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Abstract
Melting of glacier ice underneath moraine
cover is controlled by energy transfer through
the debris. The effective heat conduction
through a 24-cm-thick debris layer on
Franz Josef Glacier in the Southern Alps of
New Zealand was observed by thermistors
over eight days. Melt rates were calculated
assuming that conductive heat flux is the only
energy source. Although heavy precipitation

occurred on one day during the experiment,
the observed total melt agreed well with
calculated values for dry conditions. This
suggests that even in this highly maritime
environment, additional energy provided by
percolating rain is of only minor importance
for sub-debris melt.
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Introduction
Under ‘clean ice’ conditions, the major
energy sources driving snow and glacier melt
are incoming solar radiation and the fluxes of
sensible and latent heat, while precipitation
heat flux is of minor importance (e.g., Oke,
1987). In contrast, under debris-covered ice,
the role of the debris cover in modifying glacier
melt is well known, but still incompletely
understood (Reznichenko et al., 2010).
Under thin debris covers, melt is enhanced
due to increased absorption of shortwave
radiation, but under thicker debris covers,
melt reduction occurs through insulation
(Østrem, 1959). For their ablation model
design, Juen et al. (2014) tested different
curve fittings and found that an exponential
relation is most promising to describe the
asymptotic approximation of melt towards
zero with increasing debris thickness. As soon
as this exponential relation is determined by
field observations, sub-debris melt rates can
be quantified for known debris thicknesses by
the sums of positive degree days (Braithwaite,
1995). This so-called temperature index
method is the most widely used conceptual
approach to calculate snow and ice melt in
mm per positive degree days (Hock, 2003).
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Debris thickness is spatially highly variable;
an accurate description requires intensive
field mapping or the use of thermal satellite
imagery (Mihalcea et al., 2008; Foster et al.,
2012; Juen et al., 2014). First approximations
can also be derived from the simple fact
that debris thickness increases towards the
glacier snout.
Research on the effects of debris cover
on glacier surface melt is common in the
European Alps (Juen et al., 2013), the
Andes (Brock et al., 2007) or the Himalaya
(Kayastha et al., 2000), but was limited for
glaciers in the New Zealand Southern Alps,
which have specific maritime conditions.
While the cited studies in Europe, South
America and Asia are located in basins with
annual precipitations of up to c. 2000 mm,
this value is exceeded by a factor of three at
Franz Josef. Due to their large mass turnover,
glaciers in the Southern Alps are thought to
be particularly sensitive to climate change
(Oerlemans, 1997). However, there have
been few empirical studies of the potential
effects of debris cover on modifying melt in
the Southern Alps. Kirkbride and Warren
(1999) measured fifteen debris temperature
profiles on Tasman Glacier to calculate
thermal conductivity and annual ablation.
They observed a dramatic effect of the
supraglacial moraine on the ablation gradient.
At the same glacier, Purdie and Fitzharris
(1999) reported the reduction in ablation
below 1.1 m of debris, relative to clean ice, to
be 90%. At Fox Glacier, Purdie et al. (2008)
found ablation under debris to be reduced by
50%, relative to clean ice. However, heat flux
studies on New Zealand glaciers are limited
to ‘clean ice’.
Here, we report a field examination of heat
flux and supraglacial debris layer thermal
resistance on Franz Josef Glacier. This glacier
is only slightly debris covered when compared
to others such as Tasman or Mueller Glacier,
but this is not essential for a point-based
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process study. Franz Josef Glacier is seen
as a key indicator of Southern Hemisphere
climate change (Anderson et al., 2008). The
aim of our pilot study in February 2012
was to observe the sub-debris melt rate and
the temperature gradient within the debris
cover, and compare these observations with
a simple model driven by debris surface
temperatures extrapolated from debris
temperatures in different depths. Although
of limited duration and scope, this pilot
study is of potential importance, because if
calculated melt closely follows observed melt,
the corollary is that regional estimations of
melt under debris using simple temperature
index methods may be feasible.

Geographical setting
Franz Josef Glacier is located on the western
flank of the Southern Alps and has a total
length of 11 km (Herman et al., 2011).
Annual precipitation has a maximum of
c. 11 m a−1 at 1200 m a.s.l.; above this elev
ation it decreases to 5.1 m a−1 at 2500 m a.s.l.,
while mean annual temperature varies from
c. 9°C at the terminus to c. −4°C at the névé
(Anderson et al., 2006). Franz Josef Glacier
advanced >1 km from the mid-1980s until
the late 1990s. After a short period of retreat
it advanced again c. 350 m in 2005–2009.
Today it is undergoing severe retreat and
down-wastage. The debris-covered extent
of the lowermost part of the glacier which
increased during recent years of recession is
shown in Figures 1 and 2 for the situation in
February 2012.

