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Mapping patterns of supraglacial debris thickness and understanding their controls are
important for quantifying the energy balance and melt of debris-covered glaciers and
building process understanding into predictive models. Here, we find empirical
relationships between measured debris thickness and satellite-derived surface
temperature in the form of a rational curve and a linear relationship consistently
outperform two different exponential relationships, for five glaciers in High Mountain
Asia (HMA). Across these five glaciers, we demonstrate the covariance of velocity and
elevation, and of slope and aspect using principal component analysis, and we show that
the former two variables provide stronger predictors of debris thickness distribution than
the latter two. Although the relationship between debris thickness and slope/aspect varies
between glaciers, thicker debris occurs at lower elevations, where ice flow is slower, in the
majority of cases. We also find the first empirical evidence for a statistical correlation
between curvature and debris thickness, with thicker debris on concave slopes in some
settings and convex slopes in others. Finally, debris thickness and surface temperature
data are collated for the five glaciers, and supplemented with data from one more, to
produce an empirical relationship, which we apply to all glaciers across the entire HMA
region. This rational curve: 1) for the six glaciers studied has a similar accuracy to but
greater precision than that of an exponential relationship widely quoted in the literature; and
2) produces qualitatively similar debris thickness distributions to those that exist in the
literature for three other glaciers. Despite the encouraging results, they should be treated
with caution given our relationship is extrapolated using data from only six glaciers and
validated only qualitatively. More (freely available) data on debris thickness distribution of
HMA glaciers are required.
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INTRODUCTION

Debris-covered glaciers (DCGs) respond differently to clean ice
glaciers under the same climatic forcing (Nicholson and Benn, 2013).
The empirical relationship between debris thickness and ablation rates
is well established (Ostrem, 1959; Nakawo and Young, 1981; Mattson
et al,, 1993; Nicholson and Benn, 2006). Thin debris enhances ablation
because it lowers surface albedo compared to that of clean ice,
increasing absorption of solar radiation and heat transfer to the ice
(Vincent et al., 2016). Thick debris, however, attenuates melt because it
reduces heat conduction to the underlying ice (Nakawo and Young,
1981; Mattson et al, 1993). The critical thickness marking the
boundary between enhancing and inhibiting melt is commonly
~2 cm but ranges from 2 to 10 cm depending on debris properties
(Nakawo et al, 1993; Kayastha et al, 2000; Brock et al, 2010).
Difficulty in obtaining high-quality debris thickness distribution is
one of the principal limitations in applying melt models to DCGs
(Nicholson and Benn, 2006; Zhang et al., 2011). Thus, it is important
to quantify the spatial distribution of supraglacial debris thickness
from the scale of glaciers to entire mountain ranges in order to
understand and predict its impacts on glacial mass balance (Benn and
Luhmkuhl, 2000; Molg et al., 2020), glacier dynamics (Quincey et al,,
2009a; Scherler et al., 2011a; Scherler et al., 2011b), meltwater runoff
(Bajracharya and Mool, 2009; Harrison et al., 2018), local water
resources (Immerzeel et al., 2010; Mark et al., 2015) and ultimately
global sea level (Jacob et al., 2012; Gardner et al., 2013). This paper
aims to build on previous work and contribute to improving the
mapping of supraglacial debris thickness, at both a glacier and regional
scale, and enhancing understanding of the glaciological controls on
debris thickness distribution, at a glacier scale.

At the glacier scale, debris thickness distributions have been
derived using both in situ (McCarthy et al., 2017; Nicholson and
Mertes, 2017) and remote sensing methods. The latter rely on the
strong positive relationship between debris thickness and surface
temperature (Ranzi et al., 2004; Reid and Brock, 2010; Evatt et al.,
2015), where debris thickness is calculated from surface temperature
obtained from thermal band satellite imagery, using either an energy
balance model (Foster et al., 2012; Rounce and McKinney, 2014;
Schauwecker et al,, 2015) or an empirically-derived relationship.
Uncertainties remain regarding the best form of empirically-derived
relationship to use, since different studies use different equations. A
linear relationship performed best for data on Miage Glacier, Italy
(Mihalcea et al., 2008a) whereas an exponential relationship was
best for data collected on Baltoro Glacier, Pakistan (Mihalcea et al.,
2008b). Kraaijenbrink et al. (2017) used a different form of
exponential equation to derive debris thickness from satellite
thermal imagery across the entire High Mountain Asia (HMA)
region. McCarthy (2019) used a rational curve to calculate debris
thickness from surface temperatures for Suldenferner Glacier, Italy.
Therefore, the first aim of this study is to undertake a formal
comparison of these four types of empirical relationship, using data
from five glaciers across HMA.

Understanding how debris is distributed across glacier surfaces
is important for understanding the processes by which debris
arrives at the glacier surface and is subsequently redistributed.
This process understanding is needed to build predictive models of
how debris thickness may change across glaciers in the future.

Quantifying Debris Thickness in HMA

Previous studies have shown that debris thickness varies with
glacier hypsometry (Anderson, 2000; Kellerer-Pirklbauer, 2008;
Gibson et al., 2017), surface topography (Lawson, 1979; Moore,
2018; Nicholson et al., 2018) and ice velocity (Nakawo et al., 1986;
Anderson and Anderson, 2016; Anderson and Anderson, 2018).
Controls on the spatial distribution of debris thickness are numerous
and complex in the way they interact but can be divided into primary
and secondary debris dispersal mechanisms (Kirkbride and Deline,
2013). Primary dispersal refers to the supraglacial dispersal of debris
across melting ice surfaces provided by mass movement processes
from the valley sides (Scherler et al., 2011b; Dunning et al., 2015;
Banerjee and Wani, 2018), englacial melt out (Evatt et al., 2015;
Rowan et al,, 2015), in addition to the extension/compression of
debris by ice flow (Nakawo et al., 1986; Anderson and Anderson,
2016). Secondary dispersal refers to the gravitational processes that
distribute debris locally, which are strongly influenced by terrain
characteristics, such as slope, aspect and curvature (Lawson, 1979;
Moore, 2018; Nicholson et al., 2018). Therefore, the second aim of
this study is to understand the impacts of these mechanisms and the
complex ways in which they interact to control glacier scale debris
thickness distribution.

Regional scale knowledge of debris thickness distribution is
required for modeling regional scale glacier mass balance and
runoff. Calculating and predicting glacier runoft is particularly
important in HMA because the region provides a net 36 +
10 km® of seasonally delayed meltwater each summer (Pritchard,
2019) and the region’s increased runoff in response to recent climate
change comprises ~10% of the global contribution of mountain
glaciers to sea level rise (Vaughan et al, 2013). To the authors’
knowledge, the only published estimate of debris thickness
distribution for all glaciers in the HMA region has been made by
Kraaijenbrink et al. (2017). That study uses a scaling approach to
derive an exponential relationship between surface temperature and
debris thickness. There is a need to provide alternative estimates of
glacier debris thickness distribution at a regional scale to compare
with that made using the Kraaijenbrink et al. (2017) approach. The
final aim of this study, therefore, is to develop the empirical
extrapolation approach trialed for the five individual glaciers
above and use it at a regional scale to compare with the
Kraaijenbrink et al. (2017) study.

Thus, the overall aims here are threefold. First, to improve the
mapping of debris thickness at a local scale by determining the
most relevant form of empirical equation between surface
temperature and debris thickness for use on five individual
glaciers. Second, to investigate the controls on the spatial
distribution of debris thickness on those glaciers through
statistical analysis with topography and velocity. Third, to
establish a suitable empirical equation between surface
temperature and debris thickness to map the debris thickness
distribution across all glaciers throughout HMA.

