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Earth Surface Processes and Landforms

ABSTRACT:  As debris-covered glaciers become a more prominent feature of a shrinking mountain cryosphere, there is increasing
need to successfully model the surface energy and mass balance of debris-covered glaciers, yet measurements of the processes
operating in natural supraglacial debris covers are sparse. We report measurements of vertical temperature profiles in debris on
the Ngozumpa glacier in Nepal, that show: (i) conductive processes dominate during the ablation season in matrix-supported diamict;
(ii) ventilation may be possible in coarse surface layers; (i) phase changes associated with seasonal change have a marked effect on
the effective thermal diffusivity of the debris. Effective thermal conductivity determined from vertical temperature profiles in the debris is
generally ~30% higher in summer than in winter, but values depend on the volume and phase of water in the debris. Surface albedo
can vary widely over small spatial scales, as does the debris thickness. Measurements indicate that debris thickness is best represented
as a probability density function with the peak debris thickness increasing down-glacier. The findings from Ngozumpa glacier indicate that
the probability distribution of debris thickness changes from positively skewed in the upper glacier towards a more normal distribution
nearer the terminus. Although many of these effects remain to be quantified, our observations highlight aspects of spatial and temporal
variability in supraglacial debris that may require consideration in annual or multi-annual distributed modelling of debris-covered glacier

surface energy and mass balance. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

Debris-covered glaciers are a prominent feature of many high
relief mountain ranges such as the Himalaya, and there is
increasing need to model their behaviour in sufficient detail
to improve management of hydrological resources. Supraglacial
debris cover on glaciers influences the ablation regime of the
underlying ice by altering the surface energy balance and
imposing a barrier between the atmosphere and the ice.
Variations in surface temperature, primarily driven by
diurnal and seasonal cycles, propagate through the debris
profile with the same period, but decreasing amplitude
and increasing lag, dependent on depth and the efficiency
with which the debris can transfer heat (e.g. Farouki,
1981; Williams and Smith, 1989). The damping depth of a
surface temperature fluctuation is proportional to the period
of oscillation, so longer period oscillations, such as a
seasonal variation, will penetrate deeper into the profile
than diurnal temperature oscillations. Beneath a thin debris
cover additional energy from the enhanced absorption of
short wave radiation resulting from the lower albedo of
the debris cover is transmitted efficiently to the ice beneath
and melt rate is accelerated compared to that of bare ice.
Debris thicker than a few centimetres in thickness does

not reach thermal equilibrium with diurnal oscillations of
surface temperature (Reznichenko et al., 2010) and energy
consumed in heating the debris cover during the daytime
is returned to the atmosphere at night, rather than being
transmitted efficiently to the ice below. Hence, beyond a
critical thickness, which is dependent on the optical and
thermal properties of the debris as well as the meteorological
conditions, melt is less than that of bare ice surfaces (@strem,
1959; Loomis, 1970; Fujii, 1977; Nakawo and Young, 1982;
Mattson etal., 1993; Nicholson and Benn, 2006). Extensive, thick
debris cover on glacier surfaces generally retards ice ablation,
and compared with clean ice glaciers, debris-covered glaciers
extend to lower altitudes, and may persist through warmer
climatic periods. Thus, debris-covered glaciers have a different
extent to clean-ice glaciers under the same climate, and will
respond differently to the same climatic forcing (Jansson and
Fredin, 2002).

Very thick debris covers (> 1m) are typical in the lower
portions of Himalayan debris-covered glaciers, and in these
cases it has been shown that ablation by backwasting of near-
vertical ice cliffs plays a significant role in ice ablation on the
lower tongues despite the fact that exposed ice comprises only
a small percentage of the surface area (Sakai et al., 2000). At
the upper end of the debris-covered ice area the debris is
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thinner, surface relief is more muted, and there are often no ice
cliffs or ponded water. Maximum rates of sub-debris ablation
are predicted in this zone of thinner, emerging debris cover
and determining ablation rate here is critical in determining
how surface lowering interplays with ice flux to influence
the development of the glacier long profile through time
(Nicholson, 2005; Benn and Evans, 2010; Benn et al., 2012).

Due to the difficulties of obtaining and extrapolating
direct ablation measurements over debris-covered glaciers,
mathematical modelling of melt rate from meteorological
variables is preferable (e.g. Nakawo and Young, 1982;
Nicholson and Benn, 2006; Reid and Brock, 2010). Within
porous material, such as supraglacial debris, energy transfer
can occur through conduction, radiation, convection, advection
(via a fluid) and phase changes (Farouki, 1981; Humlum, 1997;
Putkonen, 1998), but for simplicity, most sub-debris ice ablation
models treat all energy transfer as if it were a conductive energy
flux [Qc (in Wm™)] governed by the effective conductivity of
the debris layer [k. (in Wm™' K™")] and the gradient of
temperature [Ty (in kelvins)] within the debris. Assuming
lateral temperature gradients are small compared to vertical
temperature gradients, the one-dimensional energy flux in
the vertical [z (in metres)] direction is:

T,
Q= _kea—zd (1)

When the ice temperature is below 0°C any positive
conductive heat flux through the debris to the ice interface
will be conducted into the ice body. When the ice reaches 0°C,
the melt rate [M (in ms™')] expressed as a lowering rate can be
computed from the conductive energy flux at the debris—ice
interface, the latent heat of fusion [L; (in Jkg’1)] and the density
of ice [p; (in kgm™)]:

_Q
Lip;

(2)

If the debris properties are known, and meteorological data are
available, the debris surface temperature (T;) can be determined
from the surface energy balance over a given timestep (e.g.
Nakawo and Young, 1982; Han et al., 2006; Nicholson and
Benn, 2006; Reid and Brock, 2010) and the sub-debris and
en-glacial temperature field and resultant energy flux for melt
can be computed.

