The Cryosphere, 8, 1311329 2014
www.the-cryosphere.net/8/1317/2014/
doi:10.5194/tc-8-1317-2014

© Author(s) 2014. CC Attribution 3.0 License.

Debris thickness of glaciers in the Everest area (Nepal Himalaya)
derived from satellite imagery using a nonlinear energy balance
model

D. R. Rounce and D. C. McKinney
Center for Research in Water Resources, University of Texas at Austin, Austin, Texas, USA

Correspondence td. R. Rounce (david.rounce@utexas.edu)

Received: 29 December 2013 — Published in The Cryosphere Discuss.: 27 January 2014
Revised: 28 April 2014 — Accepted: 11 June 2014 — Published: 23 July 2014

Abstract. Debris thickness is an important characteristic 1 Introduction

of debris-covered glaciers in the Everest region of the Hi-

malayas. The debris thickness controls the melt rates of th®ebris-covered glaciers are common in the Everest area
glaciers, which has large implications for hydrologic mod- of the Himalayas. The debris cover has a large impact on
els, the glaciers’ response to climate change, and the dehe sub-debris ablation rate and hence the evolution of the
velopment of glacial lakes. Despite its importance, thereglacier. A thin debris layer may enhance ablation by reducing
is little knowledge of how the debris thickness varies overthe albedo, causing the surface to absorb more radiation com-
these glaciers. This paper uses an energy balance modphred to clean ice, while a thicker debris layer will insulate
in conjunction with Landsat7 Enhanced Thematic Mapperthe glacier, causing the ablation rate to decrease. The critical
Plus (ETM+) satellite imagery to derive thermal resistances, thickness at which the debris cover reduces ablation is around
which are the debris thickness divided by the thermal con-2cm (Ostrem, 1959; Mattson et al., 1993; Kayastha et al.,
ductivity. Model results are reported in terms of debris thick- 2000). Field studies have supported these results, showing
ness using an effective thermal conductivity derived fromthat beyond this critical thickness, the melt rate greatly de-
field data. The developed model accounts for the nonlin-creases (Nakawo and Young, 1981; Conway and Rasmussen,
ear temperature gradient in the debris cover to derive rea2000; Nicholson and Benn, 2006; Reid and Brock, 2010;
sonable debris thicknesses. Fieldwork performed on Imja-Reid et al., 2012). The role that debris cover has on the evo-
Lhotse Shar Glacier in September 2013 was used to compadetion of glaciers in the Everest area is summarized well by
to the modeled debris thicknesses. Results indicate that adenn et al. (2012). In short, the debris cover increases to-
counting for the nonlinear temperature gradient is crucial.wards the tongue of the glacier, where the slopes are gentler.
Furthermore, correcting the incoming shortwave radiationThe spatial variation of debris cover causes the ablation to be
term for the effects of topography and resampling to the respredominately concentrated in areas of thinner debris behind
olution of the thermal band’s pixel is imperative to deriving the tongue of the glacier. The differential melting causes the
reasonable debris thicknesses. Since the topographic corretangue of the glacier to become stagnant and promotes the
tion is important, the model will improve with the quality development of supraglacial lakes.

of the digital elevation model (DEM). The main limitation ~ The sub-debris ablation rate is controlled by the debris
of this work is the poor resolution (60 m) of the satellite’s thickness, the thermal properties of the debris, and meteo-
thermal band. The derived debris thicknesses are reasonabtelogical conditions. The debris thickness may be measured
at this resolution, but trends related to slope and aspect arBy surveying exposed ice faces (Nicholson and Benn, 2012)
unable to be modeled on a finer scale. Nonetheless, the studyr via manual excavation (Reid et al., 2012). Surveying ex-
finds this model derives reasonable debris thicknesses on thisosed ice faces greatly reduces the amount of labor involved
scale and was applied to other debris-covered glaciers in then measuring the debris thickness, but it may not be repre-
Everest region. sentative of the entire glacier and is limited to regions with
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significant differential melting. Due to the labor-intensive et al. (2011) did not address the low values of thermal re-
nature of this work, few other surveys of debris thicknesssistances, but did attribute the small disagreement between
have been performed in the Everest area (Nakawo et almodeled and observed melt rates to the unknown variations
1986). The thermal property associated with describing than meteorological conditions caused by altitude, aspect, and
debris cover is the effective thermal conductivity. Studiesshading in different areas, as well as the unknown nature of
have found the thermal conductivity of debris cover in the water content in the debris. The mixed-pixel effect and the
Khumbu to range from 0.85 to 1.29WthK~! (Conway  spatial variation in meteorological conditions may reduce the
and Rasmussen, 2000; Nicholson and Benn, 2012). The wahermal resistances, but it is unlikely to cause the satellite-
ter content and lithology of the debris cover may partly ex- derived thermal resistances to be 1 or 2 orders of a magnitude
plain the variation in thermal conductivity as the water con- lower than those found in the field.
tent will change the effective thermal conductivity of the de-  Foster et al. (2012) is the first study, to the authors’ knowl-
bris (Nicholson and Benn, 2006) and the lithology will in- edge, that accurately derives debris thickness from satellite
fluence the bulk volumetric heat capacity, which is used toimagery. The model uses a digital elevation model (DEM)
derive the thermal conductivity (Nicholson and Benn, 2012).generated from an airborne lidar survey and compares the

