris thickness change over the study period. All images were retrieved from Google Earth, © 2020 Maxar Technologies.

Table 8. Summary statistics of ERA-5 surface-level debris thickness estimates for pixels where statistically significant change is detected, comprising of 13, 5 and
16% of the total debris-covered area of Miage Glacier, Khumbu Glacier and Haut Glacier d’Arolla, respectively
Glacier
Miage Glacier
Khumbu Glacier
Haut Glacier d’Arolla

Date
18
01
13
19
18
01

Aug 2002
Aug 2019
May 2002
May 2016
Aug 2002
Aug 2019

Median hd ± 1σ (m)

Median Δhd ± 1σ (m)

Median uncertainty ± 1σ (m)

0.01 ± 0.01
0.01 ± 0.02
0.01 ± 0.03
0.03 ± 0.08
0.01 ± 0.02
0.02 ± 0.02

−0.02 ± 0.20

0.13 ± 0.15
0.09 ± 0.10
0.07 ± 0.10
0.09 ± 0.15
0.002 ± 0.01
0.007 ± 0.01

Miage Glacier (Fig. 12c). For Khumbu Glacier, we model a large
area of debris thickness decrease at a distance of 7.2 km from the
glacier terminus (Fig. 12f). This decrease is attributed to the
supraglacial advection of debris in a conveyor belt-like fashion
due to glacier flow (Anderson and Anderson, 2016). Over time,
this area of the glacier is replaced by a highly crevassed portion
of clean-ice originating from the base of the Khumbu icefall.
We model a thickening of the moraines that surround the base
of this icefall and an increase in debris accumulated from englacial
melt-out on the patches of clean ice that bridge between the crevasses (Figs 12d–f). At Haut Glacier d’Arolla, we also see thickening and widening of the medial moraine (Figs 12g–i). Areas of
debris thickness decrease correspond to down-glacier transport
of debris and thinning of the glacier. This increase in debris
can also be attributed to englacial melt-out and medial moraine
expansion as already described above, demonstrating consistency
in process representation between the results for our three study
glaciers.