The use of automatic weather stations to estimate surface
energy balance is well developed, but determining debris
properties for model input remains a challenge. It is known that
the composition, thickness distribution and moisture content of
the debris cover vary in space and time. However, the scarcity
of published data on the properties of supraglacial debris and
the uncertainty of the significance of processes operating
within it, hamper the development of physical models of
sub-debris ablation.

For spatially distributed modelling of mass balance of
debris-covered glaciers it is desirable to understand to what
extent the system can be simplified whilst retaining the
capability to produce realistic mass change distributions
and melt-water production rates. The model system outlined
earlier assumes that it is reasonable to model all energy flux
within the debris as conductive. It also requires knowledge
of the effective thermal conductivity of the debris, the
thickness of the supraglacial debris cover and its surface
albedo, and how these variables vary in space and time.

Determining the validity of treating all energy flux as
conductive transfer, and investigating the effective thermal
conductivity of supraglacial debris requires monitoring of its

Copyright © 2012 John Wiley & Sons, Ltd.

thermal regime. Early experiments on the effect of debris cover
on ablation rate used artificially applied sediments with known
thermal and structural properties (e.g. Drewry, 1972; Nakawo
and Young, 1981), and only a few short-term studies have been
made in supraglacial debris (e.g. Conway and Rasmussen,
2000). However, thermal monitoring of ground, blockfield and
rock glacier conditions is relatively common in permafrost studies
(Vondermuhll and Haeberli, 1990; Hinkel, 1997; Humlum,
1997; Harris and Pedersen, 1998; Putkonen, 1998). These studies
show that conduction of heat, phase changes of water and
infiltration of liquid water all contribute to the energy flux
(Equation (1)) and explanation of observed temperature records
(Putkonen, 1998). Phase changes dominate because the
thermal conductivity of ice is four times that of water, while
its mass heat capacity is half that of water, and it releases
significant amounts of latent heat (Conway and Rasmussen,
2000). Laboratory experiments have shown that permeability
can have a marked effect on heat flux through a debris layer
by altering infiltration and interstitial refreezing of water from
the surface (Reznichenko et al., 2010).

Here we present data on the thermal regime of supraglacial
debris on a Himalayan glacier measured over an annual cycle,
which allows a first assessment of how well simplified repre-
sentations of the thermal properties of supraglacial debris layer
reflect reality, and how the simplifications may impact models
of sub-debris ablation. Three sites with contrasting grain size
and stratigraphy are compared over short-time scales and then
debris temperatures in typical supraglacial diamict are
observed for an 11-month period. These measurements capture
the thermal properties of the debris and processes operating
within it over the range of debris types found on the glacier
and through time. We also present a brief analysis of field
observations of spatial and temporal variability in debris
surface albedo and thickness at the same glacier. These data
provide information for incorporating the impact of supraglacial
debris cover in distributed glacier mass balance modelling over
multi-annual timescales.

Field Site and Data Description

The study site is the Ngozumpa glacier in the Khumbu Himal
region of the eastern Nepalese Himalaya (27°56'00"N;
86°42'45"E). The lower 15km of the 18km long glacier is
slow-moving or stagnant (Quincey et al.,, 2009) and has a
mature debris cover and numerous supraglacial ponds (Benn
et al., 2001). Local geology is predominantly sillimanite grade
gneiss, and more resistant Makalu leucogranite (Kostlin and
Molyneux, 1992). Observations indicate that debris thickness
increases down-glacier and can exceed 1-5 m near the terminus
(Nicholson, 2005). The debris surface is typically coarse,
clast-supported material beneath which the debris is unsorted
matrix-supported diamict. The thickness of the coarse surface
layer varies considerably, and the clasts within it vary from the
sub-centimetre to decimetre scale (Figure 1; Nicholson, 2005).
The diamictic nature of much supraglacial debris suggests that
the debris may have multiple sources and transport pathways
and in addition to melt-out of en-glacial debris, fine rock flour
from lateral moraines is redistributed onto the glacier surface
(Singh et al., 2000; Hands, 2004). Stratified sediments occur
locally in the debris layer, recording gravitational and fluvial
reworking and lacustrine deposition typical of mature
debris-covered glacier surfaces (Figure 1d; Benn and Owen,
2002). Differential melt has resulted in significant surface
relief on the debris covered portion of the glacier with
hummocky terrain ranging from 10 to 50m in height. The
ice temperature of the Ngozumpa has not been measured
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Figure 1.  (a) Location of Ngozumpa glacier in the eastern Himalaya of Nepal; (b) SPOT image (January 2000) of the debris-covered portion of the Ngozumpa
glacier showing the site of the debris temperature measurements and automatic weather station (within black box), the locations of debris thicknesses surveys
(within white circles), and approximate positions from which photographs (c) and (d) were taken (stars); (c) overview of the debris covered glacier surface;
(d) detail of the surface conditions showing a variety of debris reworking processes and the variety of debris particle size distribution.

beneath the debris cover, but temperature measurements
from within en-glacial caves within the ablation zone show
ice to be about 0°C, with the exception of a cold winter
surface layer in the vicinity of cave entrances.