In addition to the properties of the debris cover, the mete-results of a sloped model, which accounts for variations in
orological conditions will affect the sub-debris ablation rate. topography, and a flat model. The sloped model resulted in
The net solar radiation has been found to be the main sourcthicker debris areas when compared to the flat model, but
of energy responsible for ablation on debris-covered glacierslso identified some pixels as having unrealistically high or
(Inoue and Yoshida, 1980; Kayastha et al., 2000; Takeuchihegative debris thicknesses. These errors occurred in pixels
et al., 2000); however, the turbulent heat fluxes are still sig-with steep slopes and high surface temperatures and were re-
nificant (Brock et al., 2010). Many studies have modeled theplaced with the values from the flat model. Unfortunately,
energy balance on debris-covered glaciers with varying levthe model is difficult to transfer to other glaciers because a
els of success (Nakawo and Young, 1982; Nakawo et al.great deal of site-specific data were used. Their modifica-
1999; Han et al., 2006; Nicholson and Benn, 2006; Mihal-tions to their energy balance include the addition of a heat
cea et al., 2008b; Reid and Brock, 2010; Reid et al., 2012 storage term that is a fraction of the ground heat flux and an
LeJeune et al., 2013). These models integrate meteorologiempirical relationship between the surface temperature and
cal data from automatic weather stations with knowledge ofair temperature. The relationship between the surface and air
the debris cover to solve for the surface temperature of theaemperature was used to reduce the values of sensible heat
debris, which may then be used to calculate the sub-debriflux, since initial results using an instability correction were
ablation rates. These models are limited by their knowledgdound to be unrealistically high.
of how the debris cover varies over the glacier, or they require  We report a method for deriving the debris thickness of
a great deal of site-specific information. debris-covered glaciers using an energy balance model with

This has led other studies to use satellite imagery to derivd.andsat7 Enhanced Thematic Mapper Plus (EA)Matellite
the properties of the debris cover. These studies use surfadgmagery and apply the method in the Everest region of Nepal.
temperature data from satellite imagery in conjunction with The performance of various models is assessed via compari-
an energy balance model to solve for the thermal resistanceson with field data. First, the use of an approximation factor
which is the debris thickness divided by the thermal conduc-that accounts for the nonlinear temperature gradient of the
tivity (Nakawo and Rana, 1999; Nakawo et al., 1999; Suzukidebris cover is investigated. This simple nonlinear energy
et al., 2007; Zhang et al., 2011). If the thermal conductivity balance model is then used to compare a flat model with a
of the debris is known, the model can solve directly for de- sloped model, which accounts for the variations in topogra-
bris thickness (Foster et al., 2012). Mihalcea et al. (2008a)phy. The affect of the quality of the DEM is then explored by
used a different approach by deriving debris thickness fromcomparing DEMs of different resolutions. Lastly, the model
linear relationships between surface temperature and debris applied to other glaciers in the Everest region.
thickness for different elevation bands.

One problem associated with the studies that solved for
the thermal resistance is that, while the spatial distribu-2 pData
tion of thermal resistances typically agreed well, the ac-
tual values of thermal resistances were significantly lower2.1 Meteorological data
than those derived from field studies. Suzuki et al. (2007)
attributed their low thermal resistances to the mixed-pixelThe energy balance model uses meteorological data from
effect, which refers to the pixels in the satellite imagery an automatic weather station, Pyramid Station (27959
comprising supraglacial ponds, ice cliffs, and bare ice areas36.813 E, 5035m a.s.l), which is located next to the
Nakawo and Rana (1999) also commented on areas with eXXhumbu Glacier (Fig. 1). Pyramid Station (SHARE network
posed ice cliffs reducing the surface temperature of the pixelpperated by EV-R-CNR Committee) provides a continu-
thereby lowering the calculated thermal resistances. Zhangus record of hourly measurements of air temperature, wind
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Figure 1. Panchromatic band from Landsat7 on 4 October 2002 showing Imja Lake, the focus area on Imja—Lhotse Shar Glacier, and Pyramid
Station amongst debris-covered glaciers in the Everest region.
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Figure 2. Surface temperature derived from Landsat7 imagery (left) and corresponding meteorological data (right) on 4 October 2002.

speed, incoming shortwave radiation, and incoming long-2.2 Remotely sensed data
wave radiation from October 2002 to December 2009. All
the meteorological data are assumed to be constant over the

Khumbu region, with two exceptions. The air temperature | andsat7 ETM- (hereon referred to as Landsat7) satellite
was adjusted based on the elevation of each pixel using gmagery over the same period as the meteorological data
lapse rate of 6.5 K kmt. Furthermore, in the sloped model, were used to derive the thermal resistance of the debris. All
the incoming shortwave radiation term was corrected for theglear-sky images from the same period of time that meteoro-
effects of topography, altitude, and shading, similar to thejogical data are available in the melt season were used. The
methods of Hock and Noetzli (1997) The hillshade tool in melt season was defined as 15 May to 15 October, which
ArcGIS was used to determine if any pixels were shadeds the time period where the daily mean temperature in the
from the surrounding terrain based on the position of the Suryebris was above freezing (Nicholson, 2005). Twelve Land-
at the time the satellite images were taken. The flat mOde!;at7 images met this criterion (Tab|e ]_) Figure 2 shows an
also corrects for the effects of shading due to surroundingexample of the Landsat imagery and the corresponding me-
terrain, but assumes each pixel has a slope and aspect of zet@orological data from Pyramid Station from 4 October 2002.
All scenes were downloaded from the NASA Land Processes
Distributed Active Archive Center (NASA LP DAAC, 2011).
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Table 1.Overview of satellite imagery used in this study. ASTER GDEM to be similar to the validation summary
(METI/NASA/USGS, 2009) when applied to debris-covered