0.02 ± 0.07
0.01 ± 0.02

This research has shown that reanalysis data are a suitable substitute for in situ meteorological data within a distributed debris
thickness modelling framework. Reanalysis data can be used to
derive meteorological inputs (except wind speed) for a debris
thickness estimation approach based on energy-balance modelling and satellite thermal images, which can subsequently be
used to estimate and compare spatially distributed patterns of
debris thickness across, and between, glaciers with varying debris
maturities, and over multiple decades. We find that estimated
debris thickness most closely mirrors those derived from in situ
AWS data products when forced with ERA-5 reanalysis data,
rather than NCEP/NCAR data.
To demonstrate the potential of the approach for the detection
of changes in debris thickness, we generated distributed debris
thickness maps for multiple images over ∼20 years for each
study glacier. We then use this abundance of estimates to derive
trends in debris thicknesses and calculate changes from these
trends. We show that such estimates are much more robust
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than single calculations of changes from differencing two debris
thickness maps, which can result in changes in sign. Despite
being more computationally demanding, we suggest that this
approach should be used for the detection of changes in debris
thickness.
Our distributed thickness and thickness change maps show
spatio-temporal trends in debris thickness which are consistent
with trends observed in the literature (e.g. Nakawo and others,
1986; Kirkbride and Warren, 1999; Kirkbride and Deline, 2013;
Anderson and Anderson, 2018). All glaciers show a decrease in
debris thickness up-glacier, and a positive trend in debris
thickness through time. We observed spatio-temporal variations
in debris thickness due to supraglacial advection, and englacial
melt-out and medial moraine expansion, the latter of which are
key drivers of debris cover expansion. However, our estimates
are less accurate for debris thicker than 0.5 m, at which point a
more sophisticated approach for the calculation of the storage
of energy within the debris should be used. Future work should
focus on further improvements of the energy-balance approach
(e.g. by replacing instantaneous calculation with transient modelling that accounts for the history of heat changes within the debris) and reducing uncertainty for key input variables and
parameters, namely wind speed and properties of the debris
cover such as conductivity and surface aerodynamic roughness.
Deriving Gratio at multiple locations, to determine if this parameter varies significantly for different debris thicknesses, will
increase the robustness and transferability of the model, and collection of in situ debris thickness measurements across thin debris/dirty ice will allow additional validation of model outputs.
7. Conclusions
Quantifying supraglacial debris thickness is essential for accurately calculating ablation from debris-covered glaciers. A primary
input for existing debris thickness calculations is meteorological
data, which are commonly retrieved from in situ AWS observations, thus limiting the applicability of such models to the majority of glaciers for which local meteorological measurements are
not available. We have shown that ERA-5 surface-level reanalysis
data are superior to NCEP/NCAR reanalysis data in spatial debris
thickness modelling. We substituted AWS data with the former,
with the exception of wind speed, to drive a debris thicknessestimation approach that uses energy-balance modelling together
with thermal satellite imagery-derived surface temperature.
Importantly, we applied the method to 44 thermal images over
a 20-year period to reconstruct a time series of debris thickness
between 2001 and 2019 for Miage Glacier, 2002 and 2016 for
Khumbu Glacier, and 2002 and 2019 for Haut Glacier d’Arolla.
We generated the estimates of distributed debris thickness for
the three mountain glaciers and these thickness estimates were
within 0.02 m of AWS-derived estimates. They resolved
glacier-scale trends in debris thickness distribution, including a
down-glacier increase in debris thickness. By differencing those
successive debris thickness maps, we present an analysis of distributed debris thickness change and resolved spatio-temporal,
statistically significant changes in debris thickness over a
∼20-year period, which we attribute to well-documented physical
processes such as englacial melt-out, including medial moraine
development, and down-glacier advection of supraglacial debris.
Importantly, we are able to resolve significant changes in debris
thickness in areas of these glaciers that are not at an advanced
stage of debris cover development, and where the role of debris
cover is likely important for driving enhanced ablation.
Our work has also shown that advances are needed both in
energy-balance modelling, meteorological forcing and debris
properties. Energy-balance models should be improved by
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including transient simulations that are not limited to the instantaneous energy fluxes calculations at the time of the images, as
these cannot capture changes in debris heat content and thus
reproduce the correct temperature gradients within the debris.
Furthermore, assumptions of a surface energy balance and a
latent heat flux of zero at the top of the debris layer (Rounce
and McKinney, 2014) need to be tested further and constrained
with field observations. Future research should also seek to
improve the downscaling of reanalysis data, and wind speed
data in particular, to glacier surfaces. It should also seek to estimate and measure debris properties and their variability in
time, as well as measure debris temperature profiles at multiple
locations (e.g. Rowan and others, 2020) to enhance our understanding of heat transfer within the debris and test the robustness
of the Gratio parameter, in turn reducing model uncertainty.
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be found at https://doi.org/10.1017/jog.2020.111
Acknowledgements. We thank NASA’s LP DAAC for ASTER G-DEM-2
imagery, and USGS for Landsat 7 surface brightness products. The meteorological dataset for Khumbu Glacier used in this study was collected within
the framework of the Ev-K2-CNR Project in collaboration with the Nepal
Academy of Science and Technology as foreseen by the Memorandum of
Understanding between Nepal and Italy, and thanks to the contributions
from the Italian National Research Council, the Italian Ministry of
Education, University and Research and the Italian Ministry of Foreign
Affairs. FP acknowledges funding from the European Research Council
(ERC) under the European Union’s Horizon 2020 research and innovation
programme grant agreement No 772751. F.P. and M.W. additionally
acknowledge funding from the Natural Environment Research Council
(NERC) via Research Grant NE/S013296/1. Finally, we thank Associate
Chief Editor Hester Jiskoot, Scientific Editor Nicolas Cullen and two
anonymous reviewers whose insightful comments and suggestions vastly
improved the manuscript.
Data Acknowledgment. Data are available upon reasonable request to the
corresponding author.