Vertical temperature profiles in naturally occurring supraglacial
debris were measured using an array of six thermistors
(Table 1). The measurements sites were all ~3km from the
glacier terminus at an elevation of ~4800m (Figure 1b).
Thermistors were installed by excavating a pit, emplacing the
thermistor probes in the sidewall of the pit, and replacing the

debris as best as possible in its original stratigraphic sequence.
The maximum error on the vertical position of the sensor is
estimated to be 0-01 m. Temperatures were recorded every 30
minutes and temperature timeseries at all thermistor levels
stabilized within three days of installation. Consequently anal-
yses were carried out using data from day 4 and onwards at
each site. Concurrent meteorological measurements (Table 1)
facilitate interpretation of the debris temperatures, although
the record is incomplete due to power failures during cold
nocturnal conditions when the data logger failed to record

Table I. Details of the instrumentation used in the study.
Parameter Height (m) Sensor Accuracy
Air temperature 1-5 Campbell 50Y + 0-35°C
Relative humidity 1-5 Campbell 50Y + 2-6%
Incoming shortwave radiation at surface Kipp & Zonen CM21 + 2% (day total)
Incoming longwave radiation at surface Kipp & Zonen CG1 + 10% (day total)
Wind speed 1.5 Campbell ATOOR +0-ITms'<10ms™
Depth of sensor (m)

Debris temperature (i) (i) (iii) (iv) Gemini PG5001 4+ 0-3 at 0°C

0-00 0-00 0-20 0-00

0-14 0-15 0-30 0-22

0-24 0-30 0-50 0-33

0-35 0-45 0-65 0-45

0-42 0-60 0-75 0-65

0-60 0-70 1-00 0-77

Note: Meteorological instruments were used in conjunction with a Campbell CR510 datalogger and the thermistors within the debris cover were

connected to individual Gemini TinyTag data loggers.

Copyright © 2012 John Wiley & Sons, Ltd.
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and at the end of the record when the 12 volt battery was
becoming exhausted. Data gaps in January, February and
March were 15, 24 and 18%, respectively. Only days with
no missing data were used to compute daily mean values so
the record does not extend beyond 8 September 2002 after
which all days contained some missing data as the battery
power was depleted.

Profiles of debris temperatures were measured for 10 days in
naturally occurring debris sections consisting of (i) typical
supraglacial diamicton, (ii) silt within a former supraglacial
lake bed, and (iii) cobbles grading into coarse diamicton at
0-5m to evaluate the impact of debris cover composition on
the measured temperatures. Subsequently, the thermistors were
re-installed in (iv) a second location with typical supraglacial
diamicton at a stable site from 13 November 2001 to 12 October
2002. The thermistor profiles only reached the glacier ice surface
at site (i) and at the other sites the thickness of the debris is not
known because excavations to glacier ice were not carried out
due to limitations of time and manpower. The chosen sites
were on open, level terrain and were not affected by any
visible gravitational or fluvial reworking over the course of
the experiment and at the end of the experiments thermistor
locations were measured to be within 1cm of their initial
measured position.

The matrix-supported diamict that is typical of the supraglacial
debris consists of clasts of predominantly schist and leucogranite
from gravel to boulder size within a light grey matrix. The
surface of the debris cover is highly variable with diamict
being overlain with anything from large boulders (> 2m),
cobbles, pebbles or even fine silts. The thickness of these
surface layers varies from a few centimetres to more than
a metre. The character of the surface layer results from fall
sorting, fluvial action and collapse of the ice beneath.

The debris cover at sites (i) and (iv) consisted of the
characteristic unsorted matrix-supported diamict throughout
the depth of the sampled profile. In the sections measured
here maximum clast size was ~10cm and particle size
analysis of the matrix material using a Coulter LS230
identified a bimodal particle size distribution of fine and
coarse sands. At site (ii) the sampled depth of the debris
cover was a thick layer of fine laminated lacustrine silt in
a former lake basin. The silt was grey at depth while the
top 2cm were desiccated and had a very bright surface.
At site (iii) the upper 0-5m consisted of clast-supported
coarse cobbles, and below 0-5m the thermistors were in
matrix-supported diamict with a coarser matrix than described
for sites (i) and (iv). Maximum clast size within the top 0-5m
was ~20cm, with most cobbles being 10-15cm in maximum
dimension. The clasts were a mix of bright leucogranite and
darker schist. More detailed observations of the specific lithology
of the sites were not made, but mineralogical analysis of
samples from the same study site indicate composition is
predominantly quartz, calcium albite feldspar and biotite
mica (Casey et al., 2012).

The linearity of temperature profiles was assessed by
computing Pearson’s correlation for all six thermistors and
using the  value as an index of linearity although the values
are not significant in a statistical sense, and this method does
not account for errors in the vertical position of the sensor.
These index values were only considered valid when the
standard deviation across the six thermistors was > 0-8°C.

Effective thermal diffusivity [ke (in m?s™")] of the debris
was computed at the points of the four central thermistors
as the ratio of the first derivative of hourly temperature with
time [t (in seconds)] against the second derivative of hourly
temperature with depth for unevenly spaced points (Williams
and Smith, 1989; Conway and Rasmussen, 2000):

Copyright © 2012 John Wiley & Sons, Ltd.
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The gradient of the linear regression provides an estimate of
the average diffusivity for that depth and the scatter around the
regression indicates non-conductive processes. For example,
instances where the change in temperature with time is low
but the change in rate of temperature change with depth is
large indicate phase changes in the debris layer (Williams
and Smith, 1989; Conway and Rasmussen, 2000). Conway
and Rasmussen (2000) showed that the error associated with
Ke computed by this method is not affected by the sensor
error or the positional error as long as both of these are
constant in time, which is assumed to be the case. Although
other methods to determine «. exist, this one is considered
most applicable in cases where substantial phase changes
are suspected (Williams and Smith, 1989)

Effective thermal conductivity [k (in W m™ k™")] was calculated
from k. by

ke - K:E‘pdcda (4)

where pq and ¢qy are the density and specific heat capacity of
the debris respectively. Volumetric heat capacity of the debris
was calculated from standard values of density (2700 kg m~3)
and specific heat capacity (750 ) kg™ K™') for rocks. The bulk
volumetric heat capacity is the mean of that of the debris and
the void filler weighted by the porosity, which was determined
based on Coulter counter analysis of particle size distribution
of the debris matrix to be fine sand, with a sub-component
of coarse sand, with a bulk effective porosity of ~0-33. The
error on the volumetric heat capacity is estimated to be 10%
(Conway and Rasmussen, 2000).