Satellite Year Date Purpose Resolution (m) glaciers in New Zealand. They found the ASTER GDEM to
Landsat 7 2002 4 Oct Ts 60 have biases up to 1_0 m and root mean square error (RMSE)
Landsat 7 2003 16 May Ts 60 of 5-50 m. The horizontal resolution of thg. ASTER GDEM
Landsat 7 2004 7 Sep Ts 60 has been found to be better than 50 m (Fujisada et al., 2005).
Landsat 7 2004 9 Oct Ts 60 The swipe visualization tool in PClI Geomatica 2013 was
Landsat 7 2005 21 May Ts 60 used with a shaded version of the ASTER GDEM to con-
Landsat 7 2005 12 Oct Ts 60 firm that the images were properly coregistered. While resid-
Landsat 7 2007 27 May Ts 60 ual anomalies and artifacts may exist in this experimen-
Landsat 7 2007 28 June Ts 60 tal/research grade product, it has been used in this study to
Landsat 7 2007 2 Oct Ts 60 develop an understanding of how the quality of DEM will
Landsat 7 2008 29 May Ts 60 affect the thermal resistances.
Landsat 7 2008 2 Sep Ts 60
Landsat 7 2009 17 Jun Ts 60 .
ALOSPRISM 2006 4Dec  DEM 2.5 2.3 Field data
ASTER 2000-2008 DEM 15-50

2.3.1 Study site

Field research was conducted in September 2013 on

The processing level of the Landsat7 images were all L1Tthe debris-covered portion of Imja—Lhotse Shar Glacier
indicating the images were all geometrically rectified using (27.90F N, 86.938 E, ~5050m a.s.l.). Imja—Lhotse Shar
ground control points (GCPs) from the 2005 Global Land Glacier refers to two debris-covered glaciers, Imja Glacier
Survey in conjunction with the 90 m global DEM generated (the southeastern component;4.5km to the confluence)
by the Shuttle Radar Topographic Mission (SRTM). Land- and Lhotse Shar Glacier (the northeastern component;
sat7 satellite imagery comprises eight different bandwidths~ 3.5 km to the confluence), that converge and terminate into
with various resolutions. The two bands of interest herelmja Lake (Fig. 1). The third glacier that is present south of
are the thermal band (Band 6) and the panchromatic bandmja Lake is Amphu Glacier, which appears to no longer con-
(Band 8). The thermal band has a resolution of 60 m, buttribute to Imja—Lhotse Shar Glacier. Imja and Lhotse Shar
is automatically resampled to 30 m and was used to derivaglaciers are both avalanche-fed and extend from the calving
surface temperature (Fig. 2) according to NASA (2011). Itfront of Imja Lake (5010 m) up to elevations of 7168 and
was atmospherically corrected using the methods describe8383 m for Imja and Lhotse Shar glaciers, respectively. The
by Coll et al. (2010). The required meteorological data for thickness of debris cover on Imja—Lhotse Shar Glacier in-
the MODTRAN 4 model used by Coll et al. (2010) was taken creases towards the terminal moraine of the glacier and is
from Pyramid Station. The image-to-image coregistration forprimarily composed of sandy boulder gravel (Hambrey et al.,
Landsat7 is 7.3m, and the uncertainty of the derived sur-2008). The debris cover extends up to elevations of 5200 and
face temperature data is estimated tathe 0 K (Barsi etal., 5400 m on Imja and Lhotse Shar glaciers, respectively. From
2003; Coll et al, 2010, 2012). The panchromatic band has dhe calving front of Imja Lake to the confluence of the glacier,
horizontal resolution of 15 m and was used to coregister thehe increase in elevation is less than 50 m, which is consistent
images. with the findings of Quincey et al. (2007) that the tongue of

The high-resolution DEM used in this study was gener-the glacier is relatively stagnant with a surface gradient less
ated by Lamsal et al. (2011) from Advanced Land Observ-than 2. The debris cover has a hummocky terrain with melt
ing Satellite (ALOS) Pranchromatic Remote-sensing Instru-ponds and exposed ice faces scattered throughout.
ment for Stereo Mapping (PRISM) images. The generated
DEM has a horizontal resolution of 5m and relative error of 2.3.2 Debris measurements
£ 4 m. In order to coregister the DEM with the panchromatic
band from the Landsat7 imagery, a shaded version of thdebris thermistors (TR-52 ThermoRecorder, T&D Corpora-
DEM was generated using the Hillshade tool in ArcGIS 10.3.tion) were installed at four locations (referredto as LT1, LT2,
The swipe visualization tool in PCI Geomatica 2013 showedLT3, and LT4) at depths of 0, 5, 10, 15, 20, and 30 cm, and at
that the images were properly coregistered without any furthe debris—ice interface. The debris thickness was 31, 47, 36,
ther processing. The coarser-resolution global DEM used irand 40cm for LT1, LT2, LT3, and LT4, respectively. Holes
this study was the ASTER GDEM, which is composed of were excavated to the debris—ice interface and, as the ther-
automatically generated DEMs from the Advanced Space-mistors were installed, the debris was replaced in its original
borne Emission and Reflection radiometer (ASTER) stereqoosition as well as possible. The thermistors recorded tem-
scenes acquired from 2000 to present (METI/NASA/USGS,perature at hourly intervals from 13 September to 24 Septem-
2009). Nuth and Kaab (2011) found the accuracy of theber. The first 48 h of data for each thermistor was discarded
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to allow the thermistors to equilibrate with the debris. One (5.67x 10-8Wm~2K %), and7s is the surface temperature
of the surface thermistors malfunctioned on 23 September(K). For the sloped model, incoming shortwave radiation was
so the data from this thermistor beyond this date were dis-corrected for the effects of topography, altitude, and shad-
carded. ing similar to the methods of Hock and Noetzli (1997). The
Debris thickness measurements were performed at 25 loflat model assumes that each pixel has a slope and aspect of
cations and were concentrated in one melt basin (27801 zero degrees. The incoming longwave radiation and surface
86.938 E, 5045-5055m a.s.l.) that appeared to be formedalbedo were assumed to be constant over the entire debris
by differential melting and backwasting (Fig. 1). The melt cover. The albedo used in this study (0.30) was the average
basin was selected as the focus area of this study becausgbedo of the debris cover on Ngozumpa Glacier (Nicholson
it appeared to be representative of the hummocky terrairand Benn, 2012).
on Imja—Lhotse Shar Glacier and was relatively easy to ac- The latent heat flux was assumed to be zero based on the
cess. The melt basin was approximately 120m long andassumption that the debris cover is dry. The sensible heat flux
60 m wide with a topographic low in the center of the basin was tested using two approaches: (1) assuming a neutral at-
(5045 m a.s.l.) and a topographic high on the perimeter ofmosphere (Nicholson and Benn, 2006) and (2) correcting for
the basin (5055 m a.s.l.). The elevation of the melt basin waghe unstable atmosphere (Reid and Brock, 2010). It is likely
only 10-20 m higher than the elevation of Pyramid Station.that high debris temperatures and low air temperature would
To the best ability of the authors, the measurements were pecause an unstable atmosphere above the surface of the debris;
formed randomly throughout the melt basin. Measurementdiowever, the incorporation of the stability correction caused
were conducted via manual excavation using a tape measuttbe sensible heat fluxes to be unrealistically high, similar to
at 23 of the 25 sites. This process involved digging holesthe initial results of Foster et al. (2012). Therefore, this study
to the ice surface and measuring the perpendicular distancealculates the sensible heat flux assuming a neutral atmo-
from the ice surface to the surface of the debris. The othesphere according to Nicholson and Benn (2006):
two sites were the debris on top of an ice face, which was
mea}sured using a laser range finder (TruPulse 360B) becausg = pair (ﬂ) cAu (Tair — Ts), ©)
the ice face could not be accessed safely on foot. Twelve de-
bris thickness measurements were also performed outside of

