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Abstract

Transferability of glacier melt models is necessary for reliable projections of melt over
large glacierized regions and over long time-scales. The transferability of such models
has been examined for individual model types, but inter-comparison has been hin-
dered by the diversity of validation statistics used to quantify transferability. We apply
four common types of melt models — the classical degree-day model, an enhanced
temperature-index model, a simplified energy-balance model and a full energy-balance
model — to two glaciers in the same small mountain range. The transferability of each
model is examined in space and over two melt seasons. We find that the full energy bal-
ance model is consistently the most transferable, with deviations in estimated glacier-
wide surface ablation of <35% when the model is forced with parameters derived from
the other glacier and/or melt season. The other three models have deviations in glacier-
wide surface ablation of >100% under the same forcings. In addition, we find that there
is no simple relationship between model complexity and model transferability.

1 Introduction

Climate warming is expected to reduce the extent of the Earth’s mountain glaciers and
ice caps during the 21st century, raising eustatic sea level and diminishing fresh water
resources (Lemke et al., 2007). Recently there have been attempts to project the mag-
nitude of glacier loss using glacier melt models applied over large regions or globally
(e.g. de Woul and Hock, 2005; Oerlemans et al., 2005; Raper and Braithwaite, 2006;
Schneeberger et al., 2003). Such studies have produced a wide range of projected
contributions of mountain glaciers and ice caps to 21st century sea-level rise, from
4cm Sea Level Equivalent (SLE) (Raper and Braithwaite, 2006) to 36 cm SLE (Bahr
et al., 2009), motivating a reexamination of the assumptions necessary to apply these
models over large regions. Glacier melt models can be broadly divided into empirical
models, which correlate melt to air temperature, and physically-based models which
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use energy-balance theory to solve for the energy available to melt snow or ice (e.g.
Hock, 2003, 2005). Although melt-model transferability may not be universally possible
(Hock, 2003; Hock et al., 2007), limited mass-balance data make it necessary to apply
melt models to large regions without site-specific recalibration.

Several studies have previously investigated the transferability of glacier melt mod-
els at regional scales (e.g. Carenzo et al., 2009; MacDougall and Flowers, 2010; Shea
et al., 2009). Each of these studies uses a different melt model and each finds certain
conditions under which the authors consider the respective model to be transferable.
However, direct comparison of previously published studies is complicated by the in-
consistency of performance metrics authors use to evaluate model transferability. In an
attempt assess the relative transferability of different model types, we apply the clas-
sical temperature-index model (Braun et al., 1993), the enhanced temperature-index
model of Hock (1999), a simplified energy-balance model based on that of Oerlemans
(2001), and the distributed energy-balance model of MacDougall and Flowers (2010)
to two small glaciers in the Donjek Range of the St. Elias Mountains. We conduct
a series of experiments to quantify the transferability of each model between our two
study glaciers and across the 2008 and 2009 melt seasons. Because of the proximity
of our study sites in space and the short duration of our data sets (two seasons), this
assessment of transferability should be interpreted as an optimistic one.

1.1 Study site

The St. Elias Mountains, located in Northwestern North America, are characterized
by extreme topographic gradients (Clarke and Holdsworth, 1984) and host one of the
largest glacierized regions outside of the Arctic or Antarctic (Arendt et al., 2008). Dur-
ing the latter decades of the 20th century, glaciers in Southeastern Alaska and the
Coast Mountains of Northwestern North America contributed more to sea-level rise
than any other glacierized region (Kaser et al., 2006; Lemke et al., 2007). Within
this region, the greatest single contribution came from the glaciers of the St. Elias
Mountains (Berthier et al., 2010). The Donjek Range is located at the eastern edge
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of the St. Elias Mountains in the Southwestern Yukon Territory of Canada (Fig. 1a.).
The range is separated from the Gulf of Alaska by less than 100 km, yet experiences
a continental climate due to the orographic barriers between the range and the coast
(LHeureux et al., 2004).

This study is conducted on two unnamed mountain glaciers 10 km apart (Fig. 1b).
The study glaciers are of similar size and are located on opposing sides of the range
crest. One glacier has a predominantly southerly aspect and a surge-type dynamic
regime (De Paoli and Flowers, 2009) and is henceforth referred to as “South Glacier”
(Fig . 1c). The other has a northwesterly aspect and is referred to as “North Glacier”
(Fig. 1d). South Glacier is thought to have a polythermal structure (De Paoli and Flow-
ers, 2009) similar to that of Storglaciaren in Northern Sweden (Pettersson et al., 2004).
The thermal regime of North Glacier is also presumed to be polythermal but has not
been studied. These glaciers were chosen as focussed study sites among the >20
mountain glaciers of the Donjek Range due to their geometric similarities and oppos-
ing aspects. The two glaciers have been studied in detail since 2007, with the full
complement of instruments required for this study deployed in the 2008 and 2009 field
seasons.