MATERIALS AND METHODS

Study Area
HMA encompasses ~25-45°N to 70-100°E. HMA was chosen
for the study because its glaciated area is 100,693 + 11.970 km”
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FIGURE 1 | The six studied glaciers (black outline and arrow) and the three validation glaciers (red outline and arrow), in the context of the glaciated areas of High
Mountain Asia, according to the Glacier Area Mapping for Discharge from the Asian Mountains (GAMDAM) inventory (Sakai, 2019). Base map: Google Satellite Maps.
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(Sakai et al., 2019), which comprises ~16% of the glaciated area
globally (RGI Consortium, 2017) and represents the greatest
concentration of glaciers outside of the polar regions
(Dyhrenfurth, 2011; Brun et al., 2017). The region also contains
the largest ice volume outside of the polar regions, 7,000 +
1,800 km®, ~4.4% of the global total (Farinotti et al, 2019).
There is a high proportion of DCGs in the region; ~11% of its
glaciers are debris-covered (Kraaijenbrink et al., 2017) and ~18% of
the total ice mass is stored under a debris mantle (Bolch et al., 2012;
Nuimura et al., 2012). Thus, accurate estimates of debris thickness
distributions across HMA glaciers are needed to improve the
accuracy of current estimates and future predictions of the
response of the world’s glaciers to climate (Kamp et al.,, 2011).
This information is particularly important because glaciers in
HMA provide water to more than 1.4 billion people (Immerzeel
et al,, 2010; Shukla and Qadir, 2016) and it is estimated they will
contribute ~15 + 10 mm to sea level rise by 2100 under RCP6.0
(Radic et al., 2014).

Six HMA glaciers were initially chosen for the focus of this
study (Figure 1). They were chosen according to the availability
of in situ debris thickness measurements, but they are also well
distributed across the region and so are representative of a range
of climatic settings (Bookhagen and Burbank, 2010; Bolch et al,,
2012; Kapnick et al., 2014; Rounce et al., 2019). The glaciers are
Baltoro Glacier, Karakoram (35.73°N, 76.38°E), Satopanth
Glacier, Central Himalaya (30.73°N, 79.32°E), Lirung Glacier,
Langtang (28.25°N, 85.51°E), Ngozumpa Glacier, Everest
region (27.93°N, 86.71°E), Changri Nup Glacier, Everest region

(27.98N, 86.78°E), and Hailuogou Glacier, Hengduan Mountains
(29.59°N, 101.94°E).

Deriving Debris Thickness Distribution
From Surface Temperature at the Glacier

Scale

A systematic comparison of the application of four different
forms of the relationship between debris thickness (DT) in cm
and surface temperature (7;) in °C was undertaken. The
comparison was carried out on six individual glaciers to
determine which form of the equation produces the most
accurate debris thickness distribution on each. The four
relationships are: linear (Mihalcea et al., 2008a) (Eq. 1),
rational curve (McCarthy, 2019) (Eq. 2), an exponential curve
from Mihalcea et al. (2008b) (Eq. 3) and an exponential curve
from Kraaijenbrink et al. (2017) (Eq. 4).

DT =T, +c, (1)
T
DT =—— 2
c+ C2T5 ( )
DT = eaTs—2) 3)
(Ts=T i) In (DTmax)
DT =¢  Ts95-Tsmin (4)

where ¢; and ¢, are empirically-derived coefficients, T ., is the
minimum surface temperature, T o5 is the 95th percentile of
surface temperature and DT,,,,, is the assumed maximum debris
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FIGURE 2| Maps to show the distribution of in situ debris thickness measurements for (A) Baltoro (UTM 43N), (B) Satopanth (UTM 44N), (C) Lirung (UTM 45N), (D)
Ngozumpa and Changri Nup (UTM 45N), and (E) Hailuogou Glaciers (UTM 47N). Glacier outlines are provided by GAMDAM (Sakai, 2019) and debris cover outlines are
provided by Scherler et al. (2018). Note: Giese (2019), consistent with Miles et al. (2018) and Giese et al. (2020), defines the extent of Changri Nup within the southern of
the two lobes indicated in this figure and considers the northern lobe to be a separate glacier named Changri Shar. However, for the purposes of this study the
outline provided by GAMDAM (Sakai, 2019) is used, which includes both the northern and southern lobe.
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FIGURE 3 | Flowchart of methodology to calculate and normalise Land Surface Temperature from Landsat 8 thermal band imagery, within Google Earth Engine.

thickness. The exponential relationships based on Mihalcea et al.
(2008b) and Kraaijenbrink et al. (2017) will henceforth be
referred to as “exponential (M)” and “exponential (K)”,
respectively. The justification for the use of a rational curve to
describe the relationship between the surface temperature and
debris thickness depends on understanding the components of
the surface energy balance model as multiples of either surface
temperature or debris thickness. On this basis, the surface energy
balance equation for a DCG surface can be rearranged by
collecting the surface temperature terms to parameterise debris
thickness in the form of a rational curve (Data Sheet S1:
Supplementary Note S1).

The in situ debris thickness data were collected from published
studies. Data collected using both manual excavation and Ground
Penetrating Radar (GPR) were selected to ensure a wide range of
debris thicknesses covering large areas of the glaciers. Data

collected by manual excavation tended to cover a large
proportion of the glaciers’ area with discrete measurements
but may have been skewed towards thinner debris, whereas
data collected by GPR included thicker debris and tended to
cover a smaller proportion of the glaciers’ area but with dense
measurements. Only data from the last decade were used, to align
approximately with the availability of Landsat 8 thermal imagery
(2013-present). Following these criteria, the six datasets selected
were from: Baltoro Glacier (Groos et al., 2017), Satopanth Glacier
(Shah et al, 2019), Lirung Glacier (McCarthy et al, 2017),
Ngozumpa Glacier (Nicholson and Mertes, 2017; Nicholson,
2018), Changri Nup Glacier (Giese, 2019), and Hailuogou
Glacier (Zhang et al., 2011) (Figure 2; Supplementary Table S1).

The cloud-computing platform, Google Earth Engine (GEE),
was used to gather and process satellite thermal band imagery to
calculate the land surface temperatures (Figure 3). Landsat 8 data
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were chosen because they have a sufficiently high temporal and
spatial resolution (16-day repeat cycle, acquired at 100 m
resolution, but resampled to 30m in the distributed data
products). Landsat 8 has two thermal bands (Band 10 and
Band 11), both collected by the Thermal Infrared Sensor
(TIRS). Band 10 was chosen because Band 11 has a greater
stray light error, resulting in a greater difference between
ground-based and TIRS results (Montanaro et al, 2014). A
composite thermal image was produced for each glaciated area
of interest. The composite image was calculated from multiple
thermal images, filtered to account for the variation caused by the
variable presence of clouds and shadows, in addition to the
seasonal variability of surface temperature itself. The image
collection consisted of images with less than 20% cloud cover
that fell within the melt season (May-October) in the year the
in situ data were acquired, and the 2 years prior. To calculate the
composite image from the image collection, the mean Digital
Number, excluding the top 20% and bottom 20% of data, was
calculated to remove any remaining clouds and shadows that would
have exceptionally high or low pixel values, respectively.

After calculating the land surface temperature from the
composite thermal imagery and correcting it for emissivity
and atmospheric effects [Data Sheet S1: Supplementary Note
$2(i)-(v)], the data were normalised for climate to account for
differences in climate across the HMA region. To do this, a
composite image of ERA5 climate reanalysis temperature data
was produced for the HMA region, using all data within the melt
season (May-October) over the time period in which in situ data
were acquired (2013-2016). The average value of the composite
image was calculated (287 K), and the percentage difference
between the temperature of a pixel according to ERA5
composite and the average value was used to adjust the land
surface temperature calculated from the thermal band imagery
[Data Sheet S1: Supplementary Note S2(vii)].