the melt basin to understand if the melt basin was represenwhere

tative of the debris-covered glacier. More debris thickness k2

measurements were unable to be made due to time and l& = ——%——. 4)
bor restraints. Furthermore, the maximum depth of excava- In <zz_o) In (%)

tion was 1 m because further excavation was too physically

demanding. where pgir is the density of air (1.29kgm?®), P is
the atmospheric pressure computed using the barometric
pressure formula,Py is the atmospheric pressure at sea

3 Methods level (101325Pa)c is the specific heat capacity of air
(1010Jkg1K1), A is the dimensionless transfer coeffi-
3.1 Energy balance model cient, u is the wind speed at Pyramid Statidhy; is the air

o . temperature 2m above the surface calculated using a lapse
The energy balance model used in this study is a steady—sta‘%te of 6.5 K knTZ, ky is von Karman's constant (0.41)js
. y Ry .

surface energy balance for the debris cover similar to thaEhe height of meteorological measurements (2 m), anis
developed by Nakawo and Young (1982). the surface roughness length (assume: 0.016).
The ground heat flux is different for the linear and the non-

Ro+ LE+H—Qc=0, @ linear models.
whc?:‘reRn is the net radiation flux4 is the sensible heat flux, Linear modet
LE is the latent heat flux (assumed to be zero), @qds the
ground heat flux (all in W m?). , — Ket(Ts—27319 5)
The net radiation flux includes the shortwave radiation flux d
and the longwave radiation flux. Nonlinear model
keit(Ts—27315)
Rn=S|(1l—a)+&(L | —oTd), (@  Qc=Grto— ———— (6)
where S| is the incoming shortwave radiation (W9, G atio IS the nonlinear approximation factégg is the effec-

o is the albedo (0.30)s is the emissivity assumed to be tive thermal conductivity (W m! K—1), andd is the debris
0.95 (Nicholson and Benn, 2006),| is the incoming long-  thickness (m). In this study, the modeled results will derive
wave radiation (W m?2), o is the Stefan—Boltzmann constant debris thickness assuming an effective thermal conductivity
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from Sect. 4.1. However, this model can also be applied to 10
solve for the thermal resistance in the event that the effec-
tive thermal conductivity is unknown. The linear model as-
sumes the temperature gradient in the debris is linear from 3 Outside Melt Basin
the surface temperature to the debris—ice interface, which is8
assumed to be at 273.15K. At the time that Landsat7 imagess;
are acquired (10:15local time), this linear assumption is not g

accurateGyaiio IS Used to approximate the nonlinear temper- ".§ 2t
ature variation in the debris. A linear temperature gradient in B I
0

é 8 B Melt Basin
(o]

the upper 10 cm of the debris is used to make this approx- 0
imation. G aiio is therefore defined as the ratio of the linear 1-20 20-40 40-60 60-80 80-100 > 100
temperature gradient in the upper 10 cm of the debris to the Debris Thickness (cm)

linear temperature gradient throughout the entire debris. Figure 3. Debris thickness measurements on Imja—Lhotse Shar