References
Anderson RS (2000) A model of ablation-dominated medial moraines and the
generation of debris-mantled glacier snouts. Journal of Glaciology 46(154),
459–469. doi: 10.3189/172756500781833025.
Anderson LS and Anderson RS (2016) Modelling debris-covered glaciers:
response to steady debris deposition. The Cryosphere 10(3), 1105–1124.
doi: 10.5194/tc-10-1105-2016.
Anderson LS and Anderson RS (2018) Debris thickness patterns on debriscovered glaciers. Geomorphology 311, 1–12. doi: 10.1016/j.geomorph.2018.
03.014.
Balsamo G and 6 others (2018) ERA-5 and ERA-Interim driven ISBA land
surface model simulations: which one performs better? Hydrology and
Earth System Sciences 22(6), 3515–3532.
Barsi JA and 7 others (2003) Landsat TM and ETM+ thermal band calibration. Canadian Journal of Remote Sensing 29(2), 141–153. doi: 10.5589/
m02-087.
Betts AK, Chan DZ and Desjardins RL (2019) Near-surface biases in ERA5
over the Canadian Prairies. Frontiers in Environmental Science 7, 129. doi:
10.3389/fenvs.2019.00129.
Bonasoni P and 25 others (2010) Atmospheric brown clouds in the
Himalayas: first two years of continuous observations at the Nepal
Climate Observatory-Pyramid (5079 m). Atmospheric Chemistry and
Physics 10(15), 7515–7531. doi: 10.5194/acp-10-7515-2010.
Boulton GS (1978) Boulder shapes and grain-size distributions of debris as
indicators of transport paths through a glacier and till genesis.
Sedimentology 25(6), 773–799.
Brock BW and 5 others (2010) Meteorology and surface energy fluxes in the
2005–2007 ablation seasons at the Miage debris-covered glacier, Mont Blanc
Massif, Italian Alps. Journal of Geophysical Research: Atmospheres 115(9),
1–16. doi: 10.1029/2009JD013224.

Downloaded from https://www.cambridge.org/core. 27 Apr 2021 at 08:02:01, subject to the Cambridge Core terms of use.

Journal of Glaciology
Brun F, Berthier E, Wagnon P, Kääb A and Treichler D (2017) A spatially
resolved estimate of High Mountain Asia glacier mass balances from 2000
to 2016. Nature Geoscience 10(9), 668–673. doi: 10.1038/ngeo2999.
Coll C, Galve JM, Sánchez JM and Caselles V (2010) Validation of landsat-7/
ETM+ thermal-band calibration and atmospheric correction with groundbased measurements. IEEE Transactions on Geoscience and Remote Sensing
48(1), 547–555. doi: 10.1109/TGRS.2009.2024934.
Copernicus Climate Change Service (C3S) (2017) ERA5: Fifth Generation of
ECMWF Atmospheric Reanalyses of the Global Climate. Copernicus Climate
Change Service Climate Data Store (CDS).
Deline P (2009) Interactions between rock avalanches and glaciers in the Mont
Blanc massif during the late Holocene. Quaternary Science Reviews 28
(11–12), 1070–1083. doi: 10.1016/j.quascirev.2008.09.025.
Deline P, Gardent M, Magnin F and Ravanel L (2012) The morphodynamics
of the mont blanc massif in a changing cryosphere: a comprehensive review.
Geografiska Annaler: Series A, Physical Geography 94(2), 265–283. doi: 10.
1111/j.1468-0459.2012.00467.x.
Dussaillant I and 8 others (2019) Two decades of glacier mass loss along the
Andes. Nature Geoscience 12(10), 802–808. doi: 10.1038/s41561-019-0432-5.
Evatt GW and 7 others (2015) Glacial melt under a porous debris layer.
Journal of Glaciology 61(229), 825–836. doi: 10.3189/2015JoG14J235.