Measurements of surface albedo were made using a Campbell
CM3 pyranometer held at a distance of 0-5m from the surface
and allowed to stabilize for 30 to 60 seconds. Fifty spot locations
were sampled in an irregular grid at approximately level surfaces
over an area of ¢. 1600m? around the site of the thermistor
installation. All measurements were made during clear sky
conditions and all sampled surfaces were dry, but sampling times
varied between 10:00 h and 14:00 h. Samples were made over
an area including coarse and fine surface material including
some areas with dark organic matter at the surface. The error
associated with these hand-held measurements is expected to
be large and the data are used here in a descriptive rather than
quantitative sense.

Debris thickness was sampled at locations 1km (n=94)
and 7 km (n=124) from the glacier terminus (Figure 1b) by
measuring the debris thickness exposed above ice cliffs
using a laser theodolite and reflector positioned at the upper
debris surface. As it is dangerous to access the edge of the
ice and debris cliff, the distance and dip to the reflector
positioned at the crest of the debris was measured and then
the dip to the debris-ice interface vertically below the
reflector along the line of sight was measured. Debris
thickness was computed from the vertical difference in the
two dip readings, assuming that the debris face was vertical.
The sources of error associated with this method are (a) the
obliquity of view angle and (b) the sub-vertical slope angle
of the debris exposures being measured, and these were not
quantified. The theodolite was continually moved to maintain a
perpendicular view of the ice face being surveyed to minimize
errors associated with (a) and, as debris exposures at ice cliffs
on the Ngozumpa glacier typically take the form of cliffs, with
slope angles significantly greater than the angle of repose the
error associated with (b) is acceptable for determining spatial

Earth Surf. Process. Landforms, (2012)



PROPERTIES OF SUPRAGLACIAL DEBRIS

variability in debris thickness. The survey in the upper glacier was
taken from the west lateral moraine so all samples are from
west-facing ice cliffs, but in the lower ablation zone the
surveys were made from the glacier surface and sampled
ice faces of all orientations. The cliff orientation should
not affect the debris thickness measurements as care was
taken to sample along the full length of the cliff so that
thicknesses were measured at all levels of the topography
that the cliff line intersected. Debris thicknesses were also
sampled at the location of the temperature measurements
at 4km for the terminus, but here the vertical dimension of
exposed debris cover sections were surveyed using triangulation
and the results are less reliable than those determined with the
laser distomat and reflector as the method relies on accurately
re-identifying individual targets within the debris, and
consequently the data are not presented here.

Debris Temperatures and Temperature Profiles
in Debris of Different Grain Size

The gradient of the mean temperature profile over timescales
of a few days is expected to be linear if (1) non-conductive
processes are not influential, (2) thermal conductivity is
constant with depth, and (3) there is no change in heat
storage over the time interval of the averaging. Figure 2 shows
mean temperature profiles measured over days 4 to 6 at
sites (i) to (iii). A snowfall occurred during the measurements
in the diamict [site (i)] and, during the latter half of the
measurements in the cobbles [site (iii)], the air temperature
decreased progressively. To avoid the impact of these factors
a sub-set of three days is shown for which meteorological
conditions were relatively stable. Inclusion of the other days
sampled does not change the overall form of the vertical
profiles of mean temperature. At sites (i) and (ii) the uppermost
thermistors were measuring surface temperature and were
initially covered by a thin layer of fine sediment. However this
was rapidly lost and data from these surface thermistors were
excluded from the analysis because they were affected by
direct solar heating. At site (iii) the uppermost sensor was

below the surface and was thus not affected by direct solar
radiation. The three sites show a marked difference in the
behaviour of the temperature profiles despite being located
within a few tens of metres of each other. However, any
comparison between sites should be undertaken with caution
because measurements were taken on different dates, during
the time of autumn transition, and in different depths of
debris. Although the dataset for each site is short, the follow-
ing paragraphs summarize the features of the observed
debris temperatures.

During the measurements in diamict [site (i)] air temperature
was persistently above 0°C, averaging 2-2°C. The lowest
thermistor in the diamict was emplaced at the ice interface where
a constant temperature of —0-2 £0-3°C was recorded. Liquid
water was found at the ice surface during both excavations,
which suggests that melt was occurring over the course of the
measurement period. The mean temperature profile is not linear,
and the cold departure from a linear mean temperature profile
towards the ice interface could result from the ongoing melt
acting as a heat sink.

In the silt layer [site (ii)] the mean temperature profile is linear
and shows little variation with depth. There is no evidence on
non-conductive processes operating within the silt. The low
mean air temperature (—2-0°C) that prevailed over the
measurement period did not cause inversion of the temperature
gradient which remains slightly positive, indicating that solar
heating of the debris surface has a strong control on the tem-
perature profile. There is a significant lag in peak temperature
between the air temperature and peak debris temperatures
indicating that the effective thermal diffusivity of this mate-
rial under the influence of the small vertical temperature
gradient is low.

