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Abstract. Efforts to project the long-term melt of moun- classical temperature-index (degree-day) model, three times
tain glaciers and ice-caps require that melt models develwith a temperature-index model in which the melt parame-
oped and calibrated for well studied locations be transferabléer is a function of potential radiation, and seven times with
over large regions. Here we assess the sensitivity and trans simplified energy-balance model. A full energy-balance
ferability of parameters within several commonly used meltmodel produced better results than the other models in nine
models for two proximal sites in a dry subarctic environment of twelve cases, though the tuning of this model differs from
of northwestern Canada. The models range in complexitythat of the others.

from a classical degree-day model to a simplified energy-
balance model. Parameter sensitivity is first evaluated by

tuning the melt models to the output of an energy balance; |ntroduction

model forced with idealized inputs. This exercise allows us

to explore parameter sensitivity both to glacier geometric at-Climate warming is expected to reduce the extent of Earth’s
tributes and surface characteristics, as well as to meteorolognountain glaciers and ice caps during the 21st century, rais-
ical conditions. We then investigate the effect of model tun-ing eustatic sea level and diminishing fresh water resources
ing with different statistics, including a weighted coefficient (e.g.Lemke et al, 2007). In the past decade there have been
of determination ¢ R?), the Nash-Sutcliffe efficiency crite- attempts to project the magnitude of glacier loss using melt
rion (E), mean absolute error (MAE) and root mean squaredmodels applied over large regions or even globally (deg.
error (RMSE). Finally we examine model parameter trans-Woul and Hock 2005 Oerlemans et al2005 Raper and
ferability between two neighbouring glaciers over two melt Braithwaite 2006 Hirabayashi et a)201Q Radt and Hock
seasons using mass balance data collected in the St. Eli@911). Such studies have produced a wide range of projected
Mountains of the southwest Yukon. The temperature-indexcontributions of mountain glaciers and ice caps to 21st cen-
model parameters appear generally sensitive to glacier asury sea-level, from 4 cm Sea Level Equivalent (SLEjaper
pect, mean surface elevation, albedo, wind speed, mean aand Braithwaite 2006 to 36 cm SLE Bahr et al, 2009.

nual temperature and temperature lapse rate. The simplifieGontributing to this range are uncertainties in the total vol-
energy balance model parameters are sensitive primarily tame of glaciers and ice caps (eRaper and Braithwaite
snow albedo. Model tuning witl, MAE and RMSE pro- 2005 Meier et al, 2007, variation in the output from dif-
duces similar, or in some cases identical, parameter valueserent climate modelsRandall et al.2007 Radi and Hock

In twelve tests of spatial and/or temporal parameter transfer2011) and (the focus of this manuscript) assumptions made
ability, the results with the lowest RMSE values with respectin applying melt models outside of the domain where they
to ablation stake measurements were achieved twice with &ere developed and tested.

Conservation of energy is the physical law that controls
Correspondence td3. E. Flowers thg melting of snow and i(?ﬂke 1987. For a given volume
= (gflowers@sfu.ca) this law can be written as:
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QOin — Qout= Ostore (1) location to another). Meteorological transferability is a well
studied field (e.gWilks, 2006 and we will therefore focus

where Qin is incoming energy flux,Qout is outgoing en-  exclusively on model parameter transferability. Various met-
ergy flux, andQsore is @ storage term that also takes into rics can be used to quantify model parameter transferability,
account energy production within the system. Equatijn ( the simplest being the parameter values themselves. Identi-
is here referred to as the “true energy balance”. For the purcal models that have identical parameter values will be fully
poses of studying and modelling energy balance, the incomtransferable.
ing and outgoing fluxes are broken into energy balance terms. Two recent studies have examined the transferability of
The energy balance terms source energy exchange to specifiacier melt-model parameters, one for the mountains of
physical processes operating on and within the system. Thgouthwestern Canadalfea et a)2009 and the other for the
process of breaking the energy balance into terms and theiss-Italian Alps Carenzo et a]2009. Shea et al(2009
description of the physical processes underlying these termgxamined the stability of melt factors for a temperature-index
is only ever approximate but is nonetheless a useful way ofnodel applied to nine glaciers in the southwestern Canadian
conceptualizing the melt of ice and sno@ke, 1987). Cordillera. The melt factors were found to be highly con-

