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Abstract Debris-covered glaciers are ubiquitous in the Himalaya, and supraglacial debris significantly
alters how glaciers respond to climate forcing. Estimating debris thickness at the glacier scale, however,
remains a challenge. This study inverts a subdebris melt model to estimate debris thickness for three
glaciers in the Everest region from digital elevation model difference-derived elevation change. Flux
divergences are estimated from ice thickness and surface velocity data. Monte Carlo simulations are used
to incorporate the uncertainties associated with debris properties, flux divergence, and elevation
change. On Ngozumpa Glacier, surface lowering data from 2010 to 2012 and 2012 to 2014 are used to
calibrate and validate the method, respectively. The debris thickness estimates are consistent with
existing in situ measurements. The method performs well over both actively flowing and stagnant parts
of the glacier and is able to accurately estimate thicker debris (>0.5 m). Uncertainties associated with
the thermal conductivity and elevation change contribute the most to uncertainties of the debris
thickness estimates. The surface lowering associated with ice cliffs and supraglacial ponds was found to
significantly reduce debris thickness, especially for thicker debris. The method is also applied to Khumbu
and Imja-Lhotse Shar Glaciers to highlight its potential for regional application.

Plain Language Summary Debris-covered glaciers are ubiquitous in the Himalaya, and this
debris significantly alters the evolution of these glaciers. Estimating the thickness of debris on

these glaciers, however, remains a challenge. This study develops a novel method for estimating the
debris thickness on three glaciers in the Everest region of Nepal based on digital elevation models,
surface velocity data, ice thickness estimates, and a debris-covered glacier energy balance model. The
method was calibrated and validated on Ngozumpa Glacier, one of the largest debris-covered
glaciers in Nepal, and was found to accurately estimate debris thickness. Specifically, this method was
able to estimate thick debris (>0.5 m), which has been a major limitation of previous studies.

This is important because thick debris significantly reduces glacier melt rates by insulating the underlying ice.
This study creates a step-change in our ability to model the past, present, and future evolution of
debris-covered glaciers.

1. Introduction

Glaciers in the Himalaya are an important resource as they provide water for drinking, agriculture, sanitation,
and hydropower to more than 800 million people (Bolch et al., 2012; Pritchard, 2017). The rapid melting of
Himalayan glaciers in response to climate change is already altering water availability, with estimates project-
ing severe water shortages by 2050 (Immerzeel et al., 2010; Soncini et al., 2016). Approximately 14-18% of
total glacier area in the Himalaya is debris covered (Kaab et al., 2012). Some areas (e.g., the south sloping
glaciers in the Everest region) currently have upward of 32% debris coverage, which has increased by
18 £ 3% since 1962 (Thakuri et al.,, 2014).

Supraglacial debris thickness significantly alters how glaciers respond to climate forcing. A thin layer of debris
(less than several centimeters) enhances melt, while a thick layer of debris insulates the underlying ice and
reduces melt (Nicholson & Benn, 2006; @strem, 1959). In the Everest region, debris thickness may be up to
several meters thick (Nicholson & Benn, 2012; Rounce & McKinney, 2014). However, while the relationship
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between debris thickness and melt is well known (commonly shown on the @strem Curve; @strem, 1959),
quantifying debris thickness at the glacier scale is still a major challenge.

In the Everest region, studies have documented long-term and apparent accelerating mass loss from debris-
covered glaciers using a geodetic approach. From the 1970s to the present, mass balance has been estimated
to range from —0.32 £ 0.08 to —0.52 + 0.22 meters water equivalent per year (Bolch et al., 2011; Gardelle et al.,
2013; King et al., 2017; Nuimura et al., 2012). Projecting glacier change into the future has proven more
challenging, largely due to uncertainties related to the effects of debris cover. This is highlighted by recent
studies, which estimate glacier volume loss could range from 8% to 95% compared to present-day total
volume (Rowan et al., 2015; Shea et al., 2015; Soncini et al,, 2016). Clearly, the mechanisms and ablation
processes driving ice loss over debris-covered glaciers need to be better understood to allow for the accurate
prediction of glacier change in the future.

In situ debris thickness measurements have been made by manual excavation (Patel et al., 2016; Reid et al.,
2012; Rounce & McKinney, 2014; Soncini et al., 2016), surveying debris above exposed ice faces using a total
station and reflector (Nicholson & Benn, 2012) or terrestrial photography (Nicholson & Mertes, 2017), and
ground penetrating radar (McCarthy et al.,, 2017; Nicholson & Mertes, 2017; Wu & Liu, 2012). These methods
are difficult to apply at mountain-range (or even glacier) scale due to time and labor constraints, and
measurements are therefore scarce. When available, measurements are often focused on localized sections
of a glacier and may not be representative of the entire glacier.

Recent studies attempt to derive debris thickness from satellite imagery by combining surface temperature
estimates with surface energy balance models (Foster et al., 2012; Rounce & McKinney, 2014; Schauwecker
et al, 2015), by defining empirical relationships between surface temperature and debris thickness
(Mihalcea et al., 2008; Soncini et al., 2016), or by inverting the @strem Curve using an energy balance model
and surface lowering measurements (Ragettli et al.,, 2015). Uncertainties associated with meteorological data,
debris properties, and components of the surface energy balance model are considerable obstacles to these
approaches. For the thermal approaches, studies have highlighted the importance of properly accounting for
the turbulent heat fluxes and nonlinear temperature gradient within the debris (Foster et al., 2012; Rounce &
McKinney, 2014; Schauwecker et al., 2015) but have been unable to accurately estimate debris thicker than
0.5 m. Further issues arise from the low resolution of thermal imagery (60-100 m), which causes a “mixed
pixel” effect, that is, when debris, ice cliffs, and/or supraglacial ponds exist in the same pixel thereby reducing
the surface temperature and causing the thickness of debris to be underestimated. The @strem inversion
method used by Ragettli et al. (2015) yields promising results for debris thickness; however, validation of
the modeled results is limited. Proper validation of model results is a general issue for remote sensing
approaches in the Himalaya due to the lack of in situ measurements.

Debris-covered glacier energy balance models applied at sites with well-quantified inputs have been found
to accurately reproduce measured surface temperatures and melt rates for a range of debris types and thick-
nesses (Collier et al., 2014; Evatt et al., 2015; Reid & Brock, 2010; Rounce et al., 2015). However, accounting for
the spatial variation in surface properties and the role of moisture in the debris remains a challenge. The
important debris properties include thickness, albedo, surface roughness, and thermal conductivity. In the
Everest region, debris thickness ranges from bare ice to several meters (Nakawo et al., 1986; Nicholson &
Benn, 2012; Nicholson & Mertes, 2017; Rounce & McKinney, 2014; Soncini et al., 2016), debris albedo ranges
from 0.1 to 0.4 (Inoue & Yoshida, 1980; Kayastha et al., 2000; LeJeune et al., 2013; Nicholson & Benn, 2012),
surface roughness from 0.0035 to 0.0600 m (Inoue & Yoshida, 1980; Quincey et al., 2017; Takeuchi et al.,
2000), and thermal conductivity from 0.47 to 1.62 W m~' K~' (Conway & Rasmussen, 2000; Nicholson &
Benn, 2012; Rounce et al,, 2015; Rounce & McKinney, 2014). Studies frequently assume a single value for these
parameters over the entire glacier (e.g., Rounce & McKinney, 2014); however, each of these surface properties
has large spatial and temporal variations, even on the same glacier (e.g, Conway & Rasmussen, 2000;
Nicholson & Benn, 2012; Rounce et al., 2015).

This study develops a novel method of mapping debris thickness from subdebris melt rates based on eleva-
tion change and flux divergence. It uses a forward model of subdebris melting (Rounce et al., 2015) in an
inverse approach, such that debris thickness is iteratively adjusted until the modeled subdebris melt rate
agrees with the observed subdebris melt rate. Elevation change is quantified from a series of digital elevation
models (DEMs), flux divergences are quantified from ice thickness and surface velocity data, and the
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Figure 1. Study area showing debris cover extent on Ngozumpa, Khumbu, and Imja-Lhotse Shar Glaciers along with Pyramid Station and the Kala Patthar weather
station (stars). Inset shows location within the Nepal Himalaya. Background image is Landsat 8 from 30 September 2015.

subdebris melt model is driven by meteorological data from a nearby weather station. Monte Carlo
simulations incorporate the uncertainty associated with the debris properties, flux divergence, and
elevation change into the debris thickness estimates. Surface lowering data from 2010 to 2012 are used to
calibrate the debris thickness method over Ngozumpa Glacier, and surface lowering data from 2012 to
2014 are used for validation. The method is then applied to Khumbu and Imja-Lhotse Shar Glaciers using
surface lowering data from 2009 to 2015. Modeled debris thicknesses from these three glaciers are
compared to in situ measurements to further assess the performance of the method. Additionally, debris
thickness is estimated from surface lowering rates that both include and exclude ice cliffs and supraglacial
ponds to quantify their impact on reducing modeled debris thickness.