During the measurements in debris with surface cobbles
grading into coarse diamict [site (iii)], the air temperature
progressively increased, with a mean of —0-9°C. The three-
day and mean temperature gradient is distinctly non-linear.
At a depth of 0-2m, nocturnal temperatures closely match
the above-surface air temperature with no time lag. This
suggests that voids in the debris layer are well connected with
the surface air flow and that nocturnal temperatures within

{1} diamict (i) sil (i) cobbled surface
10 10
o
£ 5t A ,"\&;M . 5 .
g I S TaN y Lo, B P, _x!‘_r"-'_‘_\
1] a "_‘TS' n \ 1
E 1 "'w'l v-\'| I' \“i
ke ! (et - |
-5 AR y L)
03-Oct -Oct 05-Oct 20-0ct 24-0a 22-0ct 02-hov 03-Mov 0d-hlov
] Li] i]
.02 .02 02 .o
- -
E -04 .04 04
§ -
06 086 08
08 08 08
=1 -1 -1
5 L] 5 10 -5 5 10 -5 [i] 5 10
temperature ["C] temperature [*C] temperature [*C]
Figure 2. Three-day temperature timeseries and mean temperature profiles in supraglacial (i) diamict, (ii) silt and (iii) cobbles transitioning to

matrix-supported diamict at ~0-5 m depth. In the upper panel, air temperature is shown in the dashed line and debris temperatures in shades
of grey getting darker with depth. The labelled date refers to the initial midnight of that day. In the lower panel the hourly temperatures
recorded at each level are shown as dots and the three day mean temperature profile is shown as a line plot. This figure is available in colour

online at wileyonlinelibrary.com/journal/espl
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the debris layer rapidly equilibrate to air temperatures by pro-
cesses presumably including radiative cooling, and buoyant air
displacement or ventilation from above. Daytime tempera-
tures at 0-2m depth exceed the air temperature by several
degrees, and this is attributed to radiative heat exchanges
within the coarse surface layer where boulder surfaces are
heated by direct sunlight. These non-conductive processes
cause the mean temperature profile to be persistently inverted
above 0-5m despite the fact that the mean temperature
throughout the debris layer increased by 1-2°C in response
to the increase of maximum daytime and minimum night-time air
temperatures over the measurement period. Mean temperature
profiles of each individual day also display the near-surface
inversion as shown in Figure 2.
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Figure 3. Summary of debris temperatures measured at 30 minute
intervals by thermistors 1-6 in diamict at site (iv) from 13 November
2001 to 12 October 2002 inclusive. The solid horizontal bars are the
interquartile range, with the median highlighted by a target, and circles
show the 10th and 90th percentiles of the measured temperatures. The
horizontal lines extend to 1-5 times the interquartile range, and outliers
from this are highlighted as crosses (only occur in the upper tempera-
ture record). The cone of the minimum and maximum temperatures is
shown in dotted lines. This figure is available in colour online at
wileyonlinelibrary.com/journal/espl

depth i)

The bottom temperature of all three profiles is close to 0°C
despite the fact that only the profile at site (i) extended to the
underlying glacier ice. At site (i) the bottom temperature is
constant throughout the experiment while at sites (ii) and (iii) the
standard deviation of temperature over the three day period
was 0-07 and 0-20°C, respectively.

Debris Temperatures and Temperature Profiles
over an 11-month Period

Distribution of measured debris temperatures

The mean temperature profile over the 11 months measured at
site (iv) is linear, and has a very slightly positive gradient, with
a value of 2:6°C at the surface and 1-8°C at 0-77 m depth
(Figure 3). The temperature distribution is asymmetrical with
more extreme positive temperatures than extreme negative
temperatures in the near surface layer.

Seasonal variability in debris temperature

Diurnal oscillations imposed by surface meteorology do not
generally penetrate below 0-5 m at the study site, but seasonal
changes penetrate deeper than the lowest thermistor (Figure 4).
Assuming that the thermal properties in the upper 0-77 m are
representative for the whole debris cover, the temperature cone
from Figure 3 can be extrapolated to indicate the maximum
depth of influence of the annual temperature wave would be
at 1-6 m (Williams and Smith, 1989). This is a crude estimate
but would imply that no ablation can be expected beneath
debris covers greater than this thickness if the maximum
and minimum temperatures sampled over this period are
representative of the current climatic conditions.

Positive temperatures are possible near the surface during
the daytime in winter (Figure 4a), but the bulk of the debris
cover remains below 0°C, and daily mean temperatures are
all below 0°C (Figure 5a). The mean temperature profile
crosses the 0°C threshold over the course of a month following
snowmelt in early March, during which time the daily mean
temperatures are quasi-constant throughout the sampled
depth. Mean daily surface debris temperature crosses the 0°C
threshold only two weeks ahead of the lowest thermistor, and
just ahead of daily mean air temperatures (Figure 5a and 5c¢).

8

[

Figure 4. Temperatures at intervals of four hours for the three seasons that are sampled in full (a) winter [December, January, February (DJF)];
(b) spring [March, April, May (MAM)]; (c) summer [June, July, August (JJA)].
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shortwave radiation between 9:00 h and 15:00 h.

By May, positive daily mean temperatures are clearly estab-
lished throughout the sampled depth of the debris cover.
During the monsoon months of July, August and September
(JAS), incoming shortwave radiation is reduced by the devel-
opment of thick cloud cover at the site, which reduces
the occurrence of surface temperatures >25°C, and causes
mean debris temperatures to peak at the end of June, even
though air temperatures remain high throughout July and
August (Figure 5, Table II).

If there is moisture present in the debris layer, phase changes
could be exerting an influence on the thermal regime of
the debris cover during seasonal transition periods and in
the upper portion of the debris layer throughout much of the
winter when the surface is not snow covered (Figure 5b),
and previous work suggests ignoring phase changes at the
surface can lead to significant errors in modelled sub-debris
ablation (Sakai and Fujita, 2004).