Following Mihalcea et al. (2008b) and Kraaijenbrink et al. (2017),
this study does not account for temperature change with elevation.
The climate normalisation accounts for larger-scale spatial variations
in temperature only, not for the changes in temperature with
elevation at a glacier scale. Therefore, this should be
acknowledged as an inherent limitation with the empirical
temperature inversion method. Normalisation for shadows was
also considered, but not applied because the effect was considered
negligible [Data Sheet S1: Supplementary Note S2(vi)].

The normalised temperature was extracted from the relevant
pixel for each debris thickness measurement to form the datasets
used to derive the relationships. K-fold cross-validation was used
to calculate the error associated with each relationship for each
glacier dataset (Brenning et al., 2012). This involves randomly
partitioning the dataset into k equal sized subsamples. One
subsample is retained to later “test” the relationship, and the
remaining subsamples are used as “training” data. The procedure
is repeated k times, with each of the subsamples being used once
as the “test” set. For our study, we used k = 10.

The median error (ME) and median absolute deviation (MAD)
were calculated each time the relationship was trained and the mean
of the ten ME values and of the ten MAD values were taken to
produce two error values for each relationship. ME is an indicator of

Quantifying Debris Thickness in HMA

accuracy, while MAD is an indicator of precision. Statistics such as
the root-mean-square error and the mean error were avoided
because they are sensitive to the maximum debris thickness
value. This is problematic because the non-linearity of three of
the surface temperature/debris thickness equations results in small
surface temperature errors having a much greater effect on the
derived debris thickness estimates for higher surface temperatures
(Evatt et al., 2015; Schauwecker et al., 2015). ME and MAD, however,
are insensitive to the maximum debris thickness.

Quantifying the Relationship Between
Glaciological Characteristics and Debris

Thickness

Terrain characteristics that can influence the distribution of
supraglacial debris include elevation, slope, aspect, and
curvature (Lawson, 1979; Anderson and Anderson, 2018;
Moore, 2018; Nicholson et al., 2018). Each can be extracted
from Digital Elevation Models (DEMs). The preferred DEM
source was the 8m HMA DEM produced from high-
resolution commercial optical satellite imagery (Shean et al,
2016; Shean et al., 2019). Its coverage is directly dependent on
the availability of cloud-free optical imagery but as HMA receives
3,000 mmyr ' of precipitation, cloud cover is abundant and
coverage is discontinuous (Bolch et al, 2012; Yao et al., 2012;
Wagnon et al., 2013; Maussion et al., 2014; Salerno et al., 2017).
Thus, complete 8 m HMA DEMs were unavailable for Hailuogou
Glacier and Baltoro Glacier. For these glaciers, therefore, the 1 arc
second (~30m) resolution Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) Global Digital
Elevation Model Version 3 (GDEM 003) was used for the
entire glacier, instead of the 8 m HMA DEM.

For each glacier, elevation values were extracted directly for
each grid cell from the respective DEM. Slope, aspect and
curvature of each grid cell were extracted using the
r.slope.aspect tool in the GRASS QGIS toolbox. This tool
compares the pixel value to the values of the adjacent pixels to
calculate the slope of each pixel in degrees of inclination from
horizontal and the aspect of the slopes in degrees
counterclockwise from East. The cosine of aspect was taken
subsequently to transform the measurements to a linear scale,
from -1 (W) to 1 (E). The tool also calculates the profile curvature
of the slope for each pixel, where a negative value represents a
concave slope and a positive value represents a convex slope.

Glacier velocity has also been shown to influence the
distribution of supraglacial debris (Rowan et al., 2015;
Salerno et al., 2017; Bhushan et al., 2018). For each glacier,
velocities were extracted from the NASA MEaSUREs
ITS_LIVE project (Gardner et al.,, 2013). They are derived
using the autonomous Repeat Image Feature Tracking (auto-
RIFT v0.1) processing scheme applied to all Landsat 7 and 8
images acquired between August 2013 and May 2016 with 80%
cloud cover or less (Gardner et al., 2018). Image pairs are
searched for matching features, as defined by Normalised
Cross Correlation maxima (Paragios et al., 2006). Both the
terrain and velocity datasets were resampled to the grid size of
the derived debris thickness datasets.
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To determine statistically the relationship between debris
thickness and these glaciological characteristics, two statistical
tests were carried out on the dataset for each glacier. First, the
non-parametric Spearman’s Rank Correlation Coefficient was
calculated by correlating all the derived debris thickness pixel
values with each glaciological characteristic (elevation, slope,
aspect, curvature, and velocity) for the corresponding pixel, for
each individual glacier. A non-parametric test was chosen
because none of the individual datasets were normally
distributed, as determined using the Kolmogorov-Smirnov test
with 99% confidence. However, it should be noted that this
technique does not account for spatial autocorrelation.
Furthermore, the correlation coefficients between debris
thickness and each of the five glaciological variables ignore the
role of any correlations between the glaciological characteristics.
This covariance is high in some cases (Supplementary Table S2),
which reduces the reliability of some of the correlation
coefficients. Principal Components Analysis (PCA) diagnoses
correlations among the glaciological characteristics by
detecting patterns of variability that are shared between them.
Second, therefore, for each glacier an unrotated PCA was carried
out on datasets consisting of only the elevation, slope, aspect,
curvature, and velocity data. Principal Components (PCs) were
found, which are linear combinations of the glaciological
characteristics that explain the directions of maximum
variance in each glacier’s dataset. The debris thickness data
were excluded from the PCA because the glaciological
characteristics describing the terrain and velocity of each
glacier were treated as a priori controls on the spatial
distribution of supraglacial debris thickness. The debris
thickness data were later regressed against the PCs with an
eigenvalue greater than or equal to 1, using forward stepwise
regression. The regression equations were used to assess how
much of the debris thickness variability could be explained by
these PCs, in addition to the strength and direction of the
contribution of each PC to debris thickness variability, for
each glacier.

Deriving Debris Thickness Distribution at

the Regional Scale

Debris thickness and surface temperature data from the six
individual glaciers were collated and the four forms of
empirical relationship (linear, rational, exponential (M), and
exponential (K) were fitted to the combined dataset. Errors
(ME and MAD) were calculated based on the results of a k-
fold cross validation. The relationship with the smallest error was
used to calculate debris thickness distribution from surface
temperature over the entire HMA region.

The land surface temperature of the entire region was calculated
from a composite thermal image produced for the HMA region in
largely the same way as described for each glaciated area of interest
(see Section Deriving Debris Thickness Distribution From Surface
Temperature at the Glacier Scale). The only difference is the
correction for the emissivity and atmospheric effects (Figure 3).
The single-channel atmospheric correction algorithm implemented
at the glacier scale [Data Sheet S1: Supplementary Note S2(iii)]

Quantifying Debris Thickness in HMA

TABLE 1 | Correlations between the debris thickness/surface temperature
datasets, for each glacier.

Spearman’s rank correlation Significance = Sample size
coefficient

Baltoro 0.72 0.0038° 15
Satopanth 0.65 0.000° 180
Lirung -0.23 0.000° 6,198
Ngozumpa 0.40 0.000° 144,908
Changri Nup 0.12 0.0222 380
Hailuogou 0.53 0.000° 140

indicates 95% confidence.
bindicates 99% confidence.

could not be used at a regional scale because the parameter values
vary significantly over space. The variation of these parameters can
be approximated by water vapour [Data Sheet S1: Supplementary
Note S2(iv)]. However, the atmospheric water content of the region
is <3 g cm ™2, which introduces error greater than if no atmospheric
correction was performed (Jiménez-Munoz et al., 2014). Thus, an
emissivity-only correction was performed [Data Sheet SI:
Supplementary Note S2(v)]. The coverage of the composite
thermal image was continuous over the entire HMA region due
to the vast amount of Landsat imagery available over the region
within the specified time period.