2, Study Area

This study focuses on three glaciers situated in the Dudh Koshi catchment of the Everest region: Ngozumpa,
Khumbu, and Imja-Lhotse Shar Glaciers (Figure 1). Ngozumpa Glacier (27.931°N, 86.715°E) flows down the
southeast face of Cho Oyu (8,188 m above sea level, as.l) and the southwest face of Gyachung Kang
(7,952 m a.s.l.). The glacier is 18-km long and terminates at 4,659 m a.s.l. (Thompson et al.,, 2016). The lower
15 km is almost entirely debris covered, and the glacier’s low surface gradient further downglacier facilitates
the development of numerous ice cliffs and supraglacial ponds (Salerno et al., 2017; Watson et al., 2016,
2017). Thompson et al. (2016) suggested that an active/inactive boundary exists approximately 6.5 km
upstream of the glacier terminus, which agrees with the area Quincey et al. (2009) termed relatively stagnant
(<10 m/a). Nicholson and Benn (2012) made observations of debris thickness that suggest a decrease upgla-
cier, from a median of 1-1.5 m at 1 km from the terminus to less than 0.5 m at 7 km from the terminus.

Thompson et al. (2016) showed that although ice cliffs account for 39% of melting on the debris-covered
area, the majority of melting (52%) occurs below the debris. Ngozumpa Glacier also has a complex englacial
drainage system, which effects the evacuation of meltwater and spatial patterns of surface mass loss (Benn
et al., 2017). The moraine-dammed lake at its terminus, commonly referred to as Spillway Lake, experienced
rapid expansion after 2001 (Thompson et al., 2012), but has recently experienced a reduction in lake area
that is thought to be temporary, as a result of local sediment redistribution on the surrounding slopes
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(Thompson et al., 2016). Thakuri et al. (2014) reported a surface area loss of —1.4% from 1962 to 2011, and
King et al. (2017) reported substantial surface lowering in the high-altitude clean-ice areas of the glacier
from 2000 to 2014/2015.

Khumbu Glacier (27.932°N, 86.812°E, Figure 1) originates in the Western Cwm below Mount Everest (8,848 m
a.s.l.) and terminates at 4,876 m a.s.l. The glacier is 15.7 km in length, covers an area of 26.5 km?, and has an
ablation zone flanked by large moraines, built up during the Little Ice Age, that contribute to supraglacial
debris. The low surface gradient of the tongue of the glacier has facilitated the development of an extensive
ice cliff and supraglacial pond network that has expanded in the last 15 years (Salerno et al., 2017; Watson
etal, 2016, 2017). Bolch et al. (2011) quantified the surface lowering rate of the entire debris covered ablation
zone of Khumbu Glacier over multiple time periods between 1962 and 2007. They showed an increase in
surface lowering over this period, which is concomitant with the 60% increase in debris cover since the
1960s shown by Thakuri et al. (2014). Surface velocities from 1992 to 2002 (Quincey et al., 2009) and 2013
to 2014 (Rowan et al., 2015) show that the lowermost portion of the glacier tongue has slowed down in
recent years. Rowan et al. (2015) suggested that an active/inactive boundary exists 5.4 km upstream from
the glacier terminus below which the glacier is relatively stagnant (<10 m/a) and above which the velocities
range from 10 to 70 m/a. Nuimura et al. (2011) estimated the emergence velocity 7 km upstream from the
terminus to be 5.06 m/a from 1995 to 2004.

Imja-Lhotse Shar Glacier (27.901°N, 86.938°E, Figure 1) refers to two avalanche-fed debris-covered glaciers
that converge and terminate into Imja Tsho (Lake) at 5000 m a.s.l. Debris cover extends roughly 3 and
4.5 km upstream of the calving front and covers an area of 1.5 and 4.7 km? for Imja and Lhotse Shar
Glaciers, respectively. The thickness of this debris cover decreases upglacier (Rounce & McKinney, 2014),
and the areal extent of debris cover has increased in recent years due to the glacier experiencing significant
mass loss (Thakuri et al., 2016). Mass loss has occurred as a result of the rapid expansion of Imja Tsho (Thakuri
et al, 2016), the melt beneath the debris cover (Rounce et al., 2015), and the melt associated with bare ice
cliffs and supraglacial ponds (Watson et al., 2016). Glacier surface velocity has decreased since 1992
(Thakuri et al.,, 2016), although Lhotse Shar Glacier and the upper portion of Imja Glacier appear to remain
active (Bolch et al., 2008; Thakuri et al., 2016).

3. Methods
3.1. DEM Generation and Elevation Change

Stereo-photogrammetric DEMs were generated using imagery acquired by three different optical sensors
(Table 1). Four of the six DEMs were generated from WorldView-2 and GeoEye-1 imagery (DigitalGlobe,
Inc.) using the Ames Stereo Pipeline (Shean, 2017a, 2017b; Shean et al., 2016). Two additional DEMs were
generated using imagery from the Advanced Land Observing Satellite-Panchromatic Remote-Sensing
Instrument for Stereo Mapping (ALOS-PRISM) archive and the Leica Photogrammetry Suite in ERDAS
Imagine (2013; Table 1). Without suitable ground control points for the ALOS-PRISM DEM bundle adjustment,
distinctive features found on stable, off-glacier terrain visible in both the ALOS-PRISM imagery and the high-
resolution imagery available in Google Earth were matched (n = 50 and 46 for Khumbu and Imja-Lhotse Shar
Glacier DEMs, respectively), and their associated spot heights were used in the DEM generation process. The
source of elevation data from Google Earth varies by region based on data availability. Given the remote
nature of the Everest region, the elevation data source here is likely the SRTM (Shuttle Radar Topography
Mission) or ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer), which have a verti-
cal error around 10 m in this region (Farr et al., 2007; Fujita et al., 2008).

To prevent the production of erroneous difference data over glacier surfaces through the subtraction of
DEMs with inconsistent geolocation, the methods of Nuth and Kaab (2011) were followed to coregister
and detilt the DEMs. These methods are based on the relationship between elevation differences and the
derivatives of slope and aspect of two misaligned DEMs. Only areas of DEMs that can be realistically assumed
to have been stable over the time separating the acquisition dates of scenes were used to derive offset
vectors. Of the three sensors, geolocation accuracy is poorest for ALOS-PRISM, so the ALOS-PRISM DEMs, used
for Khumbu and Imja-Lhotse Shar Glaciers, were referenced to the WorldView-2 and GeoEye-1 DEMs, respec-
tively, while for Ngozumpa Glacier the GeoEye-1 DEM from 2012 was used as the reference data set
for coregistration.
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Table 1

High-Resolution Satellite Imagery Used to Generate Digital Elevation Models

Glacier Date of image Sensor Scene ID

Ngozumpa 9 Jun 2010 GeoEye-1 1050410001B4E300/1050410001B4DC00
23 Dec 20127 GeoEye-1 1050410000E8C900/1050410000EOAE00
18 Oct 2014 GeoEye-1 1050410011888400/1050410011888300

Khumbu 3 Mar 2009 ALOS-PRISM ALPSMW16663040/ALPSMW 166603095
2 Feb 2015° WorldView-2 103001003D4C7900/103001003D7AFE00

Imja-Lhotse Shar 3 Mar 2009 ALOS-PRISM ALPSMW16663040/ALPSMW 166603095
24 Jan 2015° GeoEye-1 1050410012196D00/1050410012196B00

Denote the master digital elevation model used for coregistration.

All DEM products were resampled to a common resolution of 10 m before computing elevation change. No
elevation change versus elevation bias correction was necessary. The elevation change data sets were then
filtered to remove any unrealistic changes due to artifacts and blunders in the DEMs. First, an absolute differ-
ence threshold of 100 m was applied, which was followed by a threshold of £3 times the standard deviation
of elevation differences over stable, off-glacier terrain (Gardelle et al.,, 2013; Ragettli et al., 2016). The glacier
was then divided into boxes of ~600-m horizontal distance along its central flow line. The length of boxes was
modified slightly near glacier confluences to assist the flux divergence calculations (see section 3.3). Elevation
change statistics were computed for each box. The horizontal distance of 600-m boxes was used to compute
the flux divergence and also to mitigate the effects of alternating positive and negative elevation differences
caused by the advection of local glacier surface topography.