2 Methods
2.1 Field methods

2.1.1 Instrumentation and measurements

Parallel meteorological and mass-balance measurements were made on each glacier
in 2008 and 2009. Automatic weather stations (AWSs) are located in the central ab-
lation zones of each glacier at ~2300m above sea level (a.s.l.). The AWSs are in-
strumented to measure typical meteorological variables, as well as net radiation, and
incoming and reflected shortwave radiation (Table 1). An Ultra Sonic Depth Gauge
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(USDG), which measures surface lowering, is deployed several meters from each
AWS. Summer and winter balance is measured at an array of 18 (17) ablation stakes
deployed on South (North) Glacier (Fig. 1c¢,d). Snow-pits are excavated near the AWSs
and in the accumulation zones of the glaciers each May, in order to evaluate the density
and structure of the snowpack.

2.1.2 Data processing

Meteorological data are gap-filled using linear interpolation. No gap in the 2007—
2009 record is longer than 30 min for deployed and undamaged instruments (see Mac-
Dougall and Flowers (2010) for details). The USDG record is used to estimate the time
and magnitude of snowfall events, and based on measurments fresh snow is assumed
to have a density of 200 kg m™~2. The ablation stake measurements are used to estimate
mass balance following the method of @strem and Brugman (1991). Initial snow-depth
across the glacier is calculated by interpolating measured May snow-depths from the
ablation stake locations to all grid points using linear regressions on slope and elevation
for South Glacier, and linear regression on elevation for North Glacier (Wheler, 2009;
MacDougall, 2010). Snowfall events at the AWS are extrapolated to the rest of the
glacier using an empirical precipitation lapse rate (Table 2), a temperature melt/freeze
threshold of 1°C, and the rainfall records from the AWS.

2.2 Modelling methods

Four melt models are used to examine the relationship between model transferabil-
ity and model complexity: (1) the Classical Temperature-Index Model (CTIM) (Braun
et al., 1993); (2) the Enhanced Temperature-Index Model of Hock (1999) (ETIM);
(3) a Simplified Energy-Balance Model based on that of Oerlemans (2001) (SEBM);
(4) the Distributed Energy-Balance Model of MacDougall and Flowers (2010) (DEBM).
This suite of models is similar to that used by Hock et al. (2007) to inter-compare the
simulated long-term mass-balance of Storglaciaren. We have omitted the enhanced
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temperature-index model of Pellicciotti et al. (2005) from this study, as it is designed
to be tuned with the output of an energy balance model rather than with observations
directly. Such tuning would present a methodological inconsistency for the purposes of
our model inter-comparison study.

2.2.1 Classical temperature-index model (CTIM)

The CTIM is the simplest melt model considered and correlates temperature to melt
with an empirical degree-day factor. As for most other implementations of this model,
different degree-day factors are used for ice and snow (e.g. Braun et al., 1993). The
model takes the form:

_ DDanow/iceTa : 7-a >0
M= { 0:7,<0 M

where DDFg,, /ice is the degree-day factor for snow or ice. The CTIM is driven with air
temperature 7, and snowfall.

2.2.2 Enhanced temperature-index model (ETIM)

The ETIM is an extension of the classical temperature-index model, where both tem-
perature and potential shortwave radiation are correlated to melt. Firn is treated as
snow in the model by assigning an arbitrarily deep snow depth above the firn line
(Hock, 1999). This model has been widely used and exhibits significant improvements
in model skill over the clasical temperature-index approach, with a minimal increase in
data requirements (e.g. Hock, 1999; Huss et al., 2008). The model takes the form:

_J (MF+ rsnow/ice/p) T,:T,>0
M= { 0:7,<0 @
where M is melt rate, MF is a temperature melt factor, rg,q, /ice is the radiation melt
factor for snow or ice, and lp is the potential shortwave radiation. /p varies in time and
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space due to the combined effects of the position of the sun and surface slope, surface
aspect, and shading from the surrounding topography. The model is driven with air
temperature and snowfall.