RESULTS

Derivation of Debris Thickness at the

Glacier Scale
Five of the six glacier debris thickness/surface temperature datasets
show a positive correlation, while Lirung Glacier shows a negative
correlation (Table 1). On closer inspection, the data for Lirung
Glacier seem to comprise two samples, one of relatively high debris
thickness values for low surface temperatures and one of relatively
low thickness values for high temperatures. The two samples come
from different parts of the glacier; the high thickness/low
temperature group from close to the eastern margin and the low
thickness/high temperature set from the central flowline and
towards the western margin (Figure 2C). This could be a result
of shading patterns, the presence of snow or interstitial ice or the
unintentional bias of where debris thickness measurements were
taken within the larger 30 m grids. We further note that the debris
thickness measurements covered a relatively small area of the glacier
compared to those on the other glaciers (the high temperature set
represents just five 30m pixels). Furthermore, the range of
temperatures sampled is small (between 18 and 25°C) by
comparison with the range measured across the whole glacier (0
and 29°C), whereas the range sampled on the other glaciers is more
representative of their full range. For these reasons, the Lirung
Glacier data set is excluded from further analysis at the glacier
scale. The four forms of empirical relationship fitted to the data from
the remaining five glaciers are shown in Figure 4 and the derived
constants for the relationships are given in Table 2.

For the five glaciers, the “best” relationship was taken to be
that with the smallest ME (highest accuracy); for Baltoro and
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FIGURE 4 | Comparison of the errors of the linear (green), rational curve (red), exponential (M) (blue), and exponential (K) (purple) forms of the relationship between
debris thickness and surface temperature for (A) Baltoro Glacier, (B) Satopanth Glacier, (C) Ngozumpa Glacier, (D) Changri Nup Glacier, and (E) Hailuogou Glacier.
Circles represent data points, solid line indicates chosen relationship, dashed lines represent remaining relationships.

TABLE 2| Constants derived for each of the four forms of debris thickness/surface temperature relationship [linear, rational curve, exponential (M) and exponential (K)], for all
six glaciers and for the HMA region.

Baltoro
Satopanth
Lirung
Ngozumpa
Changri Nup
Hailuogou
HMA

Cq

1.624
1.565
11.81
23.32
0.186
0.890
16.5

Linear

Exponential (M)

Exponential (K)

Rational curve
Co cy [

-8.655 2.086 -0.065
11.44 0.520 -0.002
-190 1.80 -0.07
-248.3 0.179 -0.004
25.83 0.402 0.002
-10.59 7.405 -0.214
-123.2 0.558 -0.0198

Cq C2 Ts min
0.13 -0.58 3.87
0.052 -2.675 -5.88
0.19 -0.10 18.75
0.10 -3.41 16.47
0.006 -3.263 -6.83
0.12 0.62 14.48
0.07 -3.84 -6.83

D Tmax

37.5
123.5
230
734
200
42
734.28

TsQS

19.24
27.72
25.13
24.84
15.52
25.08
23.84
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FIGURE 5 | Derived debris thickness distributions for the debris-covered parts of (A) Baltoro Glacier, (B) Satopanth Glacier, (C) Ngozumpa Glacier, (D) Changri
Nup Glacier, and (E) Hailuogou Glacier. Glacier outlines are provided by GAMDAM (Sakai, 2019). See note in caption for Figure 2 regarding Changri Nup Glacier outline.
Note that debris thickness scales vary between glaciers.

Hailuogou Glaciers, where two relationships had similarly high
accuracies, the relationship with additionally the smallest MAD
(highest precision) was chosen (Figure 4). Different forms of

relationship perform best across the five glaciers. The linear
relationship performs best for three (Satopanth, Ngozumpa
and Hailuogou Glaciers) and the rational curve performs best

Frontiers in Earth Science | www.frontiersin.org

July 2021 | Volume 9 | Article 657440


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Boxall et al.

Quantifying Debris Thickness in HMA

TABLE 3 | Comparison of the measured and modeled mean (1), median and standard deviation (o) debris thicknesses, at a glacier scale and at a regional scale.

Baltoro Satopanth
Measured u (cm) 1.7 28.9
Modelled glacier scale u (cm) 16.3 22.7
Modelled regional scale u (cm) 71.9 57.9
Measured median (cm) 8.8 10.0
Modelled glacier scale median (cm) 15.0 19.5
Modelled regional scale median (cm) 60.7 40.4
Measured o (cm) 11.2 28.8
Modelled glacier scale ¢ (cm) 16.8 15.4
Modelled regional scale ¢ (cm) 94.6 50.3

Ngozumpa Changri Nup Hailuogou
208.7 275 8.2
163.9 26.3 4.9
86.3 96.0 40.5
172.4 20.0 7.5
174.6 26.5 4.5

76.2 76.6 38.3
132.4 32.7 6.2
81.4 20.0 41
613.1 79.4 15.4

TABLE 4 | Correlations between debris thicknesses derived at a glacier scale and selected glaciological characteristics (aspect, slope, curvature, velocity, and elevation).

Baltoro DT Satopanth DT
Sample size 320,914 29,713
Aspect -0.19° -0.01°
Slope -0.25° 0.07°
Curvature 0.03° -0.012
Velocity 0.08° -0.27°
Elevation -0.70° -0.85°

Ngozumpa DT Changri Nup DT Hailuogou DT
22,153 7,933 2,045
0.17° 0.16° -0.01
0.16° 0.05° 0.12°
-0.01 0.01 -0.10°
-0.29° -0.28° -0.28°
-0.50° -0.30° -0.56°

Aspect, slope, curvature, and elevation derived from HMA 8 m DEM (Shean et al., 2019) for Satopanth, Ngozumpa and Changri Nup Glaciers, and from ASTER GDEM 003 for Baltoro and
Hailuogou Glaciers. Velocities from the NASA MEaSUREs ITS_LIVE dataset (Gardner et al., 2013).

“indicates 95% confidence.
bindicates 99% confidence.

for two (Baltoro and Changri Nup Glaciers). For each glacier, the
best relationship was used to derive the debris thickness
distribution across its entire surface from the surface
temperature measurements (Figure 5).

In addition to the ME and MAD values of the debris thickness
relationships, the descriptive statistics of the modeled and
measured debris thickness values are compared to further
assess their error (Table 3). The modeled mean and median
debris thicknesses generally correspond well to their respective
measured values, particularly for Baltoro, Satopanth, Changri
Nup, and Hailuogou Glaciers where the modeled and measured
mean debris thicknesses vary by less than ~7 cm and the median
values vary by less than ~10 cm. The difference between the
modeled and the measured mean debris thicknesses is
understandably greater for Ngozumpa Glacier at ~50cm,
where the ME of the surface temperature/debris thickness
relationship is greater. However, the modeled and the
measured median debris thicknesses correspond well for
Ngozumpa Glacier. With respect to the standard deviation of
the modeled and measured debris thicknesses, the values
generally correspond well, particularly for Baltoro, Satopanth,
Changri Nup, and Hailuogou Glaciers, but less so for Ngozumpa
Glacier where the modeled standard deviation is significantly less
than the measured. This is most likely a result of the model being
less able to replicate the thick debris on Ngozumpa Glacier given
the relationship between surface temperature and debris
thickness decays with increasing debris thickness (Taschner
and Ranzi, 2002).

Overall, we have confidence that the derived debris thickness
maps are realistic, albeit with a centimetre to decimetre scale
error. The debris thickness distributions for the five glaciers are
used for further analysis to assess the controls on the spatial
distribution of debris cover.

Quantification of the Relationship Between
Glaciological Characteristics and Debris

Thickness

The Spearman’s Rank Correlation Coefficients between debris
thickness and the glaciological characteristics are shown in
Table 4. The strongest and most consistent correlation is the
negative relationship between debris thickness and elevation,
showing that thicker debris occurs at lower elevations. There
is also a consistent negative relationship between debris thickness
and velocity, suggesting that debris thickens as velocity decreases.
There is a weak positive relationship between debris thickness
and slope for all of the glaciers, except Baltoro. The relationship
between debris thickness and aspect is mixed in both strength and
direction, and the relationship with curvature is weak in
most cases.

