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Abstract

Melt rates on glaciers are strongly influenced by the presence of supraglacial debris, which
can either enhance or reduce ablation relative to bare ice. Most recently, Franz Josef Glacier
has entered into a phase of retreat and downwasting, with the increasing emergence of debris
on the surface in the ablation zone. Typically at Franz Josef Glacier, melt has only been
measured on bare ice, so in February 2012, a network of 11 ablation stakes was drilled into
locations of varying debris thickness on the lower glacier. Mean ablation rates varied from

1.2 t0 10.2 cm d, closely related to debris thickness. Concomitant observations of air
temperature allowed the application of a degree-day approach to the calculation of melt rates,
with air temperature proving a strong indicator of melt. Degree-day factors (df) ranged from
1.1t0 8.1 mmd™ °C" (mean of 4.4 mm d °C"), comparable with rates reported in other
studies. Mapping of the current debris cover revealed 0.7 km?” of the 4.9 km? ablation zone
was debris-covered, with thicknesses ranging from 1-50 mm. Based on measured debris
thicknesses and df, ablation on debris-covered areas of the glacier is reduced by 41%,
equating to a 6% reduction in melt overall across the ablation zone.

Introduction

Glacier retreat in many regions is associated with the development of debris-covered ablation
zones. Debris cover extent may range from completely debris-covered tongues (e.g. Miage
Glacier, Italy; Smiraglia et al. 2000) to partly covered tongues (e.g. glaciers in Chenab basin,
Himalaya; Shukla et al. 2009), and finally to discrete areas of fine dust and pebbles, as
observed on many alpine glaciers (Mayer et al. 2011). That supraglacial debris cover

modifies glacier behaviour is well known, based on several key small-scale field studies (e.g.
@strem 1959), complemented by theoretical studies based on heat flux calculations (e.g.
Nakawo & Young 1981). Empirical relationships between supraglacial debris thickness and
ice-melt rates were initially established by @strem (1959). Once a ‘critical thickness’ (debris
thickness at which sub-debris ablation equals that under bare snow or ice) of debris is
reached, a shielding effect dominates, which insulates the underlying ice, and slightly reduces
melt rates (@strem 1959). The critical thickness depends on physical properties of the debris
and on meteorological conditions, with values reported in the literature varying between 2 cm



(Mattson 2000) to 7-8 cm (Popovnin & Rozova 2002). Under thicker debris covers, ablation
rates progressively decline, a pattern that has been confirmed in several studies (e.g. Loomis
1970; Mattson et al. 1993; Nicholson & Benn 2006). Hence, ablation under supraglacial
debris is a balance between melt enhancement due to increased absorption of shortwave
radiation, which dominates under thin debris-covers, and melt reduction through insulation
from atmospheric heat and insolation, which dominates under thick covers (Nicholson &
Benn 2006).

In reality, the degree to which debris alters ablation at any given glacier, including the
critical thickness at which ablation is retarded, is difficult to quantify (Scherler et al. 2011).

This is due to the typical highly heterogeneous nature of debris cover on glaciers, local
climatic conditions (which may vary with latitude and altitude), and lithology (Reznichenko

et al. 2010). While debris-covered glaciers are common in alpine environments such as the
Himalaya, the Peruvian Andes, and the European Alps, there have been very few studies of
the effect of debris cover on ice surface ablation in the New Zealand Southern Alps (Brook &
Paine 2012). Using a regional scale energy balance model, Anderson and Mackintosh (2012)
found that in the central Southern Alps, debris covers reduce glacier mass balance sensitivity.
Studies of the impact of debris cover on glacier ablation are important for three reasons. First,
if mass balance data are unavailable, glacier advance and retreats are typically used as
indicators of their response to climate change (Hooker & Fitzharris 1999; Oerlemans 2005),
even though terminus changes are not unambiguous indicators of glacier response to climate.
Indeed, when supraglacial debris covers a significant proportion of the ablation zone, the
glacier mass balance may become significantly less negative, influencing the behaviour of the
terminus. This may, in turn, generate a terminal moraine that has only a partial climaterelated
cause (Reznichenko et al. 2011). In New Zealand, evidence is emerging that some