For boxes near the debris-clean ice interface, the elevation change was only measured for the debris-
covered areas. Masking of elevation change data was achieved following the classification of ice using
band-ratio techniques and a Landsat ETM+ scene from 2003 (K&dab et al., 2012). We assume no substantial
change in debris cover extent between 2003 and 2009/2010. Furthermore, the elevation change
associated with ice cliffs and supraglacial ponds on the debris-covered glaciers in each box was both
excluded and included in order to assess the mixed pixel effect. The areal extent of ice cliffs and supragla-
cial ponds was estimated using delineations from Watson et al. (2017) from 5 June 2010, 7 June 2015, and
13 May 2015 for Ngozumpa, Khumbu, and Imja-Lhotse Shar Glaciers, respectively. The use of images
around the monsoon season was assumed to be more representative of the areal extent of ice cliffs
and supraglacial ponds, since pond coverage peaks at the onset of the monsoon and decreases in the
winter (Miles et al., 2017).

The approach of Gardelle et al. (2013) and Ragettli et al. (2016) was used to estimate the uncertainty asso-
ciated with the elevation change data for each box. The standard error (Exp) of elevation differences over
stable terrain was calculated as
Ostabl
Ean = ﬁ M
where o4apie is the standard deviation of elevation change over stable, off-glacier terrain, and N is the effec-
tive number of observations (Bolch et al., 2011). N is calculated through
Ntot'PS
2d
where Ny is the total number of DEM difference data points, PS is the pixel size, and d is the distance of

spatial autocorrelation, which was assumed to be equal to 20 pixels (200 m) based on Bolch et al. (2011).
The mean E,, of all the boxes associated with each set of DEMs ranged from +0.47 to 0.72 m.

N = (2)

3.2. Horizontal Surface Velocity

Glacier surface velocities on Ngozumpa, Khumbu, and Imja-Lhotse Shar Glaciers were computed for all
potential pairs of available high-resolution DEMs (GeoEye-1, WorldView-1, WorldView-2; DigitalGlobe, Inc.)
from 2010 to 2016. Velocity grids were derived using the vmap tool (https://github.com/dshean/vmap),
which uses the NASA Ames Stereo Pipeline correlator (Shean et al.,, 2016). Rather than using input image
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data, which have variable illumination and snow cover, the correlation was run on multidirectional shaded-
relief maps derived from coregistered 4-m resolution DEMs. The identical synthetic illumination and abun-
dant texture at high-resolution provided improved correlation success. We used a 35-pixel correlation kernel
size, parabolic subpixel disparity map refinement, and a filter to remove isolated disparity map clusters with
area less than 1,024 pixels. Filtered disparity maps were smoothed using a 9 X 9 Gaussian kernel to remove
residual artifacts. Velocity magnitudes in meters per year were computed based on input resolution and time
interval. Since we used coregistered DEMs as inputs, no additional offset correction over static surfaces was
required after correlation.

Initially, we used surface velocities associated with the specific pair of DEMs to estimate flux divergence.
However, too many gaps were present in the surface velocity due to a loss of coherence, which caused issues
for the flux divergence calculations (section 3.3). Therefore, we used the per-pixel median velocity from all
pairs to estimate the surface velocity for each glacier. These surface velocities were devoid of gaps over
the debris-covered portion of the glacier. Velocities over stable, off-glacier terrain were used to estimate
the uncertainty associated with the glacier surface velocity as well as the minimum velocity that was deemed
to be reliable.

3.3. Flux Divergence and Vertical Velocity

Surface velocities and ice thickness estimates (Huss & Farinotti, 2012, updated to RGI 6.0; Figure S1 in the sup-
porting information), were used to calculate the flux divergence for each 600-m box (https://github.com/
drounce/Rounce2018JGR). According to Cogley et al. (2011), negative flux divergence means that the box
is gaining mass and is called the emergence velocity, while positive flux divergence means that the box is
losing mass and is called the submergence velocity. To estimate the flux divergence, the ice flux for each
30-m pixel was computed according to

7 = hVU)sfc (3)

where h is the ice thickness (m), y is the ratio of the mean velocity of the ice to the surface velocity (assumed
to be 0.8 for negligible basal sliding (Nuimura et al., 2011; Vincent et al., 2016)), and '« is the surface velocity
vector (m/a). The flux divergence was computed for each pixel, and then total flux divergence was calculated
within each 600-m box (Nuimura et al.,, 2011; Vincent et al., 2016).

The flux divergences are subject to uncertainties associated with the surface velocities, ice thickness
estimates, and y. Monte Carlo simulations were used to quantify how these uncertainties affected the flux
divergences. To estimate velocity uncertainty, we considered statistics for the entire “stack” of ~100-400
velocity products available at each glacier. The surface velocity was assumed to be normally distributed
around the median velocity of each pixel and have a standard deviation according to the normalized
median absolute deviation (NMAD) associated with the stable, off-glacier terrain. For a normal distribution,
the NMAD is equivalent to the standard deviation (Dehecq et al., 2015; Hohle & Hohle, 2009). The
minimum detectable velocity, that is, the velocity below which the glacier was considered to be stagnant,
was assumed to be normally distributed using the median and NMAD associated with the stable,
off-glacier terrain. Additionally, clusters of higher velocities on the glacier tongues, which were an artifact
of the backwasting associated with bare ice cliffs and the expansion/contraction of supraglacial ponds (see
section 4.1), were manually masked prior to the flux divergence calculations and replaced with a velocity
of zero.

The bias associated with the Huss and Farinotti (2012) ice thickness estimates is —21% (interquartile range of
+39%) based on a comparison with in situ ice thickness measurements from a sample of glaciers located
across the globe but outside of the Himalayan region (Farinotti et al., 2017). Initially, the bias and interquartile
range was used to assess the uncertainty; however, adjusting the ice thickness for a 60% underestimation
(the lower end of the interquartile range) produced ice thicknesses exceeding 1,000 m, which were consid-
ered unrealistic for the region (Gades et al., 2000; Somos-Valenzuela et al., 2014). Therefore, the uncertainty
associated with the ice thicknesses assumed a uniform distribution between 0% and —21%. This range
enabled the ice thickness to be corrected for potential underestimations of up to 21% but avoided producing
unrealistic ice thicknesses. For each 600-m box on each glacier, 1,000 Monte Carlo simulations were run to
generate a probability density function of flux divergence.
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3.4. Subdebris Melt

Debris-covered glacier melt was estimated using a 1-D steady state debris-covered glacier energy balance
model (Rounce et al., 2015):

Ry +H+LE+P+Q =0 (4)

where R, is the net radiation flux, H is the sensible heat flux, LE is the latent heat flux, P is the heat flux sup-
plied by rain, and Q. is the ground heat flux (all in W/m). Each of these terms is described in detail by Rounce
etal. (2015). For the ground heat flux, the debris was broken down into 10 layers to model the nonlinear tem-
perature profiles at each time step using the Crank-Nicholson and Newton-Raphson method (Reid & Brock,
2010). The latent heat flux was estimated using the LEg,;, model from Rounce et al. (2015) due to the avail-
ability of precipitation data. This LE model assumes that the surface is saturated when it is raining; otherwise,
LE is assumed to be zero. Additionally, the effect of topography on the incoming shortwave radiation was
accounted for in this study using the 10-m DEM from 2012 for Ngozumpa Glacier and 2015 for Khumbu
and Imja-Lhotse Shar Glaciers, which was then averaged to estimate the incoming shortwave radiation over
each 600-m box for each time step. The effect of shading from surrounding terrain was not included. The
density of ice was assumed to be 900 kg/m. A period of 5 days was used to spin-up the model.