The component loadings of each PC (ie., the correlation of
each PC with a given glaciological characteristic) with an
eigenvalue equal to or greater than 1 are given in Table 5,
alongside the regression of debris thickness (DT) with these
PCs, for each glacier. In most cases, elevation and velocity
have the largest component loadings in PCl. All the
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TABLE 5 | Component loadings of the Principal Components (PCs) with an eigenvalue equal to or greater than 1, and the regression equations and A2 values (bold) of debris

thickness (DT) with PCs as independent variables, for each glacier.

PC1 PC2 PC3 R?
Component loadings Component loadings Component loadings

Baltoro Elevation 0.649 0.410 N/A (PC3 eigenvalue < 1)

Velocity -0.606 0.342 N/A (PC3 eigenvalue < 1)

Slope 0.869 0.051 N/A (PC3 eigenvalue < 1)

Aspect 0.531 0.087 N/A (PC3 eigenvalue < 1)

Curvature -0.175 0.852 N/A (PC3 eigenvalue < 1)

Regression DT = 14.232 + (-8.946) PC1 + (-6.373) PC2 0.010
Satopanth Elevation 0.768 0.227 -0.057

Velocity 0.815 0.060 -0.076

Slope -0.323 0.666 0.105

Aspect 0.033 0.741 0.232

Curvature 0.138 -0.235 0.957

Regression DT = 23.371 + (-10.285) PC1 + (-2.571) PC2 + (1.075) PC3 0.505
Ngozumpa Elevation 0.852 0.016 0.016

Velocity 0.894 0.110 0.011

Slope -0.577 0.223 0.183

Aspect 0.042 0.935 0.256

Curvature 0.076 -0.298 0.947

Regression DT = 176.079 + (-26.858) PC1 + (12.106) PC2 + (3.472) PC3 0.178
Changri Nup Elevation 0.623 0.491 -0.115

Velocity 0.764 -0.054 0.046

Slope -0.465 0.335 0.248

Aspect 0.171 0.796 -0.311

Curvature 0.109 0.246 0.910

Regression DT = 29.999 + (-6.031) PC1 + (0.751) PC2 0.144
Hailuogou Elevation 0.808 0.220 0.079

Velocity 0.676 0.537 0.049

Slope 0.486 -0.703 0.076

Aspect 0.112 -0.329 0.824

Curvature -0.360 0.449 0.627

Regression DT = 6.074 + (-1.861) PC1 + (-1.239) PC2 + (-0.502) PC3 0.386

regression relationships have the strongest relationship between
debris thickness and PCI1. This suggests that a proportion of the
variation in debris thickness (as determined by the R? value) is
principally controlled by elevation and velocity. The negative
value of the relationship suggests that thicker debris is more likely
on ice at low elevations with slower velocities. Baltoro Glacier is
an exception to this as the largest component loadings in PC1 are
the large positive values for slope and elevation, and the large
negative value for velocity. The negative value of the relationship
between debris thickness and PC1 on Baltoro suggests that
thicker debris is more likely on ice with flatter slopes at lower
elevations but with higher velocities, although the proportion of
debris thickness variation explained by the PCs is very low (R* =
0.010).

The greatest component loadings in PC2 are slope and aspect in
most cases, except for Baltoro and Hailuogou Glaciers. The
relationship with PC2 is not consistent between the glaciers.
Where PC2 has large, positive component loadings for slope and
aspect, the relationship between PC2 and debris thickness is positive
for Ngozumpa and Changri Nup, but negative for Satopanth.
Therefore, on Satopanth, thicker debris is more likely on flatter,
west-facing slopes, but on Ngozumpa and Changri Nup, thicker
debris is more likely on steeper, east-facing slopes. Where PC2 has a
large, positive component loading for curvature (Baltoro Glacier),

the relationship with debris thickness is negative, suggesting that on
this glacier, thicker debris is more likely on concave slopes.

The role of curvature also presides in the inclusion of PC3 in the
regression relationships for Satopanth, Ngozumpa, and Hailuogou
Glaciers. This suggests that thick debris is more likely on convex
slopes on Satopanth and Ngozumpa Glaciers, but on concave slopes
on Hailuogou Glacier. However, the contribution of curvature is not
as dominant as the contribution of elevation, velocity, slope and
aspect on these glaciers.

This analysis has quantified the interplay between five
glaciological characteristics across five glaciers, highlighting
dominant relationships between velocity and elevation, and
between slope and aspect. Furthermore, it has quantified the
ways in which the interaction of the characteristics explains a
proportion of the variability in debris thickness across the five
glaciers. In all cases, the relationship between debris thickness
and PCl1 is stronger than the relationship between debris
thickness and PC2, suggesting that the contribution of
velocity and elevation to debris thickness variability
dominates over the contribution of slope and aspect for all
the studied glaciers, except Baltoro where slope dominates.
Moreover, this analysis reveals the small contribution of
curvature on the distribution of debris thickness on four of
the five glaciers.

Frontiers in Earth Science | www.frontiersin.org

July 2021 | Volume 9 | Article 657440


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Boxall et al.
800 3
* Baltoro ME / MAD I
]
Satopanth -34 cm/ 68 cm !
Lirung +36 cm / 84 cm ll
Neozumpa +34cm /89 cm !
£o7AMPE 609 - ;
Changri Nup '
Hailuogou /,
1
_ 1
£ 400 - ’
3 y
g
=}
24 ,
2 {
E /7
2 ’
£ 200 - ’
S s
a e
PRGN X
_______—’ //"//
e SENE IV | - o/ ,
-10 0 10 20 30
Normalised Surface temperature (°C)
FIGURE 6 | Comparison of the errors of the linear relationship (green),
rational curve (red), exponential (M) (blue), and exponential (K) (purple) forms of
the relationship between debris thickness and surface temperature for the
collated dataset from all six glaciers. The solid line indicates the chosen
form of the relationship.

Map of Debris Thickness Distribution at the

Regional Scale
To calculate the pattern of debris thickness distribution across the
entire HMA, it is important to use a robust empirical relation that
has been derived using data from a wide range of climate and
topographical settings. The combined surface temperature/debris
thickness dataset from the six glaciers has a mean debris thickness
0f 2.02 m, a median of 1.64 m, a standard deviation of 1.33 m, and
a range spanning 0-7.34m. This would appear to be
representative of the debris thickness distribution we might
expect on DCGs in the HMA region (Nicholson and Benn,
2013; Juen et al,, 2014; Rounce and McKinney, 2014; Rounce
et al.,, 2015). For the collated dataset (n = 151,821), the non-
parametric Spearman’s Rank Correlation Coefficient between
surface temperature and debris thickness was 0.30 (99%
confidence). The linear, rational curve, exponential (M) and
exponential (K) relationships were fitted to this collated
dataset and are graphed in Figure 6, with the derived
constants given in Table 2. The Lirung Glacier data were
included in this work because the possible sampling bias that
was apparent at the glacier scale (Figure 2) was not apparent in
the context of the entire dataset for all six glaciers (Figure 6).
The accuracies are the same for the linear relationship, the
rational curve and the exponential (K) relationship, but the debris
thickness is underestimated with the rational curve (ME =
—-34cm) and overestimated with the linear and exponential
(K) relationships (MEs = +34 cm). The rational curve has a
smaller MAD (68 cm) than that for the linear and exponential
(K) relationships (82 and 89 cm respectively) and is therefore the
most precise. Although the MAD remains high for the rational
curve, it is the best available with the given data for deriving
debris thickness from surface temperature at the regional scale.

Quantifying Debris Thickness in HMA

We apply this relationship within the GEE platform to the debris-
covered glaciated areas of the HMA region. The GEE code is
available in the Data Sheets S2, S3.