terminal moraine ridge formation in the past (e.g. the Late Glacial Waiho Loop moraine of
Franz Josef Glacier) is linked to increased debris cover in ablation zones, rather than simple
climatic-forcing (e.g. Shulmeister et al. 2009; Tovar et al. 2008). Second, of more immediate
importance is the response of glaciers to future climate change since the current trend of
glacier retreat has been widely accompanied by an increasing extent of debris cover on
glacier tongues (Scherler et al. 2011). Long periods of negative mass balance increase the
extent of debris cover on glaciers, and along with reduced ice velocities, accumulated debris
over extended time periods leads to insulation of the ice surface and reduce local melt.
Therefore, the role of the supraglacial debris cover control over ice melt is likely to become
more significant with the prolonged negative glacier mass balances in the future. Third, debris-
covered glaciers control the current and future availability of water. This may be of

special relevance in regions like Central Asia, where mountains are surrounded by arid
lowlands (Bolch et al. 2012). These areas are heavily dependent on glacier meltwater during
the growing season for irrigation and drinking water. Indeed, in New Zealand, glacier-fed
rivers in the central South Island contribute large portions of hydro-electricity generation,
with improved lake-inflow forecasts required for enhanced management (Purdie & Bardsley,
2010). Hence, an investigation into the effect of debris cover on ablation at one of New
Zealand’s most active and well-studied glaciers (Franz Josef Glacier) is timely. We herein
present results of a field study of the effect of varying debris thickness on surface melt, and
having mapped the debris cover and thickness, estimate the degree to which emerging debris
cover on the lower part of Franz Josef Glacier reduces surface melt across the ablation zone.



Study Area

Franz Josef Glacier is one of the best studied Southern Hemisphere glaciers, and is regarded

as a key indicator of Southern Hemisphere climate change (Anderson et al. 2008). The ~11

km long glacier occupies 35 km2 on the western flank of the Southern Alps, is ~6% of
Southern Alps total ice volume (Fig. 1; Herman et al. 2011), and descends from a maximum
elevation of 2900 m a.s.l. to a terminus at ~280 m a.s.| (Alexander et al. 2011). The broad
accumulation area consists of gently sloping snowfields, which converge into a heavily
crevassed steep, narrow tongue, with the equilibrium line altitude (ELA) currently at ~1860

m a.s.l. (Anderson et al. 2006). Precipitation increases from ~7 m a™* at the terminus to ~12
matat600ma.s.l., decreasing to ~5 m a~* at the névé, while mean annual temperature
varies from ~9 °C at the terminus to approximately -4 °C at the névé (Anderson et al. 2008).
The corollary is a glacier system with both high accumulation and ablation rates, leading to velocities
of ~1000 m a™* (Herman et al. 2011), and a response time of 9-20 years (Oerlemans

1997). While Franz Josef Glacier has retreated substantially from its Little lce Age maximum
over the 20th century, it advanced >1 km from the mid-1980s until the late 1990s, due to cool,
wet conditions linked to the El Nifio Southern Oscillation and Interdecadal Pacific Oscillation
(Hooker & Fitzharris 1999, Chinn et al. 2005). Over the last decade, the glacier has at first
retreated, followed by an advance of ~350 m since Mid-2005 until c. 2009, but it is now
undergoing retreat and downwastage, leading to formation of features typical of debriscovered
glaciers (Fig. 2). This has been accompanied by emergence of debris at the snout of

the glacier, and development of a medial moraine (Fig. 3). The focus of this study is both the
debris-covered snout and the medial moraine, previous ablation work at Franz Josef Glacier
having solely focused on abundant clean ice surfaces (Marcus et al. 1985; Ishikawa et al.

1992; Anderson et al. 2008), when debris cover was negligible.