Foster LA, Brock BW, Cutler MEJ and Diotri F (2012) A physically based
method for estimating supraglacial debris thickness from thermal band
remote-sensing data. Journal of Glaciology 58(210), 677–691. doi: 10.
3189/2012jog11j194.
Fujisada H, Bailey GB, Kelly GG, Hara S and Abrams MJ (2005) Aster DEM
performance. IEEE transactions on Geoscience and Remote Sensing 43(12),
2707–2714. doi: 10.1109/TGRS.2005.847924.
Fyffe CL and 6 others (2014) A distributed energy-balance melt model of an
alpine debris-covered glacier. Journal of Glaciology 60(221), 587–602. doi:
10.3189/2014JoG13J148.
Fyffe CL and 5 others (2020) Processes at the margins of supraglacial debris
cover: quantifying dirty ice ablation and debris redistribution. Earth Surface
Processes and Landforms 45, 2272–2290. doi.org/10.1002/esp.4879.
Gibson MJ and 5 others (2017) Geomorphology temporal variations in
supraglacial debris distribution on Baltoro Glacier, Karakoram between
2001 and 2012. Geomorphology 295, 572–585. doi: 10.1016/j.geomorph.
2017.08.012.
Gibson MJ and 6 others (2018) Variations in near-surface debris temperature
through the summer monsoon on Khumbu Glacier, Nepal Himalaya. Earth
Surface Processes and Landforms 43(13), 2698–2714. doi: 10.1002/esp.4425.
Gossart A and 5 others (2019) An evaluation of surface climatology in
state-of-the-art reanalyses over the Antarctic Ice Sheet. Journal of Climate
32(20), 6899–6915. doi: 10.1175/JCLI-D-19-0030.1.
Herreid S and Pellicciotti F (2020) The state of rock debris covering Earth’s
glaciers. Nature Geoscience 13(9), 1–7. doi: 10.1038/s41561-020-0630-1.
Hersbach H (2018a) ERA5 hourly data on single levels from 1979 to present.
Copernicus Climate Change Service (C3S) Climate Data Store (CDS). [Last
accessed on 01-06-2020], doi: 10.24381/cds.adbb2d47.
Hersbach H (2018b) ERA5 hourly data on pressure levels from 1979 to present. Copernicus Climate Change Service (C3S) Climate Data Store
(CDS). [Last accessed on 01-06-2020], doi: 10.24381/cds.bd0915c6.
Hock R and Noetzli C (1997) Areal melt and discharge modelling of
Storglaciären, Sweden. Annals of Glaciology 24, 211–216. doi: 10.3189/
S0260305500012192.
Iverson NR (1995) Processes of glacial erosion. In Menzies J (ed.), Glacial
Environments, Modern Glacial Environments Processes, Dynamics and
Sediments. Oxford: Butterworth-Heinemann, vol. 1, pp. 241–257.
Kalnay E and 10 others (1996) The NCEP NCAR 40-year reanalysis project.
Bulletin of the American Meteorological Society 77(3), 437–472.
Kirkbride MP (1995) Processes of transportation. In Menzies J (ed.), Glacial
Environments, Modern Glacial Environments Processes, Dynamics and
Sediments. Oxford: Butterworth-Heinemann, vol. 1, pp. 261–292.
Kirkbride MP and Deline P (2013) The formation of supraglacial debris covers by primary dispersal from transverse englacial debris bands. Earth
Surface Processes and Landforms 38(15), 1779–1792. doi: 10.1002/esp.3416.
Kirkbride MP and Warren CR (1999) Tasman Glacier, New Zealand:
20th-century thinning and predicted calving retreat. Global and Planetary
Change 22(1–4), 11–28. doi: 10.1016/S0921-8181(99)00021-1.
Kulessa B, Hubbard B, Williamson M and Brown GH (2005)
Hydrogeological analysis of slug tests in glacier boreholes. Journal of
Glaciology 51(173), 269–280. doi: 10.3189/172756505781829458.