2.2.3 Simplified energy-balance model (SEBM)

The the simplified energy-balance model of Oerlemans (2001) takes the form:
Qu=(Sin(1-a))+Co+C4T,, (3)

where T, is air temperature, Cy and C, are empirical factors that together take into
account net longwave radiation and the turbulent heat fluxes. The incoming shortwave
radiation (S;,) and albedo (a) are treated in an identical fashion as in the DEBM de-
scribed below. The SEBM differs from the original simplified energy-balance model of
Oerlemans (2001) only in its treatment of albedo. The model is driven with air temper-
ature, incoming shortwave radiation, and snowfall.

2.2.4 Distributed energy-balance melt model (DEBM)

Energy-balance models parameterize or utilize measurements of all of the components
of the surface energy balance of ice or snow to solve for the energy available for melt as
a residual. Distributed energy-balance models extrapolate the surface energy balance
across a grid on the glacier surface. A full description of the DEBM and model validation
is given in MacDougall and Flowers (2010). A brief description of the model is recalled
below.

The energy balance is written as:

Q= (Sin(1-a)+Lijn—Low) +Qu+Q - Qq, (4)

where S, is incoming shortwave radiation, «a is the albedo of the ice or snow surface,
L, is the incoming longwave radiation and L ,; is the outgoing longwave radiation. Qy
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is the sensible heat flux, the energy exchanged between the glacier and the atmo-
sphere. Q| is the latent heat flux, the heat transferred to or from the glacier through
sublimation, deposition, evaporation or condensation. Og is the heat transferred to and
from the glacier subsurface when the subsurface changes temperature. Q) is the en-
ergy available to melt ice or snow. The sensible heat flux from rain was found to be
negligible and is therefore disregarded.

To extrapolate measured incoming shortwave radiation (S;,) to each grid point, S, is
broken into direct and diffuse components following Collares-Pereira and Rabl (1979)
and Hock and Holmgren (2005). Direct shortwave radiation is only incident on the frac-
tion of the glacier unshaded by surrounded terrain, while diffuse radiation is assumed
to originate from all parts of the sky equally and is therefore applied to all grid cells. If
the AWS is shaded by surrounding topography all measured incoming shortwave radi-
ation is diffuse (Hock and Holmgren, 2005); in this situation the ratio of direct to diffuse
shortwave radiation from the most recent time where the AWS was unshaded is used
to approximate direct shortwave radiation at unshaded grid cells.

Albedo (a), is parameterized following Hock and Holmgren (2005):

a1 —aq(In(T,+1))e®v™) it n.>0 and T,>0
ay= 4 —aSe(azm) if ng>0 and T,<0 (5)
O’t_1 +a4PS |f nd = 0

where a,_, is the albedo at the previous time step, a; is the albedo at the current time
step, ny is the number of days since the last snow fall, £; is the measured rate of snow
fall, T, is air temperature and a,., are constants that must be found through calibration
(Hock and Holmgren, 2005). A constant elevation firn-line was assigned based on
field observations (Table 2). Ice is assumed to have a constant albedo (e.g. Hock and
Holmgren, 2005; Oerlemans and Knap, 1998).

Outgoing longwave radiation (L) is calculated from the temperature of the ice or
snow surface (75) according to the Stefan-Boltzmann relationship. The surface temper-
ature (Ts) and the subsurface heat flux (Qg) are calculated using a simple subsurface
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scheme, in which @ is taken as the residual of the energy balance when it is negative.
The subsurface flux is then forced into a thin subsurface layer such that

Qq

AT, =
NN

At (6)

where At is the model time-step in seconds, pg is the surface material density, ¢, is
the specific heat capacity of ice, and A is the thickness of the subsurface layer. This
subsurface scheme is a compromise between a more complicated multi-layer subsur-
face model and simpler constant temperature or iterative approximations. The scheme
allows for temporary heat storage in the subsurface with minimal data requirements
(Wheler and Flowers, 2010). Incoming longwave radiation (L;,) is computed as the
residual of the radiative energy balance at the AWS location and is assumed to be
constant over the entire glacier, following Hock and Holmgren (2005).