Methods

To determine the effect of a varying supraglacial debris thickness on ice melt, ablation was
measured from 7 to the 16 February 2012 using a network of 11 light grey low-conductivity
PVC ablation stakes. These were placed into hand-augered holes into the debris-covered ice
through debris of varying thickness (0 to 45 cm), which covered the entire variability of
debris thicknesses observed. Stakes were installed on flat surfaces on areas of continuous,
stable debris, with debris thickness measured at the beginning of the study period, and at each
stake daily over the following 9 days. The altitude of the stake locations ranges from 360-480
m a.s.l.. Disturbance of the debris cover was minimized as much as possible, and this
included the use of a steel measuring tape that was extended down the side of each ablation
pole to the debris-ice interface. For the thinnest debris covers, debris thickness was monitored and
maintained using a trowel. For air temperature measurements, a Campbell HC2S3
temperature probe inside a radiation shield was attached to a Campbell CR1000 logger,
logging at 5 minute intervals, installed on a stanchion 1.5 m above the debris-covered ice at
the snout. Assuming an elevation gradient of 4.8 °C/1000 m (Anderson et al. 2006), this
allowed the positive-degree-day (PDD) factor to be calculated for each stake. The PDD
method assumes that the amount of ice melt during a period of study is directly proportional
to the sum of the mean daily temperatures above 0°C over that period and enables
comparison of ablation between different regions (Braithwaite 1995). This allows the
calculation of the PDD factor (df), which is derived from the sum of ablation divided by the
sum of positive-degree-days, over the period of study. Despite simplifying complex energy



fluxes, the PDD factor (in mm d-1 °C™), has proven to be a very useful parameter where
detailed energy balance measurements are lacking (Braithwaite 1995).

The relation between PDD and debris thickness can then be used to calculate melt for

any given debris thickness and degree day sum. In order to estimate the influence of debris
cover on ice melt across the ablation zone, thickness and spatial distribution of debris was
mapped in the field using a global positioning system (GPS). Mapped debris thickness data
were then added, in ArcGlS, as shape files onto a georegistered aerial photograph (0.4 m
ground resolution) of Franz Josef Glacier (Fig. 1) acquired by New Zealand Aerial Mapping
in February 2011 (Survey Number: 50850X, Run and Frame: 16/1885). Visual interpretation
of the orthophoto in combination with numerous field observations allowed subdivision of
the debris-covered areas of the glacier into 79 polygons of homogeneous appearance and
known thickness (Fig. 4). For each polygon, the relative deviations from clean ice ablation
was calculated. For this purpose, the best line fit of an exponential relation between PDD and debris
thickness was used. By considering the areas of the polygons, the relative impact of
supraglacial debris on surface melt could be estimated.

Results

Cumulative ablation for each of the 11 stakes is reported in Fig. 5 along with temperature,
which showed typical diurnal variability of between ~10 and ~18°C. At several stakes
readings were taken twice daily, and the cumulative ablation curves (Fig. 5) indicate that melt
progressed during night time too, confirming the effect of the positive air temperatures that
are quite typical for maritime mid-latitudinal glaciers (Alexander et al. 2011. Daily melt rates
varied from 1.2 to 10.1 cm d™ under debris cover of 43 cm and 0 cm thickness, respectively,
with a mean of 5.3 cm d™* (Fig. 5, Table 1). The relationship between debris cover and melt
rate is shown in Fig. 6A, with the relationship of @strem (1959) superimposed on the plot. As
can be seen from the graph, ablation decreases asymptotically with increasing debris
thickness, and following the exponential regression model reported on the graph, would be
close to zero with a debris thickness of ~85 cm. Nevertheless, there is no evidence for
increased ablation relative to clean ice under a very fine debris cover. As accurate
measurements over very thin debris layers are difficult to conduct, @strem (1959) has also
dotted his graph in this thickness range, rather than reporting observed values. Indeed, the
average ablation rate for bare ice (10.1 cm d*) was not exceeded at any of our observed
locations, which agrees with the findings of Mihalcea et al. (2008). This may reflect that bare
ice locations were not in fact perfectly clean, but included dust which would lower albedo
and increase absorption of solar energy. To allow direct comparison with other studies, a degree-
day-factor, df, was calculated

from air temperature, which can be extrapolated to all of the stakes due to rather constant
lapse rates. This temperature index method based on mean air temperature is beneficial
because it is strongly connected to the most important energy fluxes in alpine environments,
solar radiation and sensible heat flux (Ohmura 2001). The air temperature record allowed
calculation of df for all the stakes in this study, with df varying from 1.1 mm d-1 °C"* under 43
cm of debris to a maximum of 8.1 mm d™ °C™* under bare ice (Fig. 6B), with a mean value of
4.4mmd-1°C".