3.5. Meteorological Data

Meteorological data from Pyramid Station (27.959°N, 86.813°E, 5035 m a.s.l, managed by EV-K*-CNR), which
is located off-glacier next to Khumbu Glacier, were used for the debris-covered glacier energy balance
model. The data provided by Pyramid Station were hourly air temperature, relative humidity, wind speed,
precipitation, incoming shortwave radiation, and incoming longwave radiation from 2009 to 2014 between
15 May and 15 October each year (Salerno et al,, 2015). A standard temperature lapse rate of 6.5 °C/km was
applied to spatially extrapolate the air temperature across the glacier, which is well within the range of lapse
rates observed in the Nepal Himalaya, albeit slightly higher than the average (Fujita & Sakai, 2000; Immerzeel
et al., 2014). All other meteorological data were assumed to be constant over the glacier. The time period of
15 May to 15 October was used to estimate the amount of subdebris melt for each summer monsoon
season. Outside of this time period, melt was assumed to be zero, which agrees well with temperature sen-
sors in the debris that indicate the debiris is frozen otherwise (Nicholson & Benn, 2012; Rounce et al., 2015).
Additionally, the climatic mass balance from 15 October to 15 May is assumed to be zero; that is, any sea-
sonal snow that may have accumulated during this period of time is assumed to have melted by 15 May.
Snow depth data from Pyramid Station confirm that this is a reasonable assumption (Figure S2). However,
since the model does not account for snow accumulation/melt, problems may arise with DEMs that are
acquired when there is snow on the ground, which was the case for the 2014 DEM of Ngozumpa Glacier.
The impact of this assumption on the elevation change and model validation is discussed in detail in
section 5.4.

A variety of techniques were used to fill in gaps in the meteorological data. Short temporal gaps (<4 hr) were
linearly interpolated. Data gaps in precipitation were replaced using daily reconstructed data from Salerno
et al. (2015), where precipitation was downsampled to hourly estimates by distributing the precipitation over
times with the highest relative humidity (typically 100%). Data gaps in wind speed data were primarily due to
speeds being below the detectable limit or the instrument being offline. For long data gaps (>1 day), the
instrument was assumed to be offline, so wind speed data from an automatic weather station at Kala
Patthar (27.983 °N, 86.816 °E, 5,545 m a.s.l.) was used in its place. For shorter gaps (<1 day) the wind speed
was assumed to be below the detectable limit and a value of 0 m/s was used. Incoming longwave radiation
data were unavailable after 2012, so 6-hr National Centers for Environmental Prediction/National Center for
Atmospheric Research reanalysis data (Kalnay et al.,, 1996) with the minor modification of reducing the
National Centers for Environmental Prediction/National Center for Atmospheric Research estimate by
29 W/m (Rounce et al., 2015) were linearly interpolated to provide hourly data. Due to a lack of reliable snow
measurements, the model assumes a snow-free surface. This snow-free assumption affects 6% of the data
between 2009 and 2014; that is, the meteorological data suggested that 6% of the time there was snow
on the ground, but we assumed a snow-free surface. These snow measurements primarily occurred during
transition seasons when melt rates are relatively small, so the total impact on the model is assumed to
be negligible.
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Table 2

Summary of the Number of Days in Each Month That Are Missing
Meteorological Data Over the Span of the Study Period (2009-2014)

For other meteorological data that had data gaps greater than 4 hr that
could not be filled using the methods described above, the entire day
was discarded. This affected 18% of the data and as much as 32% for a

Month given year (Table 2). For these missing days, the daily melt was assumed
Year May Jun Jul Aug Sept Oct Total  to be equal to the average daily melt rate for that month. If data for the
2009 5 — — — — — 5 entire month was unavailable (e.g., May 2014), then the average daily melt
2010 3 14 28 - 3 3 50 was assumed to be equal to the average daily melt rate for that month
2011 2 14 1 _ — — 17 over the entire study period.
igg 12 145 ;3 _ _ _ ;Z 3.6. Debris Thickness Estimates
2014 17 = 1 9 6 3 36 The continuity equation shows the relationship between the rate of

Note. The study only includes dates between 15 May and 15 October each

year.

change of glacier thickness (h), climatic-basal mass balance (b>), and flux
divergence (V-q)) (Cogley et al., 2011):

h=b-Vv.q (5)

This study assumes that h is equal to the rate of elevation change. b is assumed to equal the surface mass
balance rate as the basal, and internal mass balance components are assumed to be negligible. Surface accu-
mulation due to surface meltwater refreezing is also assumed to be negligible. Since the climatic mass bal-
ance is assumed to be zero between 15 October and 15 May, and the debris is considered to be snow free
(see section 3.5), the continuity equation is used to estimate the observed subdebris melt rate.

We iteratively solved for the debris thickness by inverting the @strem curve (@strem, 1959) such that the
modeled subdebris melt rate agreed with the observed subdebris melt rate based on the elevation change
and flux divergence for each 600-m box (https://github.com/drounce/Rounce2018JGR). The debris thickness
was assumed to be constant over the course of the study period; that is, the model does not account for the
redistribution of debris. This method of inverting a debris-covered glacier energy balance model to estimate
debris thickness is similar to Ragettli et al. (2015); however, this study includes the ice flux divergence,
accounts for topography, and quantifies uncertainty. Hereon, the method will be referred to as the MC-
@strem inversion method. The debris thickness was iteratively adjusted to the nearest 0.01 m until the
modeled subdebris melt rate agreed with the measured subdebris melt rate (Figure 2). A minimum debris
thickness of 0.02 m was used as this is approximately the critical thickness below which the thin layer of
debris enhances melting compared to clean ice (Kayastha et al., 2000; Mattson et al., 1993; @strem, 1959).
If the measured subdebris melt rate exceeded the modeled melt rate associated with a debris thickness of
0.02 m, the debris thickness was assumed to be 0.02 m. A maximum debris thickness of 5 m was also used
as this is approximately the maximum debris thickness in the region (Nicholson, 2004). If the measured sub-
debris melt rate was less than the modeled subdebris melt rate associated with a debris thickness of 5 m, the
debris thickness was assumed to be 5 m.

Monte Carlo simulations were used to account for the uncertainty associated with the debris properties
(albedo, surface roughness, and thermal conductivity), flux divergence, and elevation change (Figure 2).
The albedo was assumed to have a uniform distribution between 0.1 and 0.4 (Inoue & Yoshida, 1980;
Kayastha et al., 2000; LeJeune et al., 2013; Nicholson & Benn, 2012), the surface roughness was assumed to
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Figure 2. Schematic of the MC-@strem inversion method showing the input (red), method components (black), and debris thickness output (green) along with the
portions of the method that include Monte Carlo simulations (dotted boxes).
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have a uniform distribution between 0.0035 and 0.0600 m (Brock et al.,, 2010; Inoue & Yoshida, 1980; Quincey
et al, 2017; Takeuchi et al., 2000), and the thermal conductivity was assumed to have a uniform distribution
between 047 and 1.62 W - m™" - K~' (Conway & Rasmussen, 2000; Nicholson & Benn, 2012; Rounce et al,,
2015; Rounce & McKinney, 2014). The uncertainties associated with the flux divergence were accounted
for by randomly sampling the probability density function (see section 3.3). The uncertainty associated with
the measured elevation change was accounted for assuming a normal distribution (see section 3.1). For each
600-m box, 1,000 simulations were used to generate a probability density function of debris thickness from
which the median and other statistics were computed.

3.7. Method Calibration and Validation

The time series of DEMs for Ngozumpa Glacier (Table 1) was used to calibrate and validate the debris thick-
ness estimates. Specifically, the debris thickness was calibrated using the MC-@strem inversion method with
the observed subdebris melt rates, that is, the combination of the measured elevation change (section 3.1)
and modeled flux divergence (section 3.3), from 2010 to 2012. This generated a probability density function
of debris thickness for each 600-m box. The method was then validated by comparing the observed subdeb-
ris melt rates from 2012 to 2014 with the modeled subdebris melt rates based on the calibrated debris thick-
ness. The modeled subdebris melt rates from 2012 to 2014 were estimated using 1,000 Monte Carlo
simulations, which accounted for the uncertainty of the calibrated debris thicknesses using the probability
density functions for each box. The uncertainty of the other debris properties (albedo, surface roughness,
and thermal conductivity) and the flux divergence were also included in these Monte Carlo simulations
(section 3.6).

The calibrated debris thickness estimates from 2010 to 2012 were also compared to two sets of existing field
measurements. The first set was made by surveying debris exposed above ice cliffs (Nicholson & Benn, 2012).
Within this set, there were two groups of measurements located 1 (n = 94) and 7 km (n = 124) from the glacier
terminus. The second set was made using ground-penetrating radar (GPR; Nicholson & Mertes, 2017). The
second set was also broken down into two groups located 1 (n = 13,984) and 2.3 km (n = 130,925) from
the glacier terminus. Measurements of debris thickness made by surveying debris exposures above ice cliffs
and GPR constitute the best available ground-truth data as neither is biased toward thinner debris, which is
typically the case for pit measurements.