Materials and methods
We inserted a single 1.5 m long, white PVC
ablation stake into a hand-augered hole in
the ice underneath 24 cm of debris cover
on the lower part of the glacier tongue (P1,
360 m a.s.l., Fig. 1). Three thermistors with
data loggers were installed at the stake, at
depths of 6 cm, 12 cm and 18 cm below

Figure 1 – Experiment site (P1) and extent of debris cover on the tongue of Franz Josef glacier,
mapped from a georegistered aerial photograph (0.4 m ground resolution) acquired by New
Zealand Aerial Mapping in February 2011 (Survey Number: 50850X, Run and Frame: 16/1885).
Coordinate system: NZTM.

the debris surface, ensuring equal vertical
distances between debris surface, individual
thermistors and the debris-ice interface.
The loggers recorded temperatures at an
interval of five minutes over eight days. Air
temperature was recorded using a temperature
probe inside a radiation shield, installed on a
stanchion 1.5 m above the debris-cover close

to the ablation stake. The melt rate below a
debris layer (given as m s-1) can be calculated
as
Q
M= m
(Eq. 1)
ρi L f
where Qm is downward energy flux at the
debris/ice interface (W m-2), ρ i is the density
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Figure 2 – The debris-covered terminus of Franz Josef Glacier, February 2012, with the prominent
medial moraine immediately up-glacier (tourists in the centre and right foreground for scale).

of ice (900 kg m-3) and Lf is the latent heat
of fusion (334 kJ kg-1). If the system is purely
conductive and no convective or latent heat
exchange occurs, Qm equals the conductive
heat flux Q c. The thermal conductivity
k (W m-1 K-1) is assumed to be constant
with depth and, under the assumption that
the debris is in thermal equilibrium, the
temperature gradient Q c(W m-2) within the
debris is linear (Kraus, 1975) and can be
written as
Qc = k

Ts –Ti
z

(Eq. 2)

where Ts is the debris surface temperature
(K), Ti is the ice temperature (assumed to
be 273.16 K for melting conditions) and z
is debris thickness (m). The simplification of
a thermal equilibrium means that the heat
storage is constant over time, which requires a
minimum time-step of 24 hours to eliminate
effects of diurnal cycles in the thermal regime
(Nicholson and Benn, 2006). Under real
conditions, k is not constant, but changes with
moisture content (Nakawo and Young, 1981).
The thermal conductivity k (W m-1 K-1)
is determined by
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k  =  c  ρ  ∝
(Eq. 3)
where c is the specific heat capacity (J kg-1 K-1),
ρ is the bulk density (kg m-3) and ∝ is the
thermal diffusivity (m² s-1) of the debris. For
c, a value of 923 J kg-1 K-1 was calculated
for the mix of rocks and the air in the voids,
based on the porosity of the sample (60%)
and a mean value for schist of 790 J kg-1 K-1
(Waples and Waples, 2004). Density ρ was
measured using scales (1678 kg m-3) and
porosity was calculated assuming a density
of schist of 2.77 g cm-3 (Waples and Waples,
2004). The thermal diffusivity ∝ (m² s-1)
was derived by the method of Conway and
Rasmussen (2000) using a one-dimensional
thermal diffusion equation:
∂T
d2T
=k 2
∂t
∂z

(Eq. 4)

where T is debris temperature and t is time.
If the first derivate of temperature with
time is plotted against the second derivate
of temperature with depth, the slope of the
best linear fit gives an approximation of the
mean diffusivity at that particular depth
interval (Conway and Rasmussen, 2000).

Debris surface temperature was calculated by
linear extrapolation of the temperatures from
different depths. Ablation measurements
were taken daily or every second day by stake
readings.

Results
The recorded temperatures are shown in
Figure 3. They show a distinct diurnal
variation, with the amplitude of this variation
decreasing with depth.
At the ablation stake, warming of the
debris column typically begins around 0630 h
(NZDT), shortly after the warming of the
air was registered. The fact that exposure to
direct sunlight began only around 0920 h
illustrates the importance of sensible heat.
At the thermistor beneath 6 cm of debris,
maximum temperatures were reached
between 1330 h and 1535 h (maximum solar
altitude was at 1354 h). The average time-lag

in heat transfer to the thermistor beneath
18 cm of debris, where daily maxima were
reached between 1425 h and 1630 h, was
82 minutes. The debris temperature on a clear
day (8 February) does not differ much from a
day with overcast skies (12 February), again
reflecting the limited relevance of shortwave
radiation in the energy balance. The most
symmetric and undisturbed temperature
curves appear on a day with completely
overcast skies (12 February). On partly cloudy
days, direct incoming radiation is temporarily
reduced, quickly reducing the near-surface
debris temperature. A completely clear sky
day did not occur during the field campaign
and is quite rare in this region, at least
during summer. Noteworthy precipitation
occurred during three periods (9-10
February, 14 February and 15 February).
The corresponding precipitation amounts for
these days recorded at Franz Josef township,