The close fit (r* = 0.86) of the exponential regression (y = 0.595-0.051x) to the debris
thickness and degree-day melt-rates indicates that it should be possible to estimate ablation
rates under supraglacial debris, if temperature and debris thickness are known. This was



undertaken for the ablation zone using the high resolution aerial photograph in Fig. 1 and
field mapping of debris thicknesses (Fig. 4). Results show that 0.7 km2 of the 4.9 km2
ablation zone is currently debris-covered, with thicknesses ranging from 1 mm to 50 mm.
Based on the measured debris thicknesses and df, within the debris covered area of the
glacier, ablation is reduced by 41% at the present time. Considering the whole ablation area,
the current debris cover reduces ice melt by 6%.

Discussion

Ablation at Franz Josef Glacier appears to follow the general trends outlined in previous
studies globally, with ablation being reduced under thicker debris layers (e.g. @strem 1959;
Loomis 1970; Brock et al. 2007). At the same altitude, an increase in debris cover from 2.5

cm to 10 cm is accompanied by a 32% decrease in melt (Fig. 6), showing that a small change in debris
thickness causes a marked change in energy available for ice melt. Nevertheless,

although our study provides a good general match to the general form of the @strem (1959)
curve, showing an asymptotic decline in melt with increasing debris thickness, it does not
mimic the ‘rising limb’, as found in many previous studies (e.g. Tangborn & Rana 2000).
Instead, our results show falling melt rates with increasing debris thickness, even for

miniscule debris layers, consistent with Mihalcea et al. (2006) and Brock et al. (2007). This

may reflect that bare ice locations where not absolutely clean, and that albedo was lowered by
the presence of small amounts of dust and cryoconite, increasing absorption of solar energy.
While the degree day factor (df) for ‘bare’ ice for the present study of 8.1 mm d-1 °C" is close
to the upper end of the range in df (5.5 to7.7 mm d™ °C?) reported for a selection of glaciers
globally by Braithwaite (1995), it is higher than the df of 5.1 mm d-1 °C™ reported for nearby
Fox Glacier by Brook and Paine (2012). The range in df in this study (1.1 to 8.1 mm d-1 °C")

is close to, and in some cases overlaps, ranges of df values reported from a host of other
debris-covered glaciers from different continents. Indeed, df values of 1.6 to 10.6 mm d™* °C*
for 24K Glacier, southeast Tibet were reported by Wei et al. (2010), Hagg et al. (2008)

reported df of 4.1 to 9.3 mm d-1 °C™ for Inylchek Glacier, central Tian Shan, while Brook and
Paine (2012) reported a range in df of 1.2 to 5.9 mm d™* °C" at Fox Glacier. To allow a closer
evaluation with other studies, comparisons of df for debris thicknesses of 10 cm can be made,
with df values of 15.6 mm d*°ct 14.0mmd*°ct 5.5mmd?*°C-13.5mmd*°Cand,
reported for the Himalayan AX010, Khumbu, Rakhiot and Lirung Glaciers, respectively
(Kayastha et al. 2000), and 3.8 mm d™ °C* and 3.5 mm d™ °C", reported respectively, for

Fox and Inylchek Glaciers (Hagg et al. 2008; Brook & Paine 2012).

The subtle variations in df between these studies is intriguing, and is mainly due to
geographical conditions (elevation, latitude, aspect, shading), local geology and debris layer porosity
and permeability (controlling debris surface albedo and thermal resistance), and
meteorological conditions (cloudiness and rainfall). Indeed, ice ablation is controlled by the
amount of energy supplied to ice (Cuffy & Paterson 2010), which is influenced by the

interplay between the surface energy balance and heat transfer processes through the debris
layer. This determines the amount of energy reaching the ice-debris interface. Marcus et al.
(1985) highlighted the possible effects of rainfall events on ablation, arguing that surface
runoff due to rainfall may intercept and advect a substantial portion of incoming energy
fluxes, with percolating rainfall advecting heat from the warm debris to the ice (e.g.
Reznichenko et al. 2010). Although our survey period did include days with precipitation,

our results indicate that temperature alone, as defined by df, is a strong predictor of sub-debris



melt, indicating heat flux supplied by rain has little effect on the energy balance at the ice-debris
interface, unlike on clean ice surfaces (Ishikawa et al. 1992) at Franz Josef Glacier.