_ Glacier inside and outside of the melt basin.
— ke T8 T01m) _ (Is—To1) d

_keﬁ(TSd*Td) (Ts—Ty) 0.1

Gratio =

4.2 Debris thickness
whereTp1m is the temperature 10 cm below the surface of
the debris andry is the temperature at the debris—ice in- The debris thickness in this melt basin ranged from bare ice
terface (273.15K). As the Landsat7 images are acquired af0 cm) to depths greater than 1 m (Fig. 3). The average debris
10:15 and the thermistors recorded hourly temperatures, thehickness, assuming a maximum thickness of 1 m, was 0.42
temperatures in the debris at 10:15 were computed by lin{40.29) m. These debris thicknesses are consistent with the
early interpolating between 10:00 and 11:00. These interposdebris thickness of other debris-covered glaciers in the Ever-
lated temperatures were used to COMpEigio. est region (Nakawo et al., 1986; Nicholson and Benn, 2012).
Debris thicknesses greater than 1 m were found in the bot-
tom of these melt basins where the debris had likely accumu-
lated over time due to differential melting and backwasting
of the debris cover. Areas of thin debris cover were located
on the slopes of the melt basin. These trends are identical to
The effective thermal conductivityes;, of the debris cover ~those found by Nicholson and Benn (2012) and were also ob-
was computed following the methods in Conway and Ras-Served at the 12 other sites where debris thickness was mea-
mussen (2000) assuming a density=t 2700kgnt3) and ~ Sured outside of the melt basin. There did not appear to be
a specific heat capacity: & 750 Jkg ' K1) of rock. The ~ any trends in debris thickness with respect to aspect. Ideally,

average effective thermal conductivity was calculated to bedebris thickness would be sampled over the entire debris-
0.96 0.33)WnT1K~1. This effective thermal conduc- covered glacier to derive a debris thickness map that could be

puted in this area, which range from 0.85to 1.29 Wi~ due to restraints on time and labor, the modeled results from

(Conway and Rasmussen, 2000; Nicholson and Benn, 2012)Vithin this melt basin and the melt basin’s adjacent cells will
The thermal conductivity was greatly influenced by depth asConstitute the focus area of the satellite imagery that will be
the average values above and below 10cm were 0.60 angompared to the measured debris thicknesses to qualitatively
1.20WnT1K~1, respectively. The drastic difference in ther- 8SSess the reasonableness of the modeled results.

mal conductivity above and below 10cm is likely due to ] ) .

the amount of water content in the debris. Nicholson and®-3 Nonlinear approximation factor, Gratio

Benn (2006) found the thermal conductivity of wet debris
(assuming the pores were saturated with water) to be 2—
times larger than dry debris. These results indicate that th
top 10 cm of the debris is dry, while 15cm and lower is wet.
This is consistent with observations in the field, where ap L
proximately the top 10cm of the debris was dry and below (€Mperature at the debris—ice interface wa€ @or each day

this depth the debris was wet. The observed moisture in th&? site L,T3 at 10:15. The temperature remgined & Gor
debris was mainly the wetted surface of the grains all the sites throughout the entire study period. The average
' value of Gyatip for the melt basin was 2.2{0.4). The depth

used to approximate the nonlinear temperature gradient was
found to greatly influenc& aiio, Where G atip decreased as
the depth increased (Fig. 5). This relationship was expected

4 Field results

4.1 Thermal conductivity

ratio Was computed from all the temperature profiles based
on the interpolated temperatures at 10:15. Figure 4 shows the
temperature profiles at site LT3 and a schematic of the tem-
_perature gradients used to compGigio. Figure 4 shows the
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Temperature (deg C) et al., 2012), where a significant amount of the debris is less
0 5 10 15 20 25 30 35 40 than 10 cm thick, it is possible that 4o Will be different.
L R el Future work should determine the value®tyo for thin de-
5 —15-Sep bris layers in addition to determining ho@iatio vVaries over
16-Sep the melt season and ha@agjo is influenced by temperature.
10 —17-Sep
’g 15 F —18-Sep
-y ; 19-Sep 5 Modeled results
£ 20 7 20-Sep
a 25 21-Sep 5.1 Nonlinear sloped model — 5m pixels
22-Sep
30 23-Sep The nonlinear sloped model accounts for the nonlinear tem-
3 24-Sep perature gradient in the debris cover using thgic approx-