Glacier melt models have been broadly divided into sistent between the glaciers despite the varying maritime to
temperature-index models, which correlate melt to air tem-continental climate settingsCarenzo et al(2009 exam-
perature, and energy-balance models, which use energyned the transferability of several variations of the enhanced
balance theory to solve for the energy available to melt snowtemperature-index model dfellicciotti et al.(2009. The
or ice (e.g.Hock, 2003 2009. Both temperature-index and model parameters were found to be highly transferable be-
energy-balance models attempt to approximate the true enween five point locations on the same glacier in one ablation
ergy balance, the former through empirical parameterizatiorseason, between three ablation seasons at one location on the
at the level of melt and the latter through process-based modsame glacier, and for two additional point locations on two
elling of individual terms in the energy-balance. If an energy- other glaciers.
balance model gives a good approximation of the true en- Here we expand on previous work addressing glacier melt-
ergy balance, then this model can be used to study the nanodel transferability in the Donjek Range of the St. Elias
ture, sensitivity and transferability of simpler empirical mod- Mountains MacDougall and Flowers2011) by extending
els. Temperature-index models have been preferred for largghe analysis of model parameter transferability to several
scale application due to their low data requirements and overcommonly used glacier melt models. This analysis is done in
all good performance (e.gluss et al.2008. A review of  two stages: (1) the sensitivity of model parameters to differ-
melt factors (the controlling parameters in temperature-indexent environmental conditions is explored by tuning the mod-
models) from difference studies, however, reveals Iarge varie|5 to the Output of an energy-ba|ance model forced with ide-
ations between regions with no obvious climatically basedalized inputs; (2) the transferability of melt-model parame-
pattern Hock, 2003. This result hints at the issue of param- ters between two glaciers and over two melt seasons is ex-
eter transferability and suggests that caution should be usegmined by tuning the models to mass balance data collected
when applying these models globally. in the subarctic study region.

Model transferability is a measure of the generality of a
model. A model is considered transferable if it is able to pro-
duce realistic results outside of the domain for which it was2 Study site
developed and testeddkle et al, 2007). Model transfer-
ability is closely related to the concept of model sensitivity, In this study we target two individual valley glaciers in the
which is a measure of how variation in model output can beDonjek Range of the St. Elias Mountains, southwest Yukon,
attributed to variation in model inpuBéltelli et al, 2004). Canada (Figl). The St. Elias Mountains are extensively
Transferability is a function of the sensitivity of the model glacierized Arendt et al, 2008 and have contributed signif-
to changes in environmental conditions, and the differencdcantly to sea level during the latter half of the 20th century
in environmental conditions between the domain in which (e.g.Kaser et al.2006 Berthier et al. 2010. The Donjek
the model is developed versus the domain in which it is im-Range represents a transitional region between the ice-free
plemented. Model sensitivity arises from multiple sources,foothills to the northeast and the contiguous icefields to the
including the structure of the model, the population and rep-southwest. The climate in this region can be characterized
resentation of processes in the model and the values of models subarctic, due to the strong orographic blocking of the
parameters altelli et al, 2004. The transferability of a  St. Elias MountainsNlarcus and Raglel970.
given glacier melt-model can be broken into two categories: The glaciers of interest lie between°@@ N and 6057 N,
parameter transferability (the applicability of model param- and 13905 W and 13913 W. Although they are unnamed,
eters to a time or location other than those where they werave refer to them here as “South” and “North” Glaciers, in-
derived or measured) and meteorological transferability (thedicating both the respective sides of the local range crest on
applicability of meteorological conditions measured at onewhich they are situated and their dominant aspects. South
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Glacier has an area of 5.3 Krand spans an elevation range
of 1970-2960 m above sea level (a.s.l.). It is known to be
polythermal based on numerical modellinpe( Paoli and
Flowers 2009, several measured englacial temperature pro-
files and extensive radar survey (unpublished data, Simon
Fraser University Glaciology Group). The glacier is known
to be surge-typelpohnson and Kaspet992, and is thought

to be undergoing a slow surge at presé&s Paoli and Flow-

ers 2009. North Glacier has an area of 6.9 krand ranges
from 1890-3100 ma.s.l. in elevation. It also has a polyther-
mal structure based on ice temperature measurements and
radar data, but is not known to surge. The present equilib-
rium line altitude (ELA) for both glaciers is approximately
2550ma.s.l.\\Wheler, 2009.