This is in accord with conclusions from previous studies in the Italian Alps (Brock et al.

2010), the Himalaya (Takeuchi et al. 2000; Kayastha et al. 2000), the Karakorum (Mattson &
Gardner 1991) and Svalbard (Nicholson & Benn 2006). Moreover, statistical modelling by

Reid and Brock (2010) on the effect of precipitation on melt beneath a debris layer found that
the heat flux from precipitation could be omitted without significant loss in model
performance.

A further control on df accounting for differences between sites may be diurnal

radiation cycles. Laboratory data from Reznichenko et al. (2010) indicates that diurnal

cyclicity is crucial to insulation under debris, with the relative amplitudes and durations of

the heating and cooling parts of the radiation cycle determining the degree of insulation effect
of the debris cover. Reznichenko et al. (2010) found that a given depth of debris has a
particular thermal inertia, and that the duration and intensity of the radiation cycles, relative to this
inertia, determine the delivery of energy to the underlying ice and thus the melt rate.
Decreasing df with increasing latitude is explained by the decreasing amplitude of the diurnal
cycle with increasing latitude, and the corresponding decrease of average temperatures (Barry
2008). Also, with increasing altitude the diurnal temperature amplitude increases, due to
enhanced outward radiation (Oerlemans 2001) and lower temperatures at night. A further
factor influencing df between sites is the degree of continentality of the climate. Continental
climates are characterized by less cloudiness and consequently greater shortwave radiation in
the glacier surface heat budget than maritime glaciers, such as Franz Josef Glacier

(Oerlemans 2001). Under continental conditions, low annual precipitations should lead to
drier debris covers which have a higher thermal resistance. Hence, although temperature itself
is a strong predictor of ice melt at Franz Josef Glacier, a range of synoptic conditions can act

to modify the insulating effects of debris covers.

Our study confirms that at Franz Josef Glacier, debris cover significantly reduces

ablation rates, with ablation beneath the debris-covered part of the ablation zone reduced by
41%. The implication of this is that the behaviour of the glacier will to some extent become
less determined by the climate with increased debris cover (e.g. Reznichenko et al. 2010).
Hence, the extensive area of debris-covered ice at the terminus of Franz Josef Glacier is

likely to persist for some decades, gradually lowering over time as downwastage proceeds. A
similar phenomena could be observed at nearby Fox Glacier, although that dead-ice complex
was buried by a rather thick debris-flow deposit and did exist for several decades before
finally melting completely during the past 10 years. This study has implications for two

recent modelling studies of Franz Josef Glacier (e.g. Vacco et al. 2010; Shulmeister et al.

2009). The models predict that the effect of a late glacial rock avalanche onto the surface of
Franz Josef Glacier would have led to an advance independent of any climate-forcing, followed by
stagnation of the debris-covered advanced ice tongue. Both models propose that

if a rock avalanche caused an advance of Franz Josef Glacier leading to formation of the

Waiho Loop terminal moraine, a significant carpet of ‘hummocky’ moraine would have
formed behind the rather well-defined moraine ridge of the Waiho Loop. However, such
landforms are not visible on today’s surface. Using the relationship between debris cover and
ablation in Fig. 6B, under a debris thickness of 5 m (as suggested by Shulmeister et al. 2009),
ablation is negligible, theoretically with a df of 5.02-12 mm d* °C"". Given the annual positive
degree-day values typically recorded at the NIWA Franz Josef Glacier automatic weather



station (~3600°C yr'!), an extended Franz Josef Glacier tongue under a debris cover of 5 m
would exist for many centuries, presumably forming substantial hummocky moraines as
downwastage proceeded (e.g. Shulmeister et al. 2009), since covered by aggradational fans.
Nevertheless, despite the attractiveness of applying our measured ablation rates to their
simple models, the major continuing uncertainty is the late glacial climate conditions and the
dynamic status of Franz Josef Glacier at the time of such massive rock avalanche events.