imation factor and corrects the incoming solar radiation at
Figure 4. Temperature profiles at site LT3 at 10:15 with the temper- each pixel for the effects of topography and shading. Initially,
ature gradients used to compueyyig identified. the model was applied and solved for every individual pixel
at a resolution of 5m. The average debris thickness in the
focus area was 0.27210.19) m, with 17 of the 1080 pixels
because as the depth used to calculatg, approaches the being undefined. All of the pixels that were undefined were
thickness of the debrig; a0 Will approach a value of 1. Ide-  pixels that were shaded by the surrounding terrain, causing
ally, the nonlinear temperature gradient would be approxi-their net radiation to be very low. These debris thicknesses
mated by a linear temperature gradient in the upper 1 cm ofgree fairly well with the debris thickness observed on Imja—
the debris or less. However, these measurements could nathotse Shar Glacier (Fig. 3), although there are fewer pixels
practically be performed in the field. Figure 5 shows the val-that have very high debris thickness @.5m). This is likely
ues ofGatio derived using depths of 5 and 10cm (9.8 due to the lack of variation in surface temperature when the
and 2.7 0.4, respectively) are similar; however, the stan- debris is greater than 0.5 m as Foster et al. (2012) discussed.
dard deviation of those derived from 5 cm is much largerthan One problem with the modeled results was there were
those derived from 10cm. As the two values were similar,clear trends with respect to slope and aspect (Table 2). Ta-
Gaiio derived from a depth of 10 cm was used in this study. ble 2 shows the average debris thickness increases with in-
The other trend that may be expected is g0 to in- creasing slope, which is opposite of the trend observed in
crease as the surface temperature increases. However, Figttae field. Furthermore, there was a clear trend with respect to
shows that there is little correlatio®? = 0.29) between sur-  aspect where east-facing pixels had the smallest debris thick-
face temperature an@aiio based on the data from all four ness, followed by north- and south-facing pixels, while west-
sites. When theG 4 values are removed from site LT4, facing pixels had the highest values of debris thickness. This
there appears to be a stronger relationst#p<0.74), but  trend was not observed in the field. These trends occur from
there is no physical justification for removing these data.the corrections that are applied to the sloped model to ac-
Therefore, this study uses an average valué@fi, of 2.7. count for the topography and surrounding terrain. Pixels that
Conway and Rasmussen (2000) is the only other study, to thbave steeper slopes are angled such that the incoming solar
authors knowledge, that has measured temperature profilemdiation is reduced. This reduces the net radiation, which
in the Everest area with a small enough spacing (maximumowers the net energy flux (net radiation and turbulent heat
10 cm) between thermistors to comp@gyio- The values de-  fluxes) used to derive the debris thickness. In some cases, the
rived from their temperature profiles at Everest Base Cammet energy flux is negative, which causes a pixel to be unde-
on 21-23 May 1999 were 3.0, 2.6, and 2.6, respectively. Thidined. Otherwise, the net energy flux is positive, but small,
good agreement lends confidence to the us€@fic in the  which results in large values of debris thickness. A minimum
Everest area. threshold for the net energy flux of 10 Wrhwas set, such
Foster et al. (2012) noted that the variation in surface tem-+that unrealistically high debris thicknesses would be classi-
perature is very sensitive to small changes in debris thicknesBed as undefined. The same changes in incoming solar radi-
less than 0.5 m, while its change is very gradual for thickeration occur with respect to aspect, where east-facing pixels
debris. This caused them to have a high level of uncertaintyare oriented towards the Sun, thereby increasing the amount
in mapping debris thickness greater than 0.5m. The debri®f incoming solar radiation compared to west-facing pixels
thickness of the four sites used to deri¥gyiio ranged from  where the opposite occurs. Therefore, despite the modeled
0.31 to 0.47 m, which approaches the upper limit of 0.5 m.debris thickness yielding reasonable results, the model is in-
This lends confidence to the use Gfatip for mapping de-  capable of capturing the fine local variations.
bris thickness greater than 0.31 m. However, for regions with Derived debris thicknesses do not capture local variations
much smaller debris thicknesses, e.g., Miage Glacier (Reidvith respect to slope and aspect due to the poor resolution
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Figure 5. Gyaiip as a function of depth (left) and correspondifigiic values at 10 cm depth for each sensor (right).

Table 2. Modeled results for the nonlinear sloped and flat model in the focus area with the high-resolution DEM showing trends in debris
thickness ), surface temperaturdd), and net radiationKn) with respect to slope and aspect.

Topographic parameter Sloped model (focus area) Flat model (focus area)

Averaged (m) AverageTs(K) AverageRn (Wm—2) Averaged (m) AverageTs(K) AverageRn (Wm—2)

0-5 0.17 290.44 448 0.16 290.44 451

5-10 0.18 290.34 448 0.16 290.34 468

Slope 10-20 0.23 290.35 457 0.16 290.35 506
20-30 0.38 290.44 420 0.16 290.44 501

>30 0.55 290.33 328 0.16 290.33 524

N 0.31 290.54 418 0.17 290.54 498

w 0.32 290.32 399 0.16 290.32 498

Aspect S 0.21 290.26 471 0.16 290.26 485
E 0.15 290.49 535 0.16 290.49 501

of the thermal band. The thermal band has a resolution ofo a 60 m resolution, since this is the resolution of the ther-

60 m (automatically resampled to 30 m), which causes themal band. However, this cannot be performed since the Land-
surface temperatures over the 60 m pixel to be combinedsat7 L1T product automatically resamples the thermal band
This is referred to as the mixed-pixel effect. Convention-to 30 m. The rest of the results shown in this study compute

ally, the mixed-pixel effect has been used to explain howthe incoming solar radiation, air temperature, and pressure
bare ice faces reduce the surface temperature of the pixefor each pixel and then average these values to a resolution
causing the derived debris thickness or thermal resistance tof 30 m. The debris thickness is then derived at this 30 m res-
be low. While this may be true, the mixed-pixel effect also olution.

explains how local variations in surface temperature are not

properly accounted for. Table 2 reveals that the average sulg 5 Nonlinear sloped model — 30 m pixels

face temperature in the focus area is almost constant and

doe§ not vary with respect to slope or aspect. A higher "®SThe debris thickness derived using the nonlinear sloped
olution thermal band would show higher surface tempera- . . . .
. . o . model with 30 m pixels on Imja—Lhotse Shar Glacier are
tures on south- and east-facing slopes, since their orientation I : . .
. > ) ._.._shown in Fig. 6a. Only two pixels on the entire glacier are
allows them to receive more incoming shortwave radiation e . .
classified as undefined. These pixels were almost completely

throughout the morning. North- and west-facing slopes thatshaded by surrounding terrain and had predominately north-

do not receive radiation would have lower surface tempera- . . o
) . o and west-facing aspects. This is a substantial improvement

tures, which would reduce the derived debris thickness. Th . .
o the model’s performance and shows the importance of re-

mixed-pixel effect explains why the modeled results agreesampling the corrected incoming solar radiation. The mod-

well with thg average measured values, bUt. do not captureeled results also reveal that the debris is thick on the terminal
the local variations. One way to overcome this problem is to

apply the corrections to the incoming solar radiation and the moraine, with most pixels having values greater than 0.40 m.

"Behind the calving front of Imja Lake the debris is also thick,

resample these values of incoming solar radiation to be con- : : . . .
; . . especially in the center of Imja—Lhotse Shar Glacier. This
sistent with the surface temperature pixels (30 m). Ideally,

. . L region of thick debris in the middle of Imja—Lhotse Shar
the values of incoming solar radiation would be resampled S .
Glacier is likely a result of the slope being gentler, thereby

The Cryosphere, 8, 13174329 2014 www.the-cryosphere.net/8/1317/2014/



D. R. Rounce and D. C. McKinney: Debris thickness of glaciers in the Everest area (Nepal Himalaya)

Table 3. Sensitivity analysis for select meteorological and model parameters. Bold numbers showing major changes to average debris

thickness and dashes indicating the baseline parameter was used.