Figure 3 – Air temperatures and debris temperatures recorded at different depths within the debris
cover and extrapolated to the surface.
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9.4 km to the northwest (80 m a.s.l., NIWA
station Nr. 24926) were 3.1 mm, 67.5 mm
and 3.2 mm, respectively. The effect of
rainfall on debris temperatures can be clearly
seen on 9 and 14 February, when temperature
peaks are cut significantly. This cannot be
due to a reduction in direct solar radiation
alone, because on 12 February, a temperature
peak due to diffuse radiation appears during
completely overcast conditions. Rain
obviously has a cooling effect on debris at all
depths, which is strongest in the warmest,
uppermost layers.
On 14 February, when the debris layer
could be expected to be saturated after
heavy rainfall, the temperature levels of the
debris during the night is 1-2°C higher than
during the rest of the period. This cannot
be caused by precipitation heat transfer,
because higher debris temperatures can

already be observed the night before, when
rainfall was very moderate. It is more likely
that this phenomenon can be explained by
the higher air temperatures during those two
nights. Indeed, the generally mild (10–12°C)
night-time temperatures recorded mean that
the Franz Josef Glacier tongue is melting 24
hours a day.
Applying Eqs. 3 and 4 gives a thermal
conductivity of 1.42 W m-1 K-1. This allows
the calculation of the conductive heat flux
(Eq. 2), and consequently the rate of subdebris melt (Eq. 1). Measured and calculated
ablation are shown in Figure 4.
The main uncertainties in calculated
ablation arise from the accuracy of both the
debris temperature records (+/– 0.2°C) and
the depths of the loggers, which we estimate
as +/– 0.5 cm. A combination of these errors
yields variations in the diffusivity, the thermal

Figure 4 – Measured and calculated ablation at stake P1 for the individual readings and as cumulative
time series. The error bars indicate the maximum uncertainty due to temperature measurements
(see text for explanation).
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conductivity and the resulting melt of between
+17% and –16%. This maximum error due
to temperature measurements is displayed
in Figure 4. Since debris density and heat
capacity are also directly proportional to the
resulting melt, relative errors in these values
lead to the same relative melt discrepancies.
The cumulative curves show that at the
end of the observation period, calculated
ablation is very close to measured values,
the difference in total surface lowering is
only 3 mm. However, there are deviations
between calculated and observed values for
the individual readings. We overestimate
ablation from 7-8 February and from 10-12
February (indicated by a steeper decline of
the calculated curve) and we underestimate
it for the rest of the period. Overestimation
seems to occur during the dry and relatively
sunny periods and underestimation is more
restricted to the rainy days towards the end of
the experiment, but this relation is not really
close. A strong underestimation (–37%)
also occurs during a rain-free period (12-13
February), while during the most abundant
precipitation event on 14 February, the
discrepancy between model and observation
is only 10%.

Discussion and conclusions
It was possible to calculate total subdebris ablation over a period of eight days,
although the applied method assumes that
heat transfer is conductive exclusively and
several precipitation events occurred during
the experiment. The differences between
measured and calculated values between
individual readings can have causes other
than precipitation heat transfer or changes
in thermal conductivity due to modified
moisture content. For instance, these intervals
vary considerably. Some are shorter than 24
hours, which is the minimum duration to
avoid influences of diurnal variations of the
thermal regime according to Nicholson and
Benn (2006).

Although limited to a short time of
observation, the good agreement between
model and observation and the visual
interpretation of the temperature graphs
suggest that additional energy provided by
percolating rain is of only minor importance
for sub-debris melt. Rainfall can release heat
stored in the debris layer and influences the
timing of the heat transfer, but compared
to clear-sky conditions, precipitation cools
debris layers and melt is actually reduced
during rain events. Hence, while recognizing
the limitations of the data collected, our
results support the assumption that air
temperature alone is a strong parameter for
sub-debris melt determination, even in high
precipitation environments.
Accurate mapping of debris thickness can
be derived from in situ surveys or from remote
sensing information (e.g., Zhang et al., 2011;
Foster et al., 2012). If the assumption of
the link between air temperature and subdebris melt is correct and if the exponential
relation between debris thickness and degreeday factor is determined from ablation
measurements, air temperature can be used
to calculate melt beneath debris layers of
varying thicknesses, similar to studies in
dryer climates (e.g., Hagg et al., 2008; Juen
et al., 2013).
Indeed, a simple degree-day model, with
accurate characterisation of debris thickness,
could provide sufficient quantification of
melt over the coming decades as larger parts
of glacier tongues in the Southern Alps can
be expected to be debris-covered.
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