383
Mahto SS and Mishra V (2019) Does ERA-5 outperform other reanalysis products for hydrologic applications in India?. Journal of Geophysical Research:
Atmospheres 124(16), 9423–9441. doi: 10.1029/2019JD031155.
Mattson LE, Gardner JS and Young GJ (1993) Ablation on debris covered
glaciers: an example from the Rakhiot Glacier, Punjab, Himalaya. IAHS
Publications 218 (Symposium at Kathmandu 1992 – Snow and Glacier
Hydrology), 289–296.
McCarthy M, Pritchard H, Willis I and King E (2017) Ground-penetrating
radar measurements of debris thickness on Lirung Glacier, Nepal. Journal
of Glaciology 63(239), 543–555. doi: 10.1017/jog.2017.18.
Mihalcea C and 7 others (2008a) Using ASTER satellite and ground-based
surface temperature measurements to derive supraglacial debris cover and
thickness patterns on Miage Glacier (Mont Blanc Massif, Italy). Cold
Regions Science and Technology 52(3), 341–354. doi: 10.1016/j.coldregions.
2007.03.004.
Mihalcea C and 7 others (2008b) Spatial distribution of debris thickness and
melting from remote-sensing and meteorological data, at debris-covered
Baltoro glacier, Karakoram, Pakistan. Annals of Glaciology 48, 49–57. doi:
10.3189/172756408784700680.
Miles ES, Steiner JF and Brun F (2017) Highly variable aerodynamic roughness length (z0) for a hummocky debris-covered glacier. Journal of
Geophysical Research: Atmospheres 122(16), 8447–8466. doi: 10.1002/
2017JD026510.
Nakawo M, Iwata S, Watanabe O and Yoshida M (1986) Processes which distribute supraglacial debris on the Khumbu Glacier, Nepal Himalaya. Annals
of Glaciology 8, 129–131. doi: 10.3189/s0260305500001294.
NASA – National Aeronautics and Space Administration (2020) Landsat 7
Science Data Users Handbook. Available at: http://landsathandbook.gsfc.
nasa.gov (retrieved May 2020).
Nicholson L and Benn DI (2006) Calculating ice melt beneath a debris layer
using meteorological data. Journal of Glaciology 52(178), 463–470. doi: 10.
3189/172756506781828584.
Nicholson L and Benn DI (2013) Properties of natural supraglacial debris in
relation to modelling sub-debris ice ablation. Earth Surface Processes and
Landforms 38(5), 490–501. doi: 10.1002/esp.3299.
Nicholson LI, McCarthy M, Pritchard HD and Willis I (2018)
Supraglacial debris thickness variability: impact on ablation and relation
to terrain properties. Cryosphere 12(12), 3719–3734. doi: 10.5194/
tc-12-3719-2018.
Nicholson L and Mertes J (2017) Thickness estimation of supraglacial debris
above ice cliff exposures using a high-resolution digital surface model
derived from terrestrial photography. Journal of Glaciology 63(242), 989–
998. doi: 10.1017/jog.2017.68.
Nuth C and Kääb A (2011) Co-registration and bias corrections of satellite
elevation data sets for quantifying glacier thickness change. The
Cryosphere 5, 271–290. doi: 10.5194/tc-5-271-2011.
Østrem G (1959) Ice melting under a thin layer of moraine, and the
existence of ice cores in moraine ridges. Geografiska Annaler 41(4),
228–230. doi: 10.1080/20014422.1959.11907953.
Pellicciotti F and 5 others (2005) An enhanced temperature-index glacier
melt model including the shortwave radiation balance: development and
testing for Haut Glacier d’Arolla, Switzerland. Journal of Glaciology 51
(175), 573–587. doi: 10.3189/172756505781829124.
Pfeffer WT and 10 others (2014) The Randolph Glacier Inventory: a globally
complete inventory of glaciers. Journal of Glaciology 60(221), 537–552. doi:
10.3189/2014JoG13J176.
Planet Team (2017) Planet Application Program Interface: In Space for Life on
Earth. San Francisco, CA: Planet Labs Incorporated. doi: https://api.planet.
com.
Quincey DJ, Luckman A and Benn D (2009) Quantification of Everest region
glacier velocities between 1992 and 2002, using satellite radar interferometry
and feature tracking. Journal of Glaciology 55(192), 596–606. doi: 10.3189/
002214309789470987.
Reid TD, Carenzo M, Pellicciotti F and Brock BW (2012) Including debris cover
effects in a distributed model of glacier ablation. Journal of Geophysical
Research: Atmospheres 117(17), 1–15. doi: 10.1029/2012JD017795.
RGI Consortium (2017) Randolph Glacier Inventory – A Dataset of Global
Glacier Outlines: Version 6.0: Technical Report, Global Land Ice
Measurements from Space, Colorado, USA. Digital Media. doi: 10.7265/
N5-RGI-60.
Rounce DR, King O, McCarthy M, Shean DE and Salerno F (2018)
Quantifying debris thickness of debris-covered glaciers in the Everest region