3 Data and methods
3.1 Field data collection and processing

Automatic Weather Stations (AWS) were deployed at
~2300ma.s.l. in the ablation zones of North and South
Glaciers from 2007 until 2009, with a full complement of
instruments deployed in May 2008. The AWSs are instru-
mented to measure air temperature, barometric pressure, rel-
ative humidity, wind speed, rainfall, net all-wave radiation,
and incoming and outgoing shortwave radiation (Table
Instruments other than the rain gauge are installed at a nom-
inal height of 2 m on a tripod that sits on the ice surface. In-
struments thus maintain a relatively constant height above the
surface. Except for barometric pressure and rainfall (which
are measured every half-hour) the measurements are taken
at five minute intervals. These data are gap-filled using lin-
ear interpolation, however no gap is longer than 30 min for
deployed and undamaged instruments. The gap-filled data
are averaged to hourly values (except rainfall where hourly
totals are used). An ultra-sonic depth gauge (USDG) is lo-
cated several meters from each AWS. The USDGs measure
the distance to the surface and are used to estimate snowfall
during the summer season. A snowfall event is interpreted to
have occurred if the daily-average distance to the surface de-
creases. New snow is assigned a density of 200kglmased
on field measurements. Tallsummarizes the mean meteo-
rological conditions during the 2008 and 2009 melt seasons.
We pragmatically refer to the summer season for each year as
the time interval during which the albedometers are deployed
at both sites. For 2008 this period is 6 May to 14 September,
while for 2009 it is 8 May to 2 August.

An array of 17-18 ablation stakes is maintained on each
glacier (Fig.1). The height of the stakes above the surface

Fig. 1. Study area. (a) Donjek Range between Kluane and and the surface density are measured at the beginning and
Kaskawulsh Glaciers(b) Surface contour map of South Glacier end of the summer season on North Glacier and at weekly

with locations of ablation stakes, temperature microloggers, and(0 monthly intervals on South Glacier during the melt sea-
AWS. (c) As for (b) but for North Glacier.

www.the-cryosphere.net/5/1011/2011/

son. These height and density measurements are converted
into mass balance estimates using the method&stfem
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Table 1. Instrumentation deployed at AWS locations on North and Table 2. Mean values of meteorological variables and ice albedo

South Glaciers. Manufacturer documentation is the source of infor North and South Glaciers as measured at AWS locations from

strument precision. Precipitation for South Glacier was measuredl9 May to 28 July in 2008 and 2009. Winter balances are also

500 m from AWS. shown. S08 is South Glacier 2008, S09 is South Glacier 2009, NO8
is North Glacier 2008 and N09 is North Glacier 2009.

Variable Instrument Precision
Air temperature HMP45C212 TRH Probe +0.28°C Variable Units S08  S09  NO8  NO9
Barometric pressure RM Young 61205V +0.5hPa . °
Net radiation Kipp & Zonen NR-LITE +5% Air temperature c 0.6 21 0.9 2.1
Shortwave radiation Kipp & Zonen CMA6 +3% Barometric pressure  mbar 767 770 765 768
Relative humidity HMP45C212 TRH Probe +4% Incoming shortwave W m? 282.6 303.3 281.8 302.1
Wind speed RM Young 05103-10 +3mst Relative humidity % 73 66 70 65
Wind direction RM Young 05103-10 +3° Wind speed msl 1.9 24 22 25
Precipitation rate TE525 Tipping Bucket Rain Gauge +1% Summer snowfall mw.e 0.20 0.03 0.13 0.05
Surface height (distance) SR50 Sonic Ranger +0.4% Ice albedo _ 0.34 0.33 0.44 0.43
Winter balance mw.e. 0.33 0.38 0.53 0.23

and Brugman(199)). Ice is assumed to have a density of

900 kgnT3. Snow pits are_excavated _to assess the den_5|t¥_|ock (1999 (HTIM), (3) the temperature-index model of
structure of the anwp_ack in the ablation and accumulationpg|jicciotti et al.(2005 (PTIM) and (4) a simplified energy-
zones of each glacier in May of each year (before the onsef 5 13nce model based on that@erlemang2001) (SEBM).

of melt). The snow pit data and the initial snow depth at the|,, 54dition to the models above, we outline the energy bal-
ablation stake locations are used to estimate the winter acclsce model (EBM) oMacDougall and Flower&011), used

mulation. For South Glacier, this is done by regressing the 4 jously in this study for tuning the other models and for the
water-equivalent snow depth against surface slope and ele"'i‘)‘urposes of model-output comparison as detailed below.
tion. For North Glacier, where surface slope variations are

much less than on South Glacier, the snow depth relations 5 1 ~|assical temperature-index model (CTIM)
ship is adequately captured by regression on elevation alone.

Summer snowfall events detected by the USDGs are extrapo]-.he CTIM correlates air temperature to melt with an em-

lated from the USDG locations to the rest of the glacier usmgpirical degree-day factor. As in most other