Comparison of the debris thickness modeled using the
regional scale relationship with the in situ debris thickness
measurements available for the five glaciers analyzed above
reveals that the regional scale relationship overestimates the
mean and median debris thickness for glaciers with a relatively
thin debris cover (Baltoro, Satopanth, Changri Nup, and
Hailuogou Glaciers), but underestimates the mean and median
debris thickness for glaciers with a relatively thick debris cover
(Ngozumpa Glacier) (Table 3).

Due to the lack of in situ debris thickness data on other HMA
glaciers, the accuracy of the relationship applied to other glaciers
cannot be quantified. Thus, the method is validated by comparing
qualitatively the debris thickness distributions produced by this
relationship to maps of debris thickness produced using other
remote sensing methods in the literature: Koxkar Glacier, Central
Tien Shan (Juen et al., 2014); Imja-Lhotse Shar Glacier, Nepal
Himalaya (Rounce and McKinney, 2014); and Bara Shigri
Glacier, Indian Himalaya (Schauwecker et al, 2015). Their
locations are in Figure 1 and their debris thickness
distributions are in Figure 7.

The debris thickness distribution on Koxkar Glacier produced
using our method is very similar to that produced by Juen et al.
(2014) (Figure 7A). In both cases, the debris is thicker closer to
the terminus and along the eastern margin, and thinner upglacier.
However, compared to the distribution produced by Juen et al.
(2014), our distribution overestimates the thin debris upglacier by
up to 30cm and underestimates the thick debris near the
terminus by up to 150 cm in some places. According to both
our method and Rounce and McKinney (2014), on Imja-Lhotse
Shar, thicker debris is present on the northern limb, particularly
on the western margin and along the central flowline, while
thinner debris dominates on the southern limb. On both limbs,
the debris thins upglacier according to both methods (Figure 7B).
Similarly, on Bara Shigri, both our method and Schauwecker et al.
(2015) show the debris is thickest at the terminus and along the
north-eastern margin and thins upglacier (Figure 7C). For both
Imja-Lhotse Shar and Bara Shigri, however, our method tends to
overestimate debris thickness by up to 50 cm for Imja-Lhotse
Shar and by up to 60 cm for Bara Shigri. Both Rounce and
McKinney (2014) and Schauwecker et al. (2015) comment that
their methods tend to underestimate debris thickness but do not
state by how much. Their underestimation would at least partly
explain the differences between their modeled debris thickness
values and those produced by our method.

Overall, the regional relationship performs well with regards to
replicating the values and patterns of debris across all eight glaciers
compared, but the depth of thin debris cover tends to be
overestimated while that of thick debris cover tends to be
underestimated. This is an expected result given the large ME
and MAD (-34 and 68 cm, respectively) in comparison to the
mean debris thickness of the region (2.02 m). Furthermore, there
is a lack of independent in situ debris thickness data with which to
validate these results. Therefore, although the patterns of debris
thickness distribution determined by alternative methods are
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Bara Shigri Glacier (UTM 44N), in comparison to published maps of derived debris thickness.

qualitatively replicated using the regional application of this
empirical rational curve, its performance cannot be validated
quantitatively. Thus, despite this empirical relationship improving
upon the precision of the empirical relationship of Kraaijenbrink
et al. (2017), the results should be treated with caution.

DISCUSSION

Debris Thickness at the Glacier Scale

For five out of the six glaciers, the derived surface temperature/
debris thickness relationship produced glacier-scale debris
thickness distributions with centimetre to decimetre scale
errors. A rational curve was the most accurate for Baltoro
and Changri Nup Glaciers, while a linear relationship was best
for Satopanth, Ngozumpa and Hailuogou Glaciers. Over the
range of input data, these two relationships perform similarly
(Figure 4). The exponential (K) relationship consistently
performs the worst and can be explained by the extent to
which it responds to input data. The linear and rational curves
are extrapolation approaches (Mihalcea et al., 2008a), whereas
the exponential (K) relationship is a scaling approach
(Kraaijenbrink et al., 2017). The extrapolation approaches

use all input data to calculate parameters, whereas the
scaling approach scales the relationship between 1cm
(assumed to be at the minimum surface temperature) and
the maximum debris thickness (assumed to be at the 95th
percentile of surface temperature). Thus, the extrapolation
approaches are likely to produce more accurate debris
thickness distributions because they are optimised using the
entire dataset, whereas the scaling approach is optimised using
only two data points.

For the extrapolation approaches to prove successful, the input
data must be well distributed and represent the full range of debris
thicknesses and surface temperatures across the glacier. This was
why a realistic debris thickness/surface temperature relationship
could not be derived for Lirung Glacier because its input surface
temperature range was only 18-25°C, but the surface temperature
of the debris-covered area reached 0°C upglacier. This represents
a limitation with the distribution of the in situ dataset, which was
focused near the glacier terminus and did not reflect the full range
of surface temperatures present.

The success of the rational curve in producing the most
accurate debris thickness distributions for Baltoro and Changri
Nup Glaciers is important because the only non-linear
relationships applied previously in published works have been
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exponential forms (Mihalcea et al., 2008b; Kraaijenbrink et al.,
2017). The success of the rational curve could be because it passes
through the origin and so calculates clean ice to be at 0°C. The
surface temperature datasets used to derive the relationships are
mean values over the melt seasons, so clean ice can be assumed to
be at its melting point of 0°C. Therefore, the rational curve
provides a physically accurate representation of the surface
temperature/debris  thickness relationship. However, the
rational curve does not perform best for all glaciers. It is not
clear which factors, if any, cause the linear relationship to perform
better. Tentatively, we suggest that debris thickness may influence
whether the linear relationship or rational curve provides a better
fit to the data. Satopanth and Ngozumpa Glaciers, where a linear
relationship is more accurate, have thicker debris covers than
Baltoro and Changri Nup, where a rational curve is more
accurate. The distribution of debris thickness data used to fit
the relationship is also likely a controlling factor, in addition to
the potential role of glacier-specific debris sources. Due to the
limited number of glaciers studied, these suggestions are only
tentative, and more research is required in this regard.

The Relationship Between Glaciological

Characteristics and Debris Thickness
The percentage of debris thickness variability explained by the
PCs varies between 1% for Baltoro Glacier and 50% for Satopanth
Glacier. The PCs represent the combined influence of surface
elevation, slope, aspect, curvature and velocity. Elevation and
velocity represent primary controls on debris dispersal. Elevation
is a proxy for mass movement, by representing the cumulative
effects of mass movement processes from the valley sides
(Dunning et al.,, 2015), and for ablation rate, which partially
controls melt out rate of englacial debris (Rowan et al., 2015).
Velocity represents the influence of ice flow on the concentration
of debris through horizontal compression. Slope, aspect and
curvature are surrogates for factors controlling the secondary
mechanisms of debris dispersal. However, mass movement
processes from the valley sides and the melt out of englacial
debris cannot be explained by elevation alone. Therefore, it is
possible that the unexplained debris thickness variance is
explained by processes related to mass movement from the
valley sides or the melt out of englacial debris, but which are
not fully accounted for in the PCs, such as bedrock geology.
Of particular note is the minimal proportion of debris
thickness variability explained on Baltoro Glacier, where just
1% is accounted for by the PCs. Figure 2A highlights the presence
of multiple tributary glaciers feeding Baltoro Glacier. Thus, the
emergence of englacial debris at the confluence of multiple ice
sources is likely to be a dominant mechanism controlling the
distribution of debris thickness here (Eyles and Rogerson, 1978;
Deline, 2005). This mechanism is not accounted for in the
selected glaciological characteristics and provides a potential
explanation as to why only 1% of the debris thickness
variability is explained. Given the negligible proportion of
debris thickness variability explained, the relationship between
glaciological characteristics and debris thickness on Baltoro
Glacier is not discussed further.