Ts Graiio Tar u Sin 20 a Keff davg (m) Change
Baseline - 2.7 AWS AWS AWS 0.016 0.30 0.96 0.29 -
+1 - - - - - - - 0.41 +0.12
Ts
-1 = - - - - - - 0.24 —0.05
G — +04 - — - - - - 0.33 +0.04
ratio —04 - - - - - - 0.25 —-0.04
- — — +2 - - - - - 0.24 —-0.05
air - -2 - — - - - 0.40 +0.11
_ - - +1 - — - - 0.45 +0.16
u — - - -1 - - - - 0.21 —0.08
- — — — - +10% - - - 0.21 —0.08
Sin - _ - - -10% - - - 0.45 +0.16
- - - - - 0.010 - - 0.25 —-0.04
20 - - - - - 0.022 - - 0.39 +0.10
o - - — - - - 0.20 - 0.20 —0.09
L _ — — - - - - -0.33 0.39 +0.10
eff _ _ - - - - - +0.33 0.19 -0.10
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Figure 6. Debris thickness (m) with 30 m pixels using tf&) nonlinear sloped mode(B) linear sloped model,C) nonlinear flat model,
and(D) using the ASTER GDEM with the nonlinear sloped model.

allowing debris to accumulate. Furthermore, this portion ofing areas of clean ice on each glacier. These trends, in which
the glacier receives debris from both Imja and Lhotse Shatthe debris is thicker on the moraine and thins upglacier,

glaciers since itis downstream for their confluence. The latterare consistent with debris thickness surveys performed on
likely explains why the debris is thinner towards the lateral the Khumbu Glacier (Nakawo et al., 1986) and Ngozumpa

moraines and thicker in the center. Further up glacier on ImjaGlacier (Nicholson and Benn, 2012).

and Lhotse Shar glaciers, the debris cover thins, which is ex- The modeled debris thickness in the focus area had an
pected because the slopes are steeper and they are approaatierage debris thickness of 0.2 @.13) m. These debris
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thicknesses agree fairly well with those measured on thalerstand that the debris thicknesses will be lower. A prefer-
glacier (Fig. 3) with the exception of the high debris thick- able alternative may be to use the average debris thickness
nesses* 0.5 m) being underrepresented as previously dis-from the sloped model similar to Table 2 based on the aver-
cussed. The lack of ability in modeling debris thickness age slope and aspect of the 30 m pixel. However, resampling
greater than 0.5m is problematic for estimates of total vol-the incoming solar radiation to 30 m eliminates almost all of
ume or mass of debris on the glacier. However, if the debrishe undefined pixels.

thickness is used to estimate ablation rates, then this limit of

0.5m is not a problem because there is little change in thé&5.5 Importance of DEM resolution

ablation rates for debris greater than 0.5m thick. If a limit

of 0.5m is applied to the field measurements such that anyrhe requirement of a high-resolution DEM limits the abil-
debris thickness greater than 0.5 m is given a value of 0.5 mity to transfer these models to other regions where these data
then the average debris thickness would be 0438.08) m.  may not be available. The ASTER GDEM was used to as-
If the same limit is applied to the modeled debris thickness,sess the importance of the DEM resolution. Figure 6d shows

the average is 0.2840.11) m, which agrees quite well. the debris thickness map derived using the nonlinear sloped
model with the ASTER GDEM. The average debris thick-
5.3 Linear sloped model —30m ness in the focus area was 0.18 {.02) m. These debris

thicknesses also underestimate the measured debris thick-
The debris thicknesses derived using the linear sloped modeiesses and are very similar to the values derived using the
(Fig. 6b) are significantly smaller than those using the non-flat model. This underestimation likely occurs because the
linear model (Fig. 6a). The same trends indicating thicker30 m resolution of the DEM is too poor to capture local vari-
debris on the moraine and behind the calving front with thin-ations in the surface topography of the glacier. Hence, the
ner debris upglacier are apparent. The only difference is thevariations in incoming solar radiation are not captured as well
nonlinear approximation factor is not included in the linear as those using a high-resolution DEM. However, the debris
model, which causes all the debris thicknesses to be 2.7 timethickness map using the ASTER GDEM with the nonlinear
smaller than the nonlinear model. The average debris thicksloped model appears to capture the trends associated with
ness in the focus area is 0.1k 0.05) m. These results indi- the debris thickness better than the flat model, despite the
cate that the linear model severely underestimates the debrfindings in the focus area. The thick debris region behind
thickness and show that it is critical to account for the non-the calving front in the center of Imja—Lhotse Shar Glacier

linear temperature profile. (Fig. 6d) more closely resembles the nonlinear sloped model
(Fig. 6a) than the nonlinear flat model (Fig. 6¢). Therefore,
5.4 Nonlinear flat model — 30 m while a high-resolution DEM will yield the best results, we