Sensible (Qy) and latent heat fluxes (Q| ) are calculated using the bulk aerodynamic
approach as in other recent DEBM studies (e.g. Anderson et al., 2010; Anslow et al.,
2008; Brock et al., 2000; Hock and Holmgren, 2005). The aerodynamic roughness-
length (z,) used in the bulk aerodynamic approach is estimated using the snow aero-
dynamic roughness length evolution parameterization of Brock et al. (2006):

In(z,) = by (arctan [M] ) -by, (7)
bs
where Py, is the base 10 logarithm of the sum of daily maximum temperatures since
the last snow fall event and b,., are empirical constants. We use the mean value of the
measured roughness of ice for each glacier. Firn is treated simply as very old snow
by setting Py, to be arbitrarily large. The DEBM is driven by air temperature, incoming
shortwave radiation, net radiation, relative humidity, barometric pressure, snowfall, and
wind speed records from the AWS.
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2.2.5 Model calibration and tuning

The three models with empirical melt factors (CTIM, ETIM and SEBM) are tuned by
minimizing the root mean square error (RMSE) between measured and modelled ab-
lation at the stake locations. The DEBM is calibrated using the record of albedo at the
AWSs to solve for albedo parameters separately for each glacier and for each summer.
The snow roughness-length evolution parameters are calibrated to roughness-length
measurements that were taken only in the summer of 2009. The roughness-length
measurements from both glaciers were used together for the calibration, as insuffi-
cient data exist to calibrate independently for each glacier. The mass-balance data are
not used to calibrate the DEBM. See MacDougall and Flowers (2010) for details. The
albedo parameterization for the SEBM is calibrated in an identical fashion to that for
the DEBM.

2.3 Model transferability experiment design

To evaluate relative model skill, control runs were performed in which each model was
run for each glacier and year using locally derived parameter values. Control runs are
also used a reference against which to evaluate the results of the transferability tests.

Model transferability is the ability of a model calibrated for one time and location to
produce realistic results for another time and/or location. Here we describe transferabil-
ity in terms of model parameter values: that is, the ability of parameters calibrated for
one time or location to describe another. We assess parameter transferability in time,
in space and in space and time together for each model (Fig. 2). In each of these tests
the parameter values derived for one glacier and year are used in place of those locally
derived for the other glacier and/or year. We use the RMSE between the simulated
and the measured cumulative ablation at the stake locations to evaluate the success of
the model transfer. An additional experiment is carried out to test the robustness of the
DEBM transfers, wherein the albedo parameterization for the DEBM is replaced with
the albedo parameterization of Oerlemans and Knap (1998). The implications of this
experiment will be explored in the discussion section.
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3 Results
3.1 Comparison to ablation stakes

The RMSE values for the control runs relative to the ablation stake measurements are
shown in Fig. 3 for each model and data set (O symbol). For both glaciers the model
with the highest model skill is the ETIM for the 2008 simulations and the SEBM for the
2009 simulations. The lowest model skill is achieved by the SEBM for both glaciers in
2008, the CTIM for South Glacier 2009, and the DEBM for North Glacier 2009.

In 11 of 16 temporal transferability tests (x symbol in Fig. 3) the results more closely
resemble the control runs than do those of any of the other transferability tests. This is
particularly true for the DEBM (see DEBM in Fig. 3), where all of the temporal trans-
ferability tests are close to the control run, though untrue for the SEBM where none of
the temporal transferability tests are closest to the control. There is a high variability
in the results from spatial and spatial-temporal model transfer tests (o and ¢ symbols,
respectively in Fig. 3) but these transfers frequently produce much larger errors than
the control runs.

The comparison between model results in Fig. 3 demonstrates that the DEBM is the
most transferable of the models considered, as assessed by the spread of transferabil-
ity test results. The SEBM is the second most transferable model for the North Glacier
2009 experiments, yet the least transferable for the North Glacier 2008 experiment.
The ETIM performs better than the CTIM, but more poorly than the DEBM in each ex-
periment. The only exceptions to the DEBM exhibiting the highest transferability are:
the spatial transfer on North Glacier in 2008, where all of the models achieve similar
RMSEs, the spatial-temporal transfer on South Glacier in 2008 where the SEBM per-
forms best, and the spatial transfer on South Glacier in 2009 where the SEBM performs
better than all of the other models.
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3.2 Comparison between control runs

Glacier melt models are typically applied beyond the stake locations to estimate surface
ablation for an entire glacierized basin. Such estimates are shown for each of the
control runs in Fig. 4. The spatial patterns of surface ablation in Fig. 4 testify to the
increasing complexity of model output with increasing model sophistication. The more
complex models estimate higher glacier-wide surface ablation (Ag) than the simpler
models. The difference between the highest and lowest estimates of Ag for each glacier
and year are considerable, ranging between 24% and 41% of the value of Ag estimated
by the DEBM. This large variability is disconcerting, as each of these modelled values
of ablation can justifiably be considered a valid estimate.