Snowfall events of sufficient magnitude to bury the radiometers
installed at the debris surface are indicated by extreme
minima in the incident shortwave radiation record (Figure 5d).
Snow cover, such as occurred in mid-January, immediately
prevents the penetration of the diurnal cycle into the debris,
which rapidly equilibrates to a uniform temperature (Figures 4a
and 5a) and subsequently the debris layer slowly cools at all
levels. In the absence of additional concurrent field observa-
tions at this site it is difficult to determine details of the
impact of snow ablation on the thermal regime of the
debris layer, but modelling work suggests that ground
temperatures can be expected to be influenced by infiltration
of melt-water from overlying snow (Scherler et al., 2010).
Anomalously high temperatures at the beginning of February
cause a rapid warming of the upper debris layers, and the
re-appearance of a diurnal warm wave that rises above zero
degrees in Figure 4 indicates that the surface is no longer
snow covered.

Vertical temperature gradients

Although instantaneous temperature profiles in debris layers
more than a few centimetres thick are non-linear as the surface
temperature changes occur at a faster rate than the energy
transfer in the debris layer, 24-hour average temperature
profiles under stable conditions are often well approximated
by a linear gradient (Nicholson, 2005; Nicholson and Benn,
2006). The daily linear gradient with depth in mid-summer
(=10-5°Cm~" in June) and mid-winter (9-1°C m™" in December)
are of similar magnitude but opposite sign, indicating heat
flux away from the ice in winter. In mid-summer the diurnal
temperature cycle penetrates ~0-2 m deeper than in mid-winter.
The linear gradient between summer [June, July, August
(JJA)] mean mid-day temperature at the upper and lower-
most thermistors is —21-4°Cm™', which is double the daily
mean gradient over the same season.

Only half of the sampled days have daily mean temperature
profiles for which the index of linearity conditions are met (* of
linear least squares fit 0-95 and standard deviation of the six
thermistors > 0-8) (Figure 6). Days that do not meet these
criteria occur mainly during the seasonal transitions (Figure 7),
when non-conductive processes are more likely to contribute
to the thermal regime (Figure 5b), but mean temperature
profiles also fail this linearity test in response to normal variation
in meteorological conditions during the summer season.

Although only the upper 0-77 m of debris were sampled,
extrapolation of the regression line to its 0°C intercept (Figure 6¢)
illustrates the pattern of progression the freezing front might take
at greater depths in the debris. Extrapolation of linear mean
temperature has been used as an indicator of likely minimum
debris thickness (Conway and Rasmussen, 2000), but the data
here suggest that debris thickness determined this way will be
strongly variable in time, and unreliable if the debris extends far
beyond the lowest thermistor. At this site the 0°C intercept of

Table Il.  Maximum and mean changes in day-to-day mean debris temperatures through the profile.

Depth (m) 0-00 —-0-22 —0-33 —0-45 —0-65 —-0-77
Maximum positive change 4.0 (8-4) 3-4 (4-6) 2-4 (2-8) 1-3(1-6) 0-7 (0-8) 0-5 (0-8)
Maximum negative change —3-8 (—6:6) —3-1(—4-4) —3:6 (—=3-6) —2-5(=2-5) —1-0 (—=1-0) —0-7 (-=0-8)

Note: Values are given for the JJA melt season and in brackets for the whole time series.

Copyright © 2012 John Wiley & Sons, Ltd.
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monthly mean linear temperature profiles of July, August and
September all converge on a depth of ~2-5m, which is possible
in the context of local debris thickness measurements
(Nicholson, 2005). The winter maximum depth and summer

Copyright © 2012 John Wiley & Sons, Ltd.

minimum depth of the 0°C intercept reflect the annual tempera-
ture wave penetration depth of 1-6 m determined from Figure 3,
and closer inspection indicates that the deeper 0°C intercepts
are nearly always associated with near-surface cooling.
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Thermal Properties of the Typical supraglacial
Diamict over 11 Months

Effective thermal diffusivity

The thermistors used in this study are not sufficiently precise
to capture the small temperature changes occurring at
0-65m, so effective thermal diffusivities are presented for
only the thermistors at 0-22, 0-33 and 0-45 m. Scatter plots
of the derivatives (Figure 7) show how the limited precision
of the thermistors affects the data at depth. The scatter
around the line of best fit is larger at 0-22 m than at greater
depths in the debris. The -scatter at 0-22 and 0-33m s
greater in spring than in other seasons and phase changes
at 0-33m are clearly evident in the cluster of points that
show no change in temperature with time. The value of k.
exhibits a minimum at 0-33 m and is lower in winter than
summer at all levels.

Transient changes in daily k., computed as the gradient of
the daily linear best fit (Figure 8), show significant variation
over the 11 month period, but are relatively stable within the
main ablation season. Large spikes in k. at the beginning of
February are likely to be associated with the melting of the
snowcover, following a three day period of high air temperatures
(Figure 5), but this effect is confined to the upper layers. A
portion of the seasonal variation in k. can be attributed to
the temperature-dependency of k. but the largest variation occurs
when mean daily temperature is ~0°C indicating that phase changes
and the role of liquid water exert a strong influence on the computed
Ke (Figure 9). Average i, through 0-22-0-45m in summer (JA) is
9-5040-09 x 107" m?s™, and for the stable period in winter from
15 December-5 January is 6-98 +0-12 x 107 m?s".