Observed subdebris melt rates based on elevation change and flux divergence estimates were also used to
estimate the debris thickness for Khumbu and Imja-Lhotse Shar Glaciers. These debris thickness estimates
were compared to existing measurements on Khumbu Glacier (Nakawo et al., 1986) and Imja-Lhotse Shar
Glacier (Rounce & McKinney, 2014).

4. Results
4.1. Horizontal Surface Velocity

The surface velocities on Ngozumpa, Khumbu, and Imja-Lhotse Shar Glaciers show that the maximum velo-
city occurs near the transition from clean ice to debris cover and the velocity decreases toward the terminus
of the glacier (Figure 3). On Ngozumpa Glacier (Figure 3a), the velocity peaks around 140 m/a at the transition
from clean ice to debris cover and becomes relatively stagnant (<5 m/a) around 6.3 km from the glacier
terminus. On Khumbu Glacier (Figure 3b), the velocity peaks beneath the Khumbu icefall around 100 m/a
and decreases downglacier until it begins to stagnate (<5 m/a) around 3.7 km from the terminus. The true
location of the peak velocity for Khumbu Glacier is difficult to identify as there are gaps in surface velocity
over and beneath the Khumbu icefall. The velocity on Imja-Lhotse Shar Glacier (Figure 3c) similarly peaks
around 100 m/a near the transition from clean ice to debris cover on Lhotse Shar Glacier. Lhotse Shar
Glacier appears to be fairly active and its velocity gradually decreases downglacier, while Imja Glacier appears
to stagnate (<5 m/a) around 0.75-1.5 km behind Imja Tsho.

On the tongues of Ngozumpa and Khumbu Glaciers there are clusters of higher velocities (5-15 m/a), which
coincided with the location of ice cliffs and supraglacial ponds (Figure 3). The error associated with the
surface velocity was assessed over stable, off-glacier terrain. The median (tNMAD) velocity magnitude over
stable terrain was 4.4 (+2.1), 4.1 (+2.6), and 5.5 (+3.7) m/a for Ngozumpa, Khumbu, and Imja-Lhotse Shar
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Figure 3. Median surface velocities over (a) Ngozumpa, (b) Khumbu, and (c) Imja-Lhotse Shar Glaciers based on all potential pairs of available high-resolution digital
elevation models (DEMs) from 2010 to 2016. Dashed lines indicate where Ngozumpa and Khumbu Glaciers appear to stagnate. The 2014 lake extent of Imja Tsho has

been removed. Background image is Landsat 8 from 30 September 2015.

Glaciers, respectively. These statistics were used to estimate the minimum velocity in the flux divergence cal-
culations. The uncertainty associated with the velocity at each pixel was estimated using the NMAD.

4.2. Flux Divergence and Vertical Velocity

Horizontal surface velocity and ice thickness estimates were used to estimate the flux divergence for each
600-m box on Ngozumpa, Khumbu, and Imja-Lhotse Shar Glaciers (Figure 4). On the debris-covered portion
of the glacier, the flux divergence was negative, indicating emergence, for all the boxes with the exception of
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Figure 4. Flux divergence for each 600-m box on the main branch of Ngozumpa,
Khumbu, and Imja-Lhotse Shar Glaciers showing the median and normalized
median absolute deviation. Boxes over stagnant portions of the glacier have a flux
divergence of zero. Note that the y axis is inverted such that emergence velocities
are above the dashed line.

the box 11.2 km from the terminus of Ngozumpa Glacier. The positive
flux divergence for this one box was caused by an apparent bottle-
neck in the surface velocity (Figure 3a), which is considered to be an
artifact associated with the surface velocity estimate, since it is highly
unlikely for this area of the ablation zone to have a submergence velo-
city. The negative flux divergence associated with all the other boxes,
hereon referred to as emergence velocity and described as positive
values of emergence, ranged from zero on the stagnant glacier
tongues to a maximum of 4.2 (+0.3), 4.0 (+0.3), and 4.6 (£0.3) m/a
for Ngozumpa, Khumbu, and Imja-Lhotse Shar glaciers, respectively
(parentheses indicate NMAD). In general, the emergence velocity
peaked below the transition from clean ice to debris cover and then
steadily decreased downglacier until the glacier became stagnant.
For Ngozumpa and Khumbu Glaciers, the maximum emergence velo-
city was located around 1 km below the transition from clean ice to
debris cover. The emergence velocities beneath the Khumbu icefall
(6.7-8.4 km from the terminus) ranged from 0.8 to 4.3 m/a, which
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Figure 5. (a) Elevation change on Ngozumpa Glacier from 2010 to 2012, (b) a box-and-whisker plot showing the distribution of debris thickness estimates within
each box as a function of distance from the glacier terminus for the MC-@strem inversion method both including (gray) and excluding (black) supraglacial ponds
and ice cliffs, and box plots showing (c) the percent of the total area in each box that is ponds and cliffs (Watson et al., 2017) and (d) the median flux divergence. The
whiskers denote the 95% confidence bounds. Black points along the glacier centerline indicate the center of the 600-m boxes.

are similar to the emergence velocity of 5.1 m/a estimated by Nuimura et al. (2011) for a similar area.

4.3. Ngozumpa Glacier

4.3.1. Debris Thickness Calibration

The inverse ablation gradient typical of debris-covered glaciers, that is, an increase in surface lowering upgla-
cier where the debris cover is thinner, is clearly evident on Ngozumpa Glacier (Figure 5a). Local variability in
surface lowering can be seen in boxes over the high-velocity regions of the glacier (Figure 3), where the
advection of local glacier surface topography caused alternating positive and negative elevation differences.
Local maxima in surface lowering are evident over much of the stagnant part of the main glacier tongue
where ice cliffs and supraglacial ponds were present.

Debris thicknesses required to model the observed subdebris melt, that is, the combination of elevation
change and flux divergence, vary by an order of magnitude over the ablation zone and show a general trend
of the debiris thickness decreasing upglacier (Figure 5b). The one exception is the box located 11.2 km from
the terminus, which is considered to be an artifact of the flux divergence calculations (see section 4.2). The
maximum box-wide median debris thickness of 2.29 m was located at the terminus, and the median debris
thickness gradually decreased to less than 0.20 m beyond 9.9 km from the terminus (Figure 5b). The confi-
dence interval associated with the thicker debris near the terminus was much wider because small
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Figure 6. (a) Elevation change on Ngozumpa Glacier from 2012 to 2014, (b) a box-and-whisker plot showing the distribution of measured surface lowering (gray) and
modeled surface lowering (black) for each box, and box plots of the (c) median flux divergence (m/a; light gray) and (d) median debris thickness (m; dark gray). The
whiskers denote the 95% confidence bounds. Black points along the glacier centerline indicate the center of the 600-m boxes.

changes in thick debris (>0.5 m) do not alter the modeled subdebris melt rate as much as the equivalent
changes for thinner debris (<0.5 m). Therefore, when the Monte Carlo simulations altered the observed
subdebris melt rate based on the uncertainty associated with the elevation change and flux divergence,
the adjustments in debris thickness required for the modeled subdebris melt rate to agree are larger in
boxes where the debiris is thick.

A comparison of debris thickness estimates derived from including and excluding ice cliffs and supraglacial
ponds illustrates the mixed pixel effect or “mixed box” effect as it is referred to in this study (Figure 5b). The
mixed box effect is a function of the debris thickness and the prevalence of ponds and cliffs, that is, at the
terminus of the glacier the median debris thickness is 0.79 m thinner due to the prevalence of cliffs and ponds
(22% of glacier surface area in the box) and the thick debris (median of 2.29 m). However, further upglacier
(>6 km from the terminus), ponds, and cliffs are still prevalent, yet the mixed pixel effect only slightly reduces
the debris thickness because the debris is much thinner (<0.5 m). The relationship between debris thickness,
ice cliff, and supraglacial pond density, and surface lowering was also observed by Thompson et al. (2016)
and Watson et al. (2017).