3.3 Comparison of transfer experiments to control runs

The absolute deviations between values of Ag estimated in each transfer test and es-
timated in the control run for a given model (Fig. 5) clearly demonstrate that only the
DEBM transfer tests consistently produce estimated ablation anywhere close to the
control run. The greatest deviation for the CTIM is 0.66 mw.e. (137% relative to control
run Ag), for the ETIM 0.50 mw.e. (100%), for the SEBM 0.58 mw.e. (185%), and for
the DEBM 0.16 mw.e. (35%). The spatial distributions of the difference in estimated
surface ablation between the control run and each spatial-temporal transferability test
for a given model are shown in Fig. 6. This figure demonstrates that the differences are
proportional to the magnitude of ablation for the empirical models (CTIM and ETIM),
while more complex difference patterns arise for the energy-balance models (SEBM
and DEBM). Similar patterns are found for the individual temporal transfer and spatial
transfer experiments (not shown).
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4 Discussion

The outcome that a physically-based glacier melt model is more transferable than em-
pirical models is not a surprise (Hock, 2005). A model that better describes a physical
system is expected to be more transferable than one that lumps site-specific properties
and weather conditions together (Hock, 2005). This intuitive result has however, to our
knowledge, not been previously demonstrated beyond a single glacier study site.

An intriguing outcome of these experiments is that, aside from the DEBM being more
transferable than the other models, there is no simple relationship between model com-
plexity and transferability. The relatively low transferability of the SEBM is surprising
considering that the highest model sensitivity in the DEBM comes from the albedo pa-
rameterization (MacDougall and Flowers, 2010), which is treated in an identical fashion
in the SEBM. This suggests that the SEBM'’s transferability is affected by the model’s
treatment of the turbulent and longwave heat fluxes, despite these fluxes generally
being of secondary importance in our study area (MacDougall and Flowers, 2010).

Unlike the other models considered here, the DEBM has many subcomponents that
may differ from those found in other full energy balance models (Brock et al., 2000;
Anslow et al., 2008; Hock and Holmgren, 2005; Anderson et al., 2010, e.g.). It is
therefore valid to ask whether the high model transferability found in these experiments
is unique to the DEBM or its application here, rather than being a general result for all
energy balance models of similar or greater complexity. To investigate this question
the most sensitive component of the DEBM, the albedo evolution parameterization,
was substituted and the transferability experiments repeated. The substitute albedo
parameterization was that of Oerlemans and Knap (1998) which relates the albedo of
snow to the snow depth and the time elapsed since the last snowfall. Firn and ice have
constant albedos. The results of these tests (Fig. 3, DEBM-OK) demonstrate, with
one exception, that the transferability tests are robust to the albedo substitution. This
outcome supports the hypothesis that the high DEBM transferability is a property of full
energy-balance models, rather than being unique to our experiments. That said, the
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choice of parameterizations is still important as results do not always follow the general
pattern expected of the models.

5 Conclusions

We examined the transferability in space and time of four commonly used types of
glacier melt models applied to two small glaciers in the St. Elias Mountains of North-
western Canada. Our results demonstrate that the physically-based energy-balance
model is the most transferable model in space and time, exhibiting <35% variation in
estimated glacier-wide surface ablation when using model parameters calibrated for
a different melt season and/or another nearby glacier. Under the same conditions, the
other models produced variations in estimated glacier-wide surface ablation exceeding
100%. No simple relationship between model complexity and model transferability is
observed. Deviations in estimated glacier-wide surface ablation between the models
in the control runs themselves were 24—41%. These results suggest that physically-
based models should be the first choice when applying a glacier melt model over large
regions. If insufficient data exist to implement such models, enhanced temperature-
index models appear to be the next most appropriate choice. There is a need for
similar experiments to be conducted in other glacierized regions and over longer time
scales for a general confirmation of the conclusions presented here.
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Table 1. Instrumentation deployed at AWS locations on North Glacier and South Glacier. In- & 0% (o [ EE RN e
strument precision is taken from manufacturer's documentation. Rainfall for South Glacier was
measured 500 m from AWS. &
.
. . . ne
Variable Instrument Precision % ! !
Air temperature HMP45C212 TRH Probe +0.28°C -
Relative humidity HMP45C212 TRH Probe +4%  Conclusions  References
Wind speed RM Young 05103-10 +3ms™
Wind direction RM Young 05103-10 +3° % - -
Surface height (distance) SR50 Sonic Ranger +0.4% g
Net radiation Kipp and Zonen NR-LITE +5% & e s
Barometric pressure RM Young 61205V +0.5hPa =)
Shortwave radiation Kipp and Zonen CMA6 +3% A ! !
Rainfall rate TE525 Tipping Bucket Rain Gauge 0to -3% ® ! !
O
(7]
Q
:
&
- ISR
5
Ny
E
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Table 2. Parameters used in each of the four melt models. S08 is South Glacier 2008, S09 is