Downloaded from https://www.cambridge.org/core. 27 Apr 2021 at 08:02:01, subject to the Cambridge Core terms of use.

384
of Nepal through inversion of a subdebris melt model. Journal of
Geophysical Research: Earth Surface 123(5), 1094–1115. doi: 10.1029/
2017JF004395.
Rounce DR and McKinney DC (2014) Debris thickness of glaciers in the
Everest area (Nepal Himalaya) derived from satellite imagery using a nonlinear energy balance model. Cryosphere 8(4), 1317–1329. doi: 10.5194/
tc-8-1317-2014.
Rowan AV and 10 others (2020) Seasonally stable temperature gradients
through supraglacial debris in the Everest region of Nepal, Central
Himalaya. Journal of Glaciology 1–12. doi: 10.1017/jog.2020.100.
Salerno F, Buraschi E, Bruccoleri G, Tartari G and Smiraglia C (2008)
Glacier surface-area changes in Sagarmatha national park, Nepal, in the
second half of the 20th century, by comparison of historical maps.
Journal of Glaciology 54(187), 738–752. doi: 10.3189/002214308786570926.
Scaramuzza P and Barsi J (2005) Landsat 7 scan line corrector-off gap-filled
product development. Proceeding of Pecora 16, 23–27.
Schauwecker S and 7 others (2015) Remotely sensed debris thickness mapping of Bara Shigri Glacier, Indian Himalaya. Journal of Glaciology 61
(228), 675–688. doi: 10.3189/2015jog14j102.
Scherler D, Bookhagen B and Strecker MR (2011) Spatially variable response
of Himalayan glaciers to climate change affected by debris cover. Nature
Geoscience 4(3), 156–159. doi: 10.1038/ngeo1068.
Scherler D, Wulf H and Gorelick N (2018) Global assessment of supraglacial
debris-cover extents. Geophysical Research Letters 45(21), 11798–11805. doi:
10.1029/2018GL080158.
Shean D (2017) High Mountain Asia 8-meter DEM Mosaics Derived from
Optical Imagery, Version 1. Boulder, Colorado, USA. NASA National
Snow and Ice Data Center Distributed Active Archive Center. doi:
10.5067/KXOVQ9L172S2. [01/06/2020].
Shukla A, Gupta RP and Arora MK (2009) Instruments and methods estimation of debris cover and its temporal variation using optical satellite sensor
data: a case study in Chenab basin, Himalaya. Journal of Glaciology 55(191),
444–452. doi: 10.3189/002214309788816632.

Rebecca Stewart and others
Steiner JF and Pellicciotti F (2016) Variability of air temperature over a
debris-covered glacier in the Nepalese Himalaya. Annals of Glaciology 57
(71), 295–307. doi: 10.3189/2016AoG71A066.
Takeuchi Y, Kayastha RB and Nakawo M (2000) Characteristics of ablation
and heat balance in debris-free and debris-covered areas on Khumbu
Glacier, Nepal Himalayas, in the pre-monsoon season. Debris-Covered
Glaciers (Proceedings of a workshop) IAHS-AISH 264, 53–61.
Thompson S, Benn DI, Mertes J and Luckman A (2016) Stagnation and
mass loss on a Himalayan debris-covered glacier: processes, patterns and
rates. Journal of Glaciology 62(233), 467–485. doi: 10.1017/jog.2016.37.
Tielidze LG and 5 others (2020) Supra-glacial debris cover changes in the
Greater Caucasus from 1986 to 2014. The Cryosphere 14, 585–598. doi:
10.5194/tc-14-585-2020.
Trenberth KE, Fasullo J and Smith L (2005) Trends and variability in
column-integrated atmospheric water vapor. Climate Dynamics 24(7–8),
741–758. doi: 10.1007/s00382-005-0017-4.
Wang K and Dickinson RE, (2013) Global atmospheric downward longwave
radiation at the surface from ground-based observations, satellite retrievals,
and reanalyses. Reviews of Geophysics 51(2): 150–185. doi: 10.1002/rog.20009.
Watson CS, Quincey DJ, Carrivick JL and Smith MW (2016) The dynamics
of supraglacial water storage in the Everest region, central Himalaya. Global
and Planetary Change 142, 14–27. doi: 10.1016/j.gloplacha.2016.04.008.
Watson CS, Quincey DJ, Carrivick JL and Smith MW (2017) Ice cliff
dynamics in the Everest region of the Central Himalaya. Geomorphology
278, 238–251. doi: 10.1016/j.geomorph.2016.11.017.
Westoby MJ, Rounce DR, Shaw TE, Fyffe CL, Moore PL, Stewart RL and
Brock BW (2020) Geomorphological evolution of a debriscovered glacier
surface. Earth Surface Processes and Landforms 45(14), 3431–3448. doi:
10.1002/esp.4973.
Zhang Y, Fujita K, Liu S, Liu Q and Nuimura T (2011) Distribution of debris
thickness and its effect on ice melt at Hailuogou glacier, southeastern
Tibetan Plateau, using in situ surveys and ASTER imagery. Journal of
Glaciology 57(206), 1147–1157. doi: 10.3189/002214311798843331.

Downloaded from https://www.cambridge.org/core. 27 Apr 2021 at 08:02:01, subject to the Cambridge Core terms of use.