4.3.2. Debris Thickness Validation

The calibrated debris thicknesses and emergence velocities were used to estimate the elevation change from
2012 to 2014 and were compared to the measured elevation change of each box in order to assess the
performance of the MC-@strem inversion method. The calibrated debris thicknesses derived from including
the surface lowering of ice cliffs and supraglacial ponds was used in order to reduce the errors associated
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2017") (@) 7 km, (b) 2.3 km, and (c) 1 km from the terminus.

with spatial and temporal changes in the areal extent of cliffs and ponds.
Figure 6 shows the modeled surface lowering, that is, negative elevation
change, increases upglacier due to the decreasing debris thickness. For
24 of the 28 boxes, the 95% confidence interval of the measured surface
lowering rates was contained within the 95% confidence interval of the
modeled surface lowering rates (Figure 6b). A Wilcoxon rank sum test
revealed that the median modeled and measured surface lowering rates
for 3 of the 28 boxes (4.4, 5.6, and 6.9 km from the terminus) are not
significantly different (a = 5%), while the other 25 boxes rejected the null
hypothesis of having equal medians.

For the lower 11 km of the glacier, that is, the area located beneath the
junction of the two branches from Cho Oyu and Gyachung Kang, the
median absolute difference between the median measured and modeled
surface lowering rates was 0.13 m/a, while above this junction the median
difference was 0.56 m/a. With the exception of the second box located
0.9 km from the terminus, the greatest difference between the median
measured and modeled surface lowering rates coincided with the boxes
with the largest flux divergences. These boxes also had the widest 95%
confidence intervals, which were approximately three times wider than
boxes on the stagnant portion of the glacier.

For all the boxes, the confidence intervals of the modeled elevation
change were significantly larger than those of the measured elevation
change (Figure 6b). The wider confidence intervals were a result of the
MC-@strem inversion method accounting for the uncertainty associated
with the debris properties (debris thickness, albedo, surface roughness,
and thermal conductivity) and flux divergence. Hence, the difference in
confidence intervals highlights the importance of advancing our under-
standing of the debris properties and glacier dynamics in order to improve
our ability to forecast glacier melt in the future.

The performance of the MC-@strem inversion method was also assessed
by comparing the debris thicknesses derived by excluding the supragla-
cial ponds and ice cliffs with in situ debris thickness measurements from
Ngozumpa Glacier (Nicholson & Benn, 2012; Nicholson & Mertes, 2017).
Both the calibrated and measured debris thicknesses show the debris
thickness decreases upglacier (Figure 7). Around 7 km from the terminus
(Figure 7a), the mean (tstandard deviation)-calibrated debris thickness
was 0.35 m (£0.21 m) compared to the measured thickness of 0.59 m
(£0.50 m). Around 2.3 km from the terminus (Figure 7b), the mean-
calibrated debris thickness was 1.48 m (£0.88 m) compared to the
measured thickness of 1.95 m (£1.27 m). Around 1 km from the terminus
(Figure 7c), the mean-calibrated debris thickness was 1.76 m (+1.09 m)
compared to the measured thicknesses of 1.80 m (£1.21 m) and 3.3 m
(£1.19 m) based on surveying and GPR, respectively. These results
suggest that the debris thickness estimates from the MC-@strem inver-
sion method agree well with in situ measurements, especially when
one considers that the different methods used to measure debris thick-

ness yielded significantly different distributions as well. The range of the debris thickness estimates also
appears to capture the natural variability of the measured debris thickness, which further supports the per-
formance of the MC-@strem inversion method.

4.4. Khumbu Glacier

Debiris thickness on Khumbu Glacier was estimated from the flux divergence and elevation change between
2009 and 2015 (Table 1). The inverse ablation gradient described for Ngozumpa Glacier was also evident on
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Figure 8. (a) Elevation change on Khumbu Glacier from 2009 to 2015, (b) a box-and-whisker plot showing the distribution of debris thickness estimates within each
box as a function of distance from the glacier terminus for the MC-@strem inversion method both excluding (black) and including (gray) supraglacial ponds

and ice cliffs, and box plots showing (c) the percent of the total area in each box that is ponds and cliffs (Watson et al., 2017) and (d) the median flux divergence. The
whiskers denote the 95% confidence bounds. Black points along the glacier centerline indicate the center of the 600-m boxes.

Khumbu Glacier (Figure 8a). Localized surface lowering was pervasive over the lowermost 3-4 km of the
glacier, where ice cliffs and supraglacial ponds were present. On the western side of the glacier beneath
the Khumbu icefall, the glacier has experienced relatively little mass loss likely due to the significant flux
divergence in this area (Figure 8a). Bolch et al. (2011) also found that this area had very little elevation
change over a much longer time period (1970-2007).

The MC-@strem inversion debris thicknesses reflect the spatial variations in elevation change and flux diver-
gence (Figure 5b) with a clear trend of the debris thickness decreasing upglacier. The one exception was the
box located immediately below the Khumbu icefall 8.4 km from the terminus, which should be much thinner
(Nakawo et al.,, 1986; Rounce & McKinney, 2014). The uncharacteristically thick debris in this box is considered
to be an artifact of the flux divergence calculations (Figure 5d) due to a lack of surface velocities upglacier of
this box and potential errors regarding the glacier thickness.

The maximum box-wide median debris thickness of 1.89 m was located at the terminus of the glacier, and the
median debiris thickness gradually decreased to less than 0.20 m beyond 3.4 km from the terminus (Figure 8b).
Similar to Ngozumpa Glacier, the confidence interval associated with the thicker debris near the terminus was
much wider than the thinner debris upglacier. These debris thickness estimates were compared to Nakawo
et al. (1986), which produced a debris thickness map based on 50 measurements on the Khumbu Glacier in
1980. The maximum debris thickness of 1.89 m agrees well with their maximum of ~2 m, and both show
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Figure 9. (a) Elevation change on Imja-Lhotse Shar Glacier from 2009 to 2015, (b) a box-and-whisker plot showing the distribution of debris thickness estimates
within each box as a function of distance from the glacier terminus for the MC-@strem inversion method both excluding (black) and including (gray)

supraglacial ponds and ice cliffs, and box plots showing (c) the percent of the total area in each box that is ponds and cliffs (Watson et al., 2017), (d) the median flux
divergence, and (e) a comparison of measured and estimated debris thickness. The whiskers denote the 95% confidence bounds. Black points along the glacier
centerline indicate the center of the 600-m boxes.

that the debris thickness decreases exponentially upglacier to less than 0.5 m. The major difference occurs 2-
6 km from the terminus, where Nakawo et al. (1986) observed thick debris (>0.5 m), while the MC-@strem
inversion method estimates the median debris thickness to range from 0.09 to 0.34 m.

The debris thicknesses derived by excluding and including supraglacial ponds and ice cliffs show that for the
thick debris located within 2 km of the terminus the mixed box effect reduces the median debris thickness by
0.10-0.80 m. Further upglacier where the debris thickness is less than 0.5 m, the mixed box effect reduces the
median debris thickness by less than 0.05 m.

4.5. Imja-Lhotse Shar Glacier

Debris thickness on Imja-Lhotse Shar Glacier was also estimated from flux divergences and elevation changes
from 2009 to 2015 (Table 1). The elevation change showed that the glacier has experienced significant mass
loss at its glacier terminus due to the expansion of Imja Tsho (Figure 9a). Upglacier from the terminus, loca-
lized surface lowering from ice cliffs and supraglacial ponds was prevalent and Lhotse Shar Glacier appeared
to have more surface lowering than Imja Glacier. Additionally, areas of alternating positive and negative
elevation change were apparent on Lhotse Shar Glacier but not on Imja Glacier. These areas were likely
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caused by the advection of local glacier surface topography, which is consistent with the differences in sur-
face velocities between the two branches (Figure 3c). Similar to Khumbu Glacier, the areas near the transition
from debris-covered to clean ice appeared to experience less elevation change.

The box-wide debris thickness estimates on Imja-Lhotse Shar Glacier varied from a maximum median of
0.84 m located on Lhotse Shar Glacier to a minimum of 0.20 and 0.03 m for Imja and Lhotse Shar Glaciers,
respectively (Figure 9b). The debris thickness appeared to decrease upglacier; however, the trend was not
as prevalent as it was on Ngozumpa and Khumbu Glaciers likely because the thicker debris that would
normally be located at the terminus of the glacier has been removed by the expansion of Imja Tsho. The
mixed box effect was also less prevalent on Imja-Lhotse Shar Glacier with a maximum reduction in median
debris thickness of 0.05 m, which was likely due to the generally thinner debris on the glacier. The estimated
median (NMAD) debris thickness of the box located behind the calving front was 0.29 (+0.13 m) compared
to 0.54 m (£0.36 m) measured by Rounce and McKinney (2014; Figure 9c).