Effective thermal conductivity

Assuming a 10% error on the bulk volumetric heat capacity, and
that the debris is dry, the bulk summer (JJA) k. for dry debris is

129+ 0-13Wm™ K™ and for winter is 0-954+0-10Wm™" K.
The 10% uncertainty on the bulk volumetric heat capacity
accounts for the fact that the properties of the debris solid are
not well known. For example, the specific heat capacity for
granite (~790) kg™ K™"), would give k. values for dry granitic
debris of 1-36£0-14Wm™" K" and 1-00+£0-10Wm™ K" for
summer and winter, respectively. Other lithologies, such as lime-
stones have even higher specific heat capacities, and choosing
the properties of a completely inappropriate lithology such a
dolomite for this site would result in differences in k. greater than
the stated error. If the voids in the debris are ice- or water-filled
the bulk volumetric heat capacity increases by 50 and 100%,
respectively, for the given porosity of 0-33, with correspondingly
large impacts on the computed k. It is more likely that the debris
layer is not fully saturated and the computed k. for summer
(liquid water) and winter (solid ice) if 10% (20%) of the void frac-
tion fill of air is replaced with water is 1-42 +£0-14 (1-55+0-15)
and 0-99 +0-09 (104 +0-10) Wm™ K™, respectively.

Sensitivity analysis has shown that modelled sub-debris
ablation rates respond linearly to variation in the effective
thermal conductivity (Nicholson, 2005; Reid and Brock,
2010). Depth-averaged estimates of k. from measured ablation
rate and surface and ice temperatures (Brock et al., 2010)
cannot reveal anything about the vertical structure of thermal
conductivity. At our study site the vertical variation in x. and k.
is not monotonic with depth, even over the depth penetrated by
the diurnal cycle, as might be expected if the variation was strictly
a function of the temperature variation with depth. This indicates
that the depth variation of k. cannot be fully predicted from a
sub-debris temperature field alone.

Observations of Surface Albedo

Measured albedo near the sites ranged from < 0-1 to > 0-9. The
mean measured value was 0-3, but with 62% of the measure-
ments falling between 0-1 and 0-3, the median value of 0-2 is
more representative of the typical surface reflectance of the
surface in dry conditions. This is higher than the albedo

Feb
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Dependence of derived effective diffusivity on daily mean temperature over the whole sample period excluding the sections excluded
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measured on nearby sloping ice faces (<0-1) that were covered in
moist dust deposited from the debris section above. Overhanging
ice cliffs and forays into ice caves show that glacier ice is typically
much cleaner than exposed and melting ice faces that are
covered in deposited dust. In general, wetting the surface of the
debris lowers the albedo (Nicholson, 2005), but measurements
of wetted debris were not made at this site; the measurements
on the dirty ice faces provide a lower bound.

Observations of Debris Thickness

Measurements around the thermistor sites show that local
debris thickness varies between 0-5 and 2-0 m within an area
of few tens of square metres, which is both a cause and result
of the uneven surface topography. The melt-out of debris-filled
crevasses can create localized deposits with a debris cover of 3
to 4 m in thickness in excess of 3 m in thickness. Topographic
highs have the thickest debris cover while thinner debris cover
exists on the slopes. Collapse of ice faces, slumping and
screefall down slopes gradually redistributes the debris over
time resulting in slow temporal changes in debris thickness.

In the upper debris-covered portion of the glacier the distribu-
tion of debris thickness is positively skewed, and down-glacier
the distribution becomes more normally distributed as the debris
cover thickens (Figure 10). These data indicate that the debris
thickness at a given distance from the terminus is better
represented in terms of a probability distribution than a single
value, and that the appropriate distribution varies with the
maturity of the debris cover.

Discussion and Conclusions

On the basis of data presented here, a number of conclusions
can be made about the properties and processes operating
within the supraglacial debris cover on Ngozumpa glacier. Of
particular interest is (i) how they affect the manner in which de-
bris properties can be measured to determine model inputs and
(i) the ways in which they may influence spatially distributed
modelling of debris-covered glaciers over multi-annual time-
scales. Key properties of the debris layer are the effective
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Figure 10. Sampled debris thickness distribution at 1 and 7 km from
the glacier terminus (see Figure 1) shows the debris gets thicker towards
the terminus and also the distribution of the debris thickness becomes
less skewed.
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thermal conductivity, the surface albedo and the debris
thickness. Observations and model results indicate that
melting beneath debris less than ~0-5m thick is most sensi-
tive to debris thickness (Nicholson, 2005).

Hinkel (1997) noted that it is not possible to verify field-
determined thermal properties of soils without laboratory
measurements, and that estimates of effective thermal
diffusivity are especially problematic because values vary
through time and space. Our field data provide information
on the nature of the thermal properties of the debris in its
supraglacial location.

Determining values for thermal conductivity by the method
used here requires a period of stable meteorological conditions
over successive days. Further, to obtain estimates of k. that are
not significantly affected by phase changes only data from the
dry conditions within an established thermal season should
be used. Our work shows the limitations imposed on the
method by thermistors that are not sufficiently high precision,
and a minimum precision of 0-01°C would be better (Zhang
and Osterkamp, 1995), and may have allowed thermal
diffusivity to be computed at greater depth in the profile
where temperature variations were smaller.

The calculated «, is higher in summer than in winter at all
depths in the debris layer. This change is not progressive but
rather it changes when the debris temperature changes through
0°C. This shift results from the different thermal conductivity of
frozen and liquid water, in addition to the slight temperature
dependency of thermal conductivity of all media on ambient
temperature. Our results indicate that, if the glacier is to be
modelled over annual cycles, k. should be calculated at both
the thermal maximum and minimum or, if this is not possible,
adjustment to the thermal properties of the debris should be
made to account for seasonality to enable accurate modelling
of the onset and ending of the ablation season.

In the absence of knowledge on the stratigraphy of a debris
layer, bulk thermal and compositional properties are usually
applied over the whole depth of the debris cover. Although
the variation in k. shows a shift above and below the 0°C
temperature threshold, variation with depth at this site is not
monotonic, indicating that these variations with depth are not
only a product of ambient temperature, but also the specific
stratigraphy of the debris layer. This will be difficult to account
for in any model as for most debris-covered glaciers, reworking
of surface debris is likely to result in non-uniform stratigraphy.