recommend the ASTER GDEM should be used instead of
One method to fill in the undefined pixels from the sloped a flat model to get an estimate of the debris thickness in an
model is to use a flat model (Foster et al., 2012). Figure 6aunknown area. However, one must use caution with these es-
shows the debris thickness map derived from the nonlineatimates as the analysis here shows the debris thickness are
flat model. The flat model captures the trends of greater delikely to be significantly underestimated.
bris thickness on the terminal moraine and behind the calv-
ing front with thinner debris upglacier. However, these trends5.6  Debris thickness for glaciers in the Everest region
are not as prominent as in the sloped model, and the debris
thicknesses appear to be significantly smaller in comparisoThe ASTER GDEM was used to derive debris thickness
to the sloped model. The focus area reveals the flat model urmaps for the debris-covered glaciers in the Everest region
derestimates the debris thickness on the glacier as it has &ffrig. 7). The Ngozumpa and Khumbu glaciers have been
average value of 0.1940.05) m. These debris thicknesses outlined using the Glacier Land Ice Measurements from
are greater than the linear model, but much lower than theSpace (GLIMS) database to compare the derived thermal
nonlinear sloped model. Table 2 reveals that the large differresistances with previous debris thickness measurements
ence between the sloped model and the flat model is causeg@Nakawo et al., 1986; Nicholson and Benn, 2012). The re-
by differences in the net radiation. The flat model only cor- sults on the Khumbu Glacier show relatively good agree-
rects for pixels that are shaded and does not correct for thenent with the debris thickness map generated by Nakawo
effects of topography, thereby causing the incoming solar raet al. (1986). The debris is thicker close to the terminal
diation to be overestimated in most cases (the exception is fomoraine and thins upglacier. Furthermore, the modeled de-
east-facing pixels, which are underestimated). The overestibris thickness shows the central zones of thin debris, with
mation in incoming solar radiation causes the net radiationthicker debris towards the lateral moraines, which Nakawo
to increase, thereby decreasing the modeled debris thicknesst al. (1986) observed. The debris thickness is slightly un-
This is important because, if the flat model values are used taerestimated once again, likely resulting from the use of the
fill in the undefined pixels in the sloped model, one must un-ASTER GDEM as opposed to a high-resolution DEM as
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Figure 7. Debris thickness (m) using the ASTER GDEM and nonlinear sloped model for debris-covered glaciers in the Everest region with
Ngozumpa, Khumbu, and Imja—Lhotse Shar glaciers, left to right, respectively, outlined using the GLIMS database.

previously discussed. There are similar trends with respecstudy had completely clear skies over both Pyramid Station
to debris thickness on Ngozumpa Glacier as well, where theand the study area. Therefore, it is unlikely that the incoming
terminal moraine has thicker debris and the debris thins upsolar radiation would be- 10% different. The model’s sen-
glacier as measured by Nicholson and Benn (2012). Fursitivity to wind speed is concerning because the automatic
thermore, Spillway Lake has been growing near the termi-weather station is located 10 km away from the glacier. The
nal moraine of Ngozumpa Glacier and can clearly be seen amodel assumes the wind is the same on the glacier as it is
the region of low debris thickness amongst the thicker debrisat the automatic weather station, but no data on this exist.
in the terminal moraine. Once again, the debris thickness ig-uture work should investigate the relationship between me-
underestimated compared to Nicholson and Benn (2012) duteorological parameters at Pyramid Station and on the debris-
to the poor resolution of the DEM. Future work should seek covered glaciers.
to quantify how much the debris thickness is underestimated The model is moderately sensitive to the surface temper-
and develop a method that is able to accurately quantify theature and air temperature on the glacier. Both these parame-
debris thickness from a poor-resolution DEM. This would ters affect the temperature gradient in the sensible heat flux
require a detailed debris thickness survey such that the reterm; hence an increase in the gradient will result in an in-
sulting debris thickness maps could be properly validated. crease in the sensible heat flux, thereby reducing the net en-
ergy flux and increasing the modeled debris thickness. Fur-
5.7 Sensitivity analysis thermore, the increased sensitivity to surface temperature is
quite interesting when one considers the mixed-pixel effect.
The model developed in this study relies heavily upon me-The mixed-pixel effect causes the actual surface temperature
teorological inputs, measured parameters, and assumed vdP be reduced due to surrounding bare ice faces. This reduc-
ues associated with the debris cover. The meteorological intion in surface temperature directly reduces the derived de-
puts are subject to instrument error and may not be directiyoris thickness, but also reduces the temperature gradient in
transferable from the site of the automatic weather statiorihe sensible heat flux term, thereby further reducing the de-
to the debris-covered glaciers. The particular meteorologi-bris thickness. The model’s sensitivity to the surface temper-
cal parameters of interest are wind speeq &ir temperature ature shows how much the mixed-pixel effect can alter the
(T=ir), and incoming solar radiatiorsi,). The parameters as- derived thermal resistances.
sociated with the debris cover that may affect results are the With respect to parameters associated with the debris
surface roughness lengthy), albedo &), and effective ther- ~ cover, the model is very sensitive to the value of effective
mal conductivity Kef). In addition, there is uncertainty as- thermal conductivity. Therefore, it is important that the ef-
sociated with the nonlinear approximation fact6s ;o) and fective thermal conductivity is measured at multiple sites
the derived surface temperatuf)(from the Landsat7 ther- for various debris thicknesses throughout the debris-covered
mal band. A sensitivity analysis with respect to these paramglacier such that the modeled debris thickness maps are ac-
eters was performed on the focus area (Table 3) to identifycurate. In the event that there is large uncertainty in the ef-
how each affects the modeled debris thickne3s ( fective thermal conductivity, the model can be solved for
The sensitivity analysis reveals the model is most sensitivéhermal resistance instead. The assumption of a constant
to the wind speed and incoming solar radiation. The assumpa|bed0 over the debris-covered glacier is another limitation
tion that the incoming solar radiation at Pyramid Station is Of this model, especially since the model is sensitive to
the same as the incoming solar radiation over the study arealbedo. Methods exist to use other Landsat7 bands to esti-
is a reasonable assumption, since all the images used in thiate albedo (Liang, 2001); however, the authors had no way
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