5. Discussion
5.1. Modeled Debris Thickness

The debris thickness estimates derived using the MC-@strem inversion method agreed well with existing
measurements on Ngozumpa Glacier (Figure 7). A comparison of modeled and measured elevation change
during the validation period (2012-2014) also revealed that the modeled 95% confidence interval captured
the measured 95% confidence interval in 24 of the 28 boxes (Figure 6b). The combination of in situ debris
thickness measurements and elevation change data to assess the method’s performance is a major improve-
ment as it leverages the spatially continuous elevation data to validate estimates over the entire glacier while
ensuring that debris thickness estimates are reasonable and not an artifact of the energy balance model. This
dual means of validation is particularly important when one considers that typically only a limited number of
debris thickness measurements are available over a small area of the glacier and these measurements can
vary by an order of magnitude (Figure 7c). To the authors’ knowledge, this is the first time that debris thick-
ness estimates have been properly validated with independent data sets over an entire glacier.

The MC-@strem inversion method also creates a step-change in our ability to estimate debris thickness as it is
able to estimate thicker debris (>0.5 m) and uses Monte Carlo simulations to quantify the uncertainties asso-
ciated with the debris properties, flux divergences, and elevation changes. For example, on Ngozumpa and
Khumbu Glaciers, the maximum box-wide median debris thickness was 2.29 and 1.88 m, respectively, com-
pared to thermal approaches, which estimated the median debris thickness to be 0.27 and 0.34 m, respec-
tively (Rounce & McKinney, 2014). Interestingly, the uncertainty associated with the debris thickness
estimates is a function of the debris thickness such that thinner debris had narrower 95% confidence intervals
(Figure S3). This occurs because a small change in debris thickness for thinner debris (<0.5 m) can greatly
alter the subdebris melt rate, while thicker debris requires a greater change in debris thickness in order to
alter the subdebris melt rate to the same extent. Figure 7 shows the range of debris thickness estimates
appears to capture the natural variations in measured debris thickness, although more detailed investiga-
tions are needed to determine if this is simply a coincidence or actually a reflection of the uncertainties of
the debris properties being properly accounted for.

5.2. Mixed Box Effect

Debris thickness was estimated using elevation change data that both included and excluded surface lower-
ing associated with ice cliffs and supraglacial ponds in order to quantify the mixed box effect. For thermal
approaches, the mixed pixel effect refers to pixels comprising debiris, ice cliffs, and supraglacial ponds, which
ultimately reduces the surface temperature of the pixel and causes the debris thickness to be underesti-
mated. In this study, each 600-m box included debris, cliffs, and ponds. The melt associated with cliffs and
ponds is greater than the melt beneath debris, so the inclusion of cliffs and ponds causes the observed
surface lowering to be greater. This study found that for boxes where cliffs and ponds comprised at least
5% of the area, there was a clear relationship between debris thickness and the mixed box effect
(Figures 5b, 8b, and 9b). Specifically, as the debris thickness increased, the impact of the mixed box effect
increased. This relationship was expected since the difference in melt rates associated with cliffs and ponds
versus debris thickness increases as the debris thickness increases. For thicker debris (>0.5 m), the reduction
in median debris thickness due to the mixed box effect ranged from 0.1 to 0.8 m compared to thinner debris
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Climatic-basal mass balance rate

(<0.5 m), which was reduced by less than 0.1 m. This suggests that the

¢ Ngozumpa mixed box effect has less of an impact on thinner debris. However, it is
EKhumbu important to consider that any reductions in debris thickness for thin deb-
A Imja-Lhotse Shar ris could significantly increase the subdebris melt rates, since thin debris is

located on the steepest part of the @strem curve (Figure 10).

The decision to include or exclude cliffs and ponds from the debris thick-
ness estimates should be made based on the intended application of
the estimates. In this study, the debris thickness estimates excluding cliffs
and ponds were used to compare with in situ measurements in order to
reduce the errors associated with the mixed box effect. On the other hand,
the estimates that included cliffs and ponds were used for the validation in
order to reduce the errors associated with the temporal and spatial
changes in cliffs and ponds. Recent studies have found that the areal
extent of cliffs and ponds can have significant temporal and spatial varia-

0

rate and debris thickness for Ngozumpa, Khumbu, and Imja-Lhotse Shar

Glaciers.

Table 3

0.5 1
Debris thickness (Ill) coverage peaks at the onset of the monsoon and then gradually decreases

as they drain during the monsoon and freeze during the winter. Hence, if a
Figure 10. Relationship between the modeled climatic-basal mass balance  winter image was used to determine the areal extent of cliffs and ponds

T S—" tions depending on the year and/or the season (Miles et al., 2017; Watson
1.5 2 25 et al, 2016, 2017). Miles et al. (2017) found that the percentage of pond

that would be masked from the debris thickness estimates, then their
actual areal extent may be underestimated. Since most of the images used
in this study were from the winter (Table 1), the areal extents associated with cliffs and ponds for each glacier
from Watson et al. (2017) were used to mask the cliffs and ponds. Additionally, the advection of active por-
tions of the glaciers can substantially alter the spatial distribution of ice cliffs, so caution should be used when
masking cliffs and ponds over active areas.

The spatial and temporal changes associated with cliffs and ponds suggest that there is a balance between
using elevation changes associated with a longer period of time and the impact of the mixed box effect.
Specifically, a longer time series would be better suited to capture long-term trends in mass balance and
likely reduce errors associated with poor meteorological data (e.g., data gaps). However, a longer time series
will also make it more difficult to mask out cliffs and ponds, thereby increasing the chances of the mixed box
effect impacting the debris thickness estimates.

5.3. Debris Properties and Uncertainties

Monte Carlo simulations were used to incorporate uncertainties associated with the albedo, surface rough-
ness, thermal conductivity, flux divergence, and elevation change into the debris thickness estimates.
Specifically, the R? value (coefficient of determination) associated with each source of uncertainty and the
debris thickness for each box on each glacier was computed (n = 1,000). The p values associated with the
R? values were all less than 0.01 indicating that the linear regressions were significant at this level. Table 3
shows the mean values of R? associated with all the boxes for each glacier. The trends are roughly the same
for each glacier with the thermal conductivity having the highest 82 value of 0.39-0.55 indicating that the
uncertainty associated with the thermal conductivity contributes the most to the uncertainty associated with
the debris thickness estimates. For Ngozumpa and Khumbu Glaciers, the errors associated with the elevation
change had the second highest R? values (0.14-0.19, respectively), while for Imja-Lhotse Shar Glacier, the

R? Values Showing the Relationship Between Debris Thickness and Sources of Uncertainty (Debris Properties, Elevation Change, and Flux Divergence)

R? values, mean (standard deviation)

Glacier Albedo Surface roughness Thermal conductivity Elevation change Flux divergence
Ngozumpa 0.11 (0.08) 0.06 (0.03) 0.47 (0.17) 0.19 (0.15) 0.11 (0.11)
Khumbu 0.10 (0.06) 0.10 (0.03) 0.55 (0.14) 0.14 (0.15) 0.09 (0.08)
Imja-Lhotse Shar 0.07 (0.06) 0.12 (0.04) 0.39 (0.12) 0.11 (0.07) 0.18 (0.10)

Note. The p values were all less than 0.01 indicating that they are significant at this level.
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error associated with the flux divergence had the second highest R? value. The R? values associated with the
other parameters were similar indicating that the uncertainty associated with each parameter influenced the
debris thickness estimates to a similar extent.

The distributions used in the Monte Carlo simulations were based on existing in situ measurements of surface
properties (section 3.4), the error associated with the elevation change (section 3.1), and the uncertainty of
the flux divergence (section 3.3). Therefore, the R? values reflect the sensitivity of the debris thickness
estimates to each parameter, which can provide guidance for future work. Specifically, the most important
parameter for debris thickness estimates is thermal conductivity, which displays significant variations
(047-1.62 W -m™" - K™"). Foster et al. (2012) suggested that this range of uncertainty was due to measure-
ment errors and unrealistic assumptions and used a single value of thermal conductivity based on field
measurements by Brock et al. (2010). Brock et al. (2010) derived thermal conductivity from glacier melt and
debris temperatures and measured a narrower range of thermal conductivity (0.71-1.37 W - m~' K.
Future studies should investigate this alternative approach for measuring thermal conductivity and compare
these estimates to those of Conway and Rasmussen (2000). This exercise will help determine if the uncer-
tainty associated with the thermal conductivity can be reduced, which would significantly reduce the uncer-
tainty associated with the debris thickness estimates.