Quantifying Debris Thickness in HMA

On Satopanth, Ngozumpa, Changri Nup, and Hailuogou
Glaciers, results show that thicker debris is more likely to be
found where elevation and velocity are both low (Table 5). This is
an expected finding given previous observations that debris
thickness tends to increase towards the terminus (Kirkbride
and Warren, 1999; Anderson, 2000; Kellerer-Pirklbauer, 2008;
Mihalcea et al., 2008b; Gibson et al., 2017), where ice is lower
lying and slower moving (Kirkbride, 2002; Quincey et al., 2009a;
Quincey et al., 2009b; Scherler et al., 2011b). Lower elevations,
and therefore warmer temperatures, initially encourage the melt
out of englacial debris (Kirkbride and Deline, 2013) and
encourage erosion (Heimsath and McGlynn, 2008; Banerjee
and Wani, 2018). Once enough debris cover has built up to
inhibit ablation, the zone of maximum velocity shifts upglacier
due to the decreasing thickness and slope of the debris-covered
portion, resulting in a slow-flowing debris-covered tongue
(Scherler et al, 2011a). The negative velocity gradient causes
debris thickness to increase further due to horizontal
compression, as dictated by the law of mass conservation
(Nakawo et al., 1986; Anderson and Anderson, 2016).

On Satopanth Glacier, the results indicate that thicker debris is
found on flatter, west-facing slopes. This relationship agrees with
the literature, which states that thicker debris is more likely on
flatter slopes, where the chance of debris sliding is lower (Moore
etal., 2018; Nicholson et al., 2018). The incidence of sliding is also
reduced on slopes with a lower receipt of solar radiation,
i.e, northwest-facing slopes in the Northern Hemisphere
(Hock and Noetzli, 1997), because meltwater production is
lower and therefore less able to act as a lubricant for sliding.
Thus, debris is more likely to build up to greater thicknesses
where meltwater production is less (Lawson, 1979; Nicholson
et al,, 2018). Satopanth Glacier is the only glacier to corroborate
previous findings in the literature with regards to the way in
which velocity/elevation and slope/aspect control debris
thickness distribution.

On the remaining glaciers (Hailuogou, Ngozumpa, and
Changri Nup), debris thickness variability is principally
controlled by velocity and elevation (PC1) in the same way as
on Satopanth Glacier. However, for these three glaciers, slope and
aspect have unexpected relationships with debris thickness. On
Hailuogou Glacier, thicker debris is more likely to be found on
steeper slopes and on Ngozumpa and Changri Nup Glaciers
thicker debris is more likely on steeper, east-facing slopes. This
contrasts to the literature, which states sliding is more likely to
occur on steeper, east-facing slopes (Lawson, 1979; Moore et al.,
2018; Nicholson et al., 2018), causing thinner debris to dominate
in these locations.

It is possible that a methodological bias caused this unexpected
relationship. The Landsat satellite has a sun-synchronous orbit and
so the images used to derive debris thicknesses were taken at 10:11
(+15 min) Mean Local Time (MLT). At the time the images are
taken, the sun azimuth varies between 120" and 140° and so the
southeast-facing slopes receive the most direct sunlight. This could
result in a bias towards greater surface temperatures, and therefore
calculated thicker debris, on southeast-facing slopes. Furthermore,
the sun elevation angle, at the time the images are taken, varies
between 55° and 65°. Thus, slopes at this angle would receive the
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sunlight most directly, compared to flatter slopes where the sunlight
would be spread over a larger area. The slopes on the debris-covered
surfaces have a maximum of 70°. Thus, the steeper slopes could be
biased towards higher surface temperatures, and towards calculated
thicker debris. Therefore, the occurrence of thicker debris on steeper,
southeast-facing slopes on Hailuogou, Ngozumpa, and Changri Nup
Glaciers could be due to this methodological bias.

However, because the thermal images used to calculate the
land surface temperature are all acquired at the same time of day
and the temperatures were normalised to take into account spatial
variations in the climate of the region, this methodological bias
would occur systematically, such that all steep and southeast-
facing slopes would be affected. Such a bias does not seem to
occur on Satopanth Glacier, where thicker debris occurs on
flatter, west-facing slopes. Furthermore, when looking at the
regional scale debris thickness distribution, there does not
appear to be widespread evidence that glaciers with a
predominantly easterly aspect have thicker debris cover than
glaciers with different aspects. If the outlined bias had a notable
impact, it would likely be evident on all debris thickness
distributions, but it does not appear to be, so the likelihood of
a methodological bias is small.

Therefore, it is suggested that the debris is, in fact, thicker on
steep, east-facing slopes on Ngozumpa, Changri Nup, and
Hailuogou Glaciers. However, local scale slope and aspect are
not necessarily the factors controlling the prevalence of thick
debris. Isolated areas of thick debris cover may result from the
occurrence of localised supraglacial debris supply from mass
movement from the valley sides (Dunning et al, 2015). On
Ngozumpa, Changri Nup, and Hailuogou Glaciers, isolated
patches of thick debris can be identified. On the southern of
the two lobes comprising Changri Nup Glacier, there is a thick
ridge of debris in the glacier’s midline (Figure 5D). The debris
that emerges as part of this surface ridge is eroded from a large
rocky spur that generates many rockfalls (Giese, 2019). On
Ngozumpa Glacier, there is an isolated area of thick debris
cover near the upglacier limit of debris cover, on the northern
edge of the northwestern branch (Figure 5C). On Hailuogou
Glacier, thick debris can be identified along the entire northern
edge of the debris-covered tongue (Figure 5E). It is possible that
these areas of thick debris cover on Ngozumpa and Hailuogou
Glaciers are also caused by mass movement onto the glacier
surface, rather than by the gravitational reworking of debris as a
result of the local slope and aspect of the surface. Images in Data
Sheet S1: Supplementary Note S3 show scars on the valley sides
suggesting large scale mass movement onto these specific areas of
Ngozumpa and Hailuogou Glaciers.

The role of valley side mass movement has not been
comprehensively considered in this study; only implicitly with
elevation as a proxy. To do so would involve consideration of the
valley side slopes (Scherler et al., 2011b), temperatures (Nagai
et al., 2013; Banerjee and Wani, 2018; Kuschel et al., 2020) and
geologies (Fischer et al., 2012), all of which control the temporal
and spatial occurrence of mass movement processes (Draebing
and Krautblatter, 2019). The images in Data Sheet SI1:
Supplementary Note S3 take the first steps required to
investigate whether the unexpected relationships between

Quantifying Debris Thickness in HMA

debris thickness and slope/aspect on Ngozumpa, Changri Nup,
and Hailuogou Glaciers are caused by large scale mass movement
processes rather than local scale debris transfer processes, but
further research is needed.

The results on Satopanth, Ngozumpa and Hailuogou Glaciers
are of particular interest because the regression relationships
suggest a relationship between curvature and the distribution
of debris thickness. The role of curvature is less than that of
velocity/elevation and slope/aspect, but to the authors’ knowledge
these are the first empirical relationships to have been found
between curvature and debris thickness (cf. Nicholson et al.,
2018). On Hailuogou Glacier, the debris is thicker where slopes
have a concave profile. This agrees with the expectation that
debris should become more stable in a downslope direction on
concave slopes as the gradient of the slope decreases (Moore,
2018). However, on Satopanth and Ngozumpa Glaciers, the
debris is thicker on slopes with a convex profile. The reasons
for this are currently unknown and require further research.