Determining k. from k. requires knowledge of the lithology
because bulk volumetric heat capacity varies considerably for
different lithologies. The void fill of the debris layer also has a
large influence on the computed k.. Field observations indicate
that while supraglacial debris can be expected to contain some
moisture it is generally well-drained through most of the depth,
but can have a water-rich zone at the ice interface. Although
the geometrical mean porosity of sand and blocky material
may be similar it can be observed in the field that sand will
retain more moisture than the blocky material which would
result in a higher overall thermal conductivity during times
when liquid water is retained in the finer material. The
moisture-content of the debris cover is generally unknown
and it is not clear if model accuracy would be significantly
improved by the explicit inclusion of moisture migration within
the debris layers, but observations of a representative thick-
ness of the wetted layer at the interface would provide
supplementary information for model set up and moisture
content stratification could be a useful modification of
depth-averaged k. values.

Surface albedo is predominantly controlled by lithology; for
example on the neighbouring Khumbu glacier a longitudinal
band of darker schistic material can be seen (Fushimi et al,,
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1980; Casey et al., 2012), but even with more uniform lithology
as found on the Ngozumpa glacier, surface albedo can
vary significantly on a mature debris cover. It remains to be
seen if this spatial variability is sufficient to play a role in
the development of ablation topography on the glacier or
if that process is governed primarily by debris thickness
variations. Measurements of both wet and dry surface albedo
should be made in order constrain this property for different
surface conditions.

Debris thickness increases down-glacier within the debris-
covered zone. However, the down-glacier trend in mean debris
thickness is a poor predictor of debris thickness at a single point
as the debris thickness varies widely over small spatial
scales. For distributed glacier modelling the debris thickness
distribution is better represented as a probability density
function. On the Ngozumpa glacier this probability density
function evolves from a skewed distribution to a more
normal distribution down-glacier as the mean thickness
increases, but the applicability of such a spatial variation
in debris thickness distribution to other glaciers requires
assessment with field measurements. Determining debris thick-
ness from a linear extrapolation of the mean temperature profiles
can produce misleading results if meteorological conditions are
fluctuating from day to day.

Concerning the role of non-conductive heat transfer processes,
the data from the Ngozumpa glacier indicate that conductive
processes dominate in matrix-supported debris layers in summer,
but coarser debris, or coarse surface layers overlying a
matrix-supported debris layer are likely to experience heat
transfer by ventilation throughout the depth of the coarse
layer, and phase changes are evident in the spring and fall
seasons and associated with snowfall events. Phase changes
within the debris cover associated with seasonal changes are
important for defining the seasonal duration of sub-debris melt
and resultant total annual ablation. This means it is important to
be able to model the thermal dynamics of the debris layer in the
shoulder seasons to define the sub-debris ablation season. It
would also be valuable to make concurrent measurements within
different debris lithologies and grain sizes so that the impact
of differences in the debris can be separated from the
differences in meteorological conditions. Observations of
permafrost sites have shown that coarse surface layers result
in a cooler sub-surface temperature field (e.g. Harris and
Pedersen, 1998; Hanson and Hoelzle, 2005; Juliussen and
Humlum, 2008) compared to either rock or matrix supported
sediments and this has been used to preserve infrastructure in
frozen ground (e.g. Cheng et al., 2008, and references cited
therein). Cool temperature anomalies beneath blocky material
are commonly attributed to thermally-driven convection in
winter, which efficiently exchanges warmer air from the debris
voids for cooler air from the surface, and stable stratification of
air in the void spaces of the blocky layer in summer. However,
many processes can contribute to the temperature anomaly
(Juliussen and Humlum, 2008), and the relative importance
of different processes has not been resolved. For example,
the thermal anomaly associated with coarse debris can be
equally well modelled as a result of the lower effective thermal
conductivity layer of a low porosity blocky layer, without
recourse to ventilation processes (Gruber and Hoelzle, 2008)
and the roughness of the blocky surface can make it form
more effective heat bridges through snowcover to atmospheric
temperature variations (Juliussen and Humlum, 2008). The
association of coarse surface material with cool sub-surface
temperature anomalies (Harris and Pedersen, 1998; Cheng
et al., 2008) suggests that the spatial distribution of blocky
material at the surface of the debris layer can be expected
to exert an influence on the sub-debris ice melt.

Copyright © 2012 John Wiley & Sons, Ltd.

If ice is taken to be at the melting point (e.g. Nakawo and
Young, 1982; Nicholson and Benn, 2006; Reid and Brock,
2010), model results are only applicable within the established
melt season on mid- to low-latitude glaciers, that can be
assumed to be temperate. Application of sub-debris ablation
models over longer timescales, or colder environments,
requires inclusion of the en-glacial heat flux.

Application of simplified energy balance models using
diurnal linear representations of vertical temperature gradients
through the debris is appropriate only in unstratified debris
layers during periods with stable meteorological conditions
within established winter or summer seasons. However, averaged
over longer time intervals, errors in computed ablation rate may
tend to cancel out.

Assessing the impact of (i) the ice temperature field,
(ii) incorporation of phase changes and (iii) the timescale
for determining temperature gradients to drive heat flux
would be a useful next step in determining the best
approaches for mass balance modelling of debris-covered
glaciers over a range of temporal and spatial scales, in
addition to a quantitative assessment of the sensitivity of
models of various complexity to both the debris and
meteorological input parameters. More empirical data from
debris-covered glaciers is required both to aid our
understanding of ablation at the surface of these glaciers
and to validate modelling efforts.
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