The elevation change was the only parameter that showed a clear linear relationship (R* > 0.8) between
debris thickness and the R? value for each box (Figure S4). For the thicker debris (>0.5 m) on Ngozumpa
and Khumbu Glaciers, the mean R? value was 0.35 and 0.31, respectively. This suggests that the uncertainty
associated with thicker debris could be reduced by lowering the errors associated with the elevation change
estimates, for example, by using DEMs that span a longer period of time. On the other hand, for thinner debris
(<0.5 m), the low R? values suggest that the debris thickness estimates are not as sensitive to uncertainty in
the elevation changes, which is likely because a small change in debris thickness is able to account for any
changes in the surface lowering as described in section 5.1.

The same reasoning explains the low R? values associated with the flux divergence; that is, the active portion
of the glacier that had nonnegligible flux divergences was located further upglacier, where the debris thick-
ness is known to be thinner. Therefore, a small change in debris thickness was able to compensate for
changes in the flux divergence. Despite the low R? values, the flux divergence is known to have a large impact
on the debris thickness estimates. For example, the box located 11.2 km from the terminus of Ngozumpa
(Figure 5) had an unrealistically high debris thickness due to the positive flux divergence. Similarly, the box
located 8.4 km from the terminus of Khumbu Glacier had an unrealistically high debris thickness (Figure 8)
due to the low estimate of flux divergence that resulted from the surface velocities upglacier of this box being
poorly resolved (Figure 3). These two examples illustrate that the flux divergence needs to be properly
accounted for in order for the MC-@strem inversion method to produce realistic debris thicknesses.

A sensitivity analysis determined that allowing vy, the ratio of the mean velocity of ice to the surface velocity,
to range from 0.8 to 1.0 by assuming a uniform distribution in the Monte Carlo simulations increased the flux
divergence estimates by 5-14%. Given the limited impact that small changes in flux divergence has on the
debris thickness as described above, variations in y can be considered minimal. Nonetheless, future work
should seek to quantify the influence of basal sliding. Additionally, these simple approaches for estimating
flux divergence should be compared to physically based dynamic models and/or field measurements in
order to more accurately quantify the uncertainty associated with the flux divergence.

5.4. Additional Sources of Uncertainty

Additional sources of uncertainty include assumptions related to the timing of the melt period and gaps in
the meteorological data. We assume that the uncertainty associated with filling in the gaps in the meteoro-
logical data is negligible compared to the large sources of uncertainty associated with the debris properties,
flux divergence, and elevation change. Regarding the timing of the melt period, the 15 May to 15 October
was selected based on existing in situ measurements of the temperature in debris. In the absence of addi-
tional information, this is considered a reasonable assumption. The subdebris melt rates at the start and
end of the monsoon season are lower than those during the peak of the monsoon, which also suggests that
any variations in the start and end dates will not have as large of an impact on the melt rates. Future work
should seek to measure the temperature in the debris to quantify the timing of the monsoon more accurately
and measure the difference in summer and winter subdebris melt rates.
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The last source of uncertainty that should be considered is any factor that influences the accuracy of the
elevation change data. These include, but are not limited to, accounting for the snow depth that was on
the surface when the DEM was acquired and/or the influence of subglacial drainage system. The 2010
GeoEye-1 stereo image (Table 1) was acquired during the start of the monsoon season in June when
meltwater input and routing through and beneath the glacier is at its greatest (Benn et al.,, 2017). A number
of studies have shown that the development of an efficient, channelized subglacial drainage system can
cause glacier surface uplift (e.g., Bartholomaus et al., 2011). This process may have led to an increase in
surface elevations during the 2010 GeoEye-1 scene acquisition, which would have increased the surface
lowering rates compared to later observations.

On the other hand, the 2014 GeoEye-1 stereo image (Table 1) was acquired days after Cyclone Hudhud, which
caused the entire glacier and surrounding area to be snow covered. The snow depth at Pyramid Station at
this time was ~0.1 m (Figure S2). This snow depth is well within the errors associated with the elevation
change, which ranged from 0.2 to 0.5 m. Additionally, no adjustments were made to the 2014 DEM prior
to the coregistration, so the coregistration inherently removed the mean snow depth associated with the
stable, off-glacier terrain. It is possible that the snow depth was heterogeneous over the glacier, but these
variations would be smoothed out when the elevation change estimates were aggregated into boxes.
Therefore, the uncertainty associated with the snow depth from Cyclone Hudhud is considered to be mini-
mal. The debris-covered portion of the other DEMs (Table 1) appeared to be free of snow. Ideally snow-free
DEMs would be acquired during the same time of year to reduce the errors previously described.
Alternatively, a time series of DEMs could be used to estimate the general trend in surface lowering, which
would remove any effect that seasonality would have on the elevation change.

5.5. Broader Application

As described in section 5.1, the MC-@strem inversion method was able to accurately estimate the debris
thickness on Ngozumpa, Khumbu, and Imja-Lhotse Shar Glaciers. These accurate estimations of debris thick-
ness are vital for understanding the past, present, and future evolution of debris-covered glaciers. The meth-
od’s ability to estimate thicker debris (>0.5 m) is particularly important since debris thickness at the terminus
of debris-covered glaciers commonly exceeds 0.5 m in the Himalayas (e.g., McCarthy et al., 2017; Ragettli et al.,
2015). These areas of thick debris can significantly alter melt rates as the melt associated with 1T m of debris
cover is ~50% less than the melt associated with 0.5 m of debris (Figure 10). One of the limiting factors for
applying the MC-@strem inversion method over broader regions is the lack of flux divergence data. The flux
divergences were difficult to estimate in areas where the surface velocity may have been poorly resolved (see
section 3.3). In these cases, the thermal approach may be a suitable alternative, since the debris thickness in
these areas is thinner (<0.5 m) and the thermal approach is not affected by glacier dynamics.

For regional debris thickness estimates, a simplified method may be preferable since the MC-@strem inver-
sion method requires a series of high-resolution DEMs and meteorological data. Figure 10 shows the relation-
ship between the median debris thickness and the modeled climatic-basal mass balance rate for Ngozumpa,
Khumbu, and Imja-Lhotse Shar Glaciers. Despite some variations due to the effects of altitude and topogra-
phy, there is a strong power law trend (R*> = 0.98). Specifically, the median debris thickness (d) can be

estimated from the climatic-basal mass balance rate (b) as

d = 0.300- (b)q'm 6)

The 95% confidence bounds can be used to account for the uncertainty associated with the debris
properties as

N\ —1.157

dossijow = O.125~(b> -
N\ —1.431

dos9; high = 0.699-(b> ®)

With these empirical relationships, median debris thickness and the corresponding 95% confidence bounds
can be estimated from a pair of DEMs, ice thickness estimates, and surface velocity data. However, the
relationship between climatic-basal mass balance rate and debris thickness should be investigated in detail
in other regions to determine its broader applicability.
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6. Conclusions

We developed a novel method (MC-@strem inversion) for estimating debris thickness on debris-covered
glaciers in the Everest region from elevation change and flux divergence estimates. The method was
calibrated and validated for Ngozumpa Glacier using DEMs from 2010 to 2012 and 2012 to 2014. The cali-
brated debris thickness estimates on Ngozumpa Glacier decreased upglacier and agreed well with existing
in situ measurements. The debris thickness estimates were derived by both including and excluding ice cliffs
and supraglacial ponds, which found that the mixed box effect can reduce debris thickness by up to 0.8 m
over the thickest parts of the glacier. The method was also applied to Khumbu and Imja-Lhotse Shar
Glaciers to highlight its regional application.

The comparison of measured and modeled elevation change from 2012 to 2014 on Ngozumpa Glacier
showed that the method performed well over both active and stagnant portions of the glacier. The modeled
elevation change accounts for the uncertainty associated with the debris thickness estimates, debris proper-
ties, and flux divergence, which are much larger than the errors associated with the measured elevation
change. The primary source of uncertainty for the calibrated debris thickness estimates was the
thermal conductivity.

To the authors’ knowledge, this is the first time that debris thickness estimates have been properly validated
over an entire glacier using multiple, independent sets of data. The method’s ability to accurately estimate
thicker debris (>0.5 m) is a major improvement over previous approaches and creates a step-change in
our ability to model the past, present, and future evolution of debris-covered glaciers. Future work should
assess the performance of the MC-@strem inversion method in other regions to determine its
broader applicability.
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