Debris Thickness Distribution at the

Regional Scale

To the authors’ knowledge, Kraaijenbrink et al. (2017) have
produced the only published estimate of glacier debris
thickness distribution for the entire HMA region. However,
the present study suggests that a rational curve is equally, if
not more, appropriate for deriving debris thickness from surface
temperature over the HMA region. The ME of the rational curve
(—34 cm) is equal in magnitude to the ME of the exponential (K)
relationship (+34 cm), but the exponential (K) overestimates
debris thickness, while the rational curve underestimates it.
The MAD associated with the rational curve (68 cm) is
smaller than that associated with the exponential (K) curve
(89 cm). Therefore, the use of the rational curve rather than
the exponential (K) curve has the potential to derive more precise
glacier debris thickness distributions across HMA. Despite this
improved precision, the results should be treated with caution
given the ME and MAD remain high as a proportion of the mean
debris thickness of 2.02 m, at 17 and 34%, respectively.

Figure 8 displays the difference between the debris thickness
derived using the rational curve and that derived using the
exponential (K) relationship. The greatest difference between
the two distributions occurs at the glacier termini, where
debris is thickest. The exponential (K) relationship calculates
debris to be >3 m thicker than that calculated by the rational
curve in some cases. However, for areas with thinner debris
covers, such as upglacier locations, the two relationships produce
comparable results. This is because the relationships are very
similar until ~10°C (~30 cm), at which point the rational curve
begins to underestimate debris thickness and the exponential (K)
relationship begins to overestimate debris thickness for a given
surface temperature (Figure 6).

The application of either empirical relationship to the entire
HMA region is inevitably associated with some limitations,
primarily as a result of the large spatial variations in
temperature that exist in the HMA region (Bookhagen and
Burbank, 2010; Bolch et al., 2012; Kapnick et al., 2014; Rounce
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FIGURE 8 | The difference between the debris thickness calculated using rational curve and the exponential (K) form of the regional scale empirical relationship, for
(A) Koxkar Glacier, (B) Imja-Lhotse Shar Glacier, and (C) Bara Shigri Glacier (difference calculated by subtracting rational curve debris thickness from exponential (K)

debris thickness).

et al., 2019). However, the impact of this limitation has been
mitigated in this study, namely though the climate normalisation
applied to the thermal imagery [Data Sheet S1: Supplementary
Note S2(vii)]. Furthermore, there is seasonal variability in land
surface temperature. The use of composite thermal images
calculated from the mean of thermal imagery over the melt
season addresses this issue (Figure 3). The reduction of
climatic influence and seasonal variation in this way increases
the proportion of surface temperature controlled by debris
thickness, and thus increases our confidence in the regional
application of the relationship.

Limitations

There are several limitations of our approach to calculating
glacier debris thickness. First, calculating land surface
temperature from thermal satellite imagery inevitably means
that the calculated temperature represents at best a 30 m x
30m area (resampled from a 100m x 100 m area). Only a

single debris thickness value can be derived for a pixel area
represented by a single surface temperature value. However,
debris thickness varies on a scale smaller than a 30 m x 30 m
area (Nicholson and Benn, 2013). In the datasets used to derive
the empirical relationships, there is often a range of debris
thickness measurements associated with a single surface
temperature (Figure 4). The details of this heterogeneity are
not displayed in the derived debris thickness distributions,
although it does contribute to our error calculations. Thus,
there is a need for future research to quantify debris thickness
variability within a 30 m x 30 m area. The acquisition of more
detailed in situ datasets would contribute towards this and allow
for statistical modeling (e.g., the construction of semi-
variograms) or interpolation (e.g., kriging) at finer spatial
scales than the resolution of the thermal imagery.

Second, the empirical relationship between surface
temperature and debris thickness is less accurate at greater
debris thicknesses. This is because as debris thickness
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increases, the influence of glacier ice on the surface temperature
decreases, and eventually stops, due to the reduced effectiveness
of heat conduction with depth (Taschner and Ranzi, 2002; Ranzi
etal., 2004). Thus, a warmer surface temperature may represent a
wider range of debris thicknesses than a cooler surface
temperature. This exposes another limitation of this empirical
method in that it performs best for thinner debris, where the
relationship between surface temperature and debris thickness is
stronger (Mihalcea et al., 2006; Mihalcea et al., 2008a; Mihalcea
et al., 2008b). However, melt rates below a thick debris layer are
generally low, and so the impact of this limitation will be
negligable in the context of a melt model.

Third, the temperature inversion method does not account for
variation in surface temperature with elevation. Following the
work of Mihalcea et al. (2008b) and Kraaijenbrink et al. (2017),
surface temperature is assumed to vary solely in response to
debris thickness. Potential solutions to this problem include the
derivation of empirical relationships for each elevation band of a
glacier surface (Mihalcea et al., 2008a) or the use of an surface
energy balance model to account for all the factors that contribute
towards the surface temperature (Foster et al., 2012; Rounce and
McKinney, 2014; Schauwecker et al., 2015).

Finally, limitations remain with the regional application of our
empirical relationship due to the limited dataset from which the
relationship was derived. There are 134,770 glaciers in the HMA
region (according to GAMDAM; Sakai, 2019), and our
relationship was derived using data from just six of them. The
six glaciers differ in their debris thickness and distribution,
incorporating some of the variation of debris thickness
characteristics in the region, but our work would be improved
by the inclusion of more in situ debris thickness datasets. More
data would improve both the empirical relationship itself and
provide more information for the uncertainity assessment. Our
rational curve provides an alternative to the previously used
exponential (K) relationship for calculating glacier debris
thickness distribution across the whole of HMA but both
empirically-based estimates should be treated with caution.
Further work is required to compare both these estimates
against other methods inverting for debris thickness using the
energy balance model approach (Foster et al., 2012; Rounce and
McKinney, 2014; Schauwecker et al., 2015), as well as other
measurements of debris thickness using either in situ or
airborne techniques.

CONCLUSION

The comparison of four different types of empirical relationship
fitted to in situ debris thickness and remotely sensed surface
temperature on six glaciers shows that a rational curve and a
linear relationship consistently perform best. It is tentatively
suggested that the linear relationship performs best for glaciers
with a thicker debris cover, while the rational curve performs best
for glaciers with a thinner debris cover. However, their success
was dependent on the availability of well-distributed input data
that represented the full range of debris thicknesses and surface
temperatures.

Quantifying Debris Thickness in HMA

This study also found consistently that debris thickness increases
downglacier, as both elevation and velocity decrease. Debris
thickness has a weaker and less consistent statistical correlation
with slope and aspect: on Satopanth Glacier, thicker debris occurs on
flatter, more west-facing slopes (where smaller gradients and less
meltwater increase the stability of the debris at the local scale),
whereas on Ngozumpa, Changri Nup, and Hailuogou Glaciers,
thicker debris occurs on steeper, more east-facing slopes (possibly
due to the influence of larger scale supraglacial debris supply from
the valley sides). Furthermore, the first empirical evidence of a
statistical correlation between debris thickness and curvature was
found. On Hailuogou Glacier, thicker debris occurs on more concave
slopes, but on Satopanth and Ngozumpa Glaciers, thicker debris
occurs on more convex slopes. These findings will be useful in the
context of modeling debris cover evolution, as the topography and
dynamics of DCGs respond to climate-driven mass balance change.

Finally, a rational curve derived from the collated dataset of the
six glaciers produces a debris thickness distribution over the HMA
region which is as accurate as that produced using the exponential
curve pioneered by Kraaijenbrink et al. (2017) and is more precise.
Despite this, the MAD value remains high, so the acquisition and
sharing of more in situ debris thickness measurements is required to
further improve and validate the method.

This study contributes to a fuller understanding of the
current distribution of debris thickness on DCGs in HMA,
at both the glacier and the regional scale. It also points to some
of the important glaciological controls on debris thickness
distribution, which will be useful for training models of debris
thickness evolution in response to changes in glacier surface
topography and velocity. These findings should feed into
future research predicting DCG response to climate change,
and help improve the accuracy of future runoff projections.
This is of particular importance in HMA where better
estimations of local and regional water availability as well as
global sea level rise will inform essential socio-economic and
political decisions.
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