South Glacier 2009, N08 is North Glacier 2008 and NO09 is North Glacier 2009. TCD

4,2143-2167, 2010

Jaded uoissnasig

Symbol Units Description S08 S09 NO8 NO09
All Models
E; m Firn line elevation 2450 2450 2400 2480 G Iacier melt_model
CTIM
DDF,,  W.e.mmd 'K Degree day factor snow 7.0 6.0 25 5.0 —_ transferabil Ity
DDFice w.e.mmd 'K’ Degree day factor ice 10.5 75 4.0 45
ETM O A. H. MacDougall et al.
MF w.e.mmd 'K™'  Temperature melt factor 2.0 1.9 14 1.7 8
Tsnow we.mh™' Radiation melt factor snow 0.66 0.62 0.23 0.46 =
KW pm? %
Fice w.e.pmh™' Radiation melt factor ice 1.5 1.05 0.56 0.72 o
K'w'm? >
SEBM )
QO
Co wm2 Independent 49 44 57 42 ke
radiation constant C_E
c, Wm2K™' Temperature 22 28 1.8 3.9
radiation constant
SEBM
and DEBM
a, - Initial albedo of snow 0.85 0.85 0.85 0.85 g
% 100m™ Change in ice albedo 0.11 0.11 0 0 8
with elevation )
a, In(°C)" Albedo rate constant 0.032  0.031 0.042  0.030 223
a, day'% Albedo rate constant -154 -168 -1.71 -161 g
ag - Albedo rate constant 0.0074 0.0112 0.0104 0.0142
a, hm™' Albedo rate constant 44 30 88 60 ;)U
a - Albedo of ice 0.34 0.33 0.44 0.43 o
Qglim - Lower limit of snow albedo 0.66 0.66 0.66 0.66 D
Qfjim . Lower limit of firn albedo 0.56 0.56 0.56 0.56 =
Qgof - Albedo snow-firn transition 0.03 0.03 0.03 0.03
Qijim - Lower limit of ice albedo 0.16 0.16 0.27 0.27 —
rr Kkm™ Temperature lapse rate -6.0 -6.0 -5.3 -5.3
S mmkm™' Precipitation lapse rate 2.3 2.3 1.2 1.2 o
DEBM o
[ - Albedo of terrain 0.21 0.21 0.21 0.21 8
Cior - Emissivity of terrain 095 095 095 095 7]
Tsup °C Min subsurface temperature -30 -30 -30 -30 0.
m Thickness of subsurface 0.10 0.10 0.10 0.10 O
Zie m Snow threshold 001 001 001 001 =
by mm Roughness rate constant 0.91 0.91 0.91 0.91 v
by °C Roughness rate constant 1.36 1.36 1.36 1.36 Q
by °c Roughness rate constant 0.054 0.054 0.054 0.054 ©
by mm Roughness rate constant 2.3 2.3 23 2.3 C_E
Z,; mm Roughness length of ice 0.65 0.65 0.20 0.20
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Fig. 1. Map of study region. (a) St. Elias Mountains in Southwest Yukon Territory, Canada (in- . _
set). Donjek Range study area is shown in the box. Images provided through NASA’s Scientific g
Data Purchase Project and under NASA contract by Earth Satellite Corporation. (b) Donjek & g
Range study area between the Kluane and Kaskawulsh Glaciers. Study glaciers are outlined &
and labeled: “NG” for North Glacier, “SG” for South Glacier. (c) Surface contour map of South £ g
Glacier with locations of ablation stakes and AWS. (d) As for (c) but for North Glacier. Y

3 OMO,
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Fig. 3. RMSE for the control runs and the parameter transfer tests for each of the four melt
models. Each panel represents one data set as labelled. DEBM-OK is an adapted version of
the DEBM which uses the albedo parameterization of Oerlemans and Knap (1998).
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Fig. 5. Deviation between glacier-wide surface ablation estimated in each transfer test and
glacier-wide surface ablation estimated in the control run for each model.
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