Conclusion

A dataset of ablation measurements on debris-covered areas of Franz Josef Glacier has been
presented. At the ablation stakes, each under debris of different thickness, mean melt rates
varied between 12 and 101 mm d™. The decrease in melt with increasing debris thickness
followed the hyperbolic relationship identified in other studies, although the ‘rising limb’ as
proposed by @strem (1959) was not identified. Indeed, a critical thickness (defined as the
thickness at which the underlying ice ablation equals that of adjacent bare ice, with increases
in thickness causing the debris to have an insulation effect) that has been reported at a
number of glaciers around the world, was not identified. As soon as debris was present on the ice
surface, melt was reduced. Temperature measurements from an automatic weather station
on the glacier surface allowed the application of a positive degree-day approach to calculate
ablation, and allow comparison with other studies globally. Air temperature alone proved to
be a strong predictor of ice melt, and degree-day factors (df) ranged from 1.1 to 8.1 mm d™
°C?, with a mean value of 4.4 mm d™ °C.

Other factors that might influence ablation include precipitation, in particular its effect

on heat advection through the debris layer, and diurnal cyclicity of radiation cycles, the
effects of which could be measured in future with thermistors placed in situ at varying depths
within the debris layer. Due to the strong relationship between debris thickness and ice melt,
remote sensing data could be used to delineate the spatial distribution of debris thicknesses
across broad areas, and its likely effect on ablation reduction. Given the critical role of
paleoclimatology in understanding future glacier responses to climate change, the present
study has shown that improved appreciation of the effects of supraglacial debris on ablation
at temperate maritime glaciers, is critical to understanding moraine formation in such
settings.
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Figure 1. Location map of Franz Josef Glacier, including debris covered zones at the termlnus
and the medial moraine. Numbers refer to ablation stakes in Table 1.



Figure 2. Debris cover and landforms on the lower Franz Josef Glacier: (A) Differential
ablation at the terminus of Franz Josef Glacier, as shown by the contrast in surface elevations
of both the debris-covered terminus and medial moraine, compared with bare ice surfaces;
(B) medial moraine (AD-2 type sensu Eyles & Rogerson 1978) formed by emergence of
englacial debris that has been entrained within the glacier above the equilibrium line altitude
(ELA); (C) ‘glacier table’ formed by insolation shielding of ice pedestal; (D) the debriscovered
terminus, with clean ice surfaces visible beneath the <0.5 m thick debris; (E) ablation

cones forming at the point of emergence of englacial debris at the upper end of the medial
moraine under very thin debris (~2 cm).



Figure 3. Changes of the debris cover on the lower glacier tongue of Franz Josef Glacier as
seen on oblique aerial photographs (A: 03.03.2006; B: 27.03.2007; C: 28.0.2008; D:
08.12.2010).



Debris thickness (mm)

20
[ 25
[ 30
40
[ 50
I 70
I 80
I 100
B 150
B 200
I 300
I 400
I 500

@ Ablation stakes

}N\ \

0 250 500
I

1000 Meters
|

Figure 4. Map of debris thickness on the lower Franz Josef Glacier, used to calculate percent
reduction in ablation, relative to clean ice conditions.
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Figure 5. Upper graph shows the full record of daily ablation measurements at each stake.
The lower graph shows temperature logged at 5 minute intervals at an automatic weather
station located on the debris-covered ice at the terminus.
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Figure 6. (A) Relationship between ablation and debris cover as measured from the ablation
stakes; (B) relationship between ablation rate degree-day factor (df).



Table 1

Stake Debris Total Ablation rate  Mean temp. d¢
number thickness (cm) ablation (cm)  (cmd™) (°C) (mmd*ec?
1 24 155.0 17.3 125 14
2 2 645.0 72.2 12.3 5.9
3 10 265.0 29.8 12.6 2.4
4 5 410.0 46.3 12.6 3.7
5 43 110.0 12.4 12.6 1.0
6 0 895.0 101.4 12.6 8.1
7 15 210.0 23.8 12.6 2.1
8 0.1 750.0 85.2 12.6 6.7
9 0.1 800.0 100.7 13.0 7.8
10 15 205.0 26.2 8.9 2.9
11 2.5 490.0 62.8 8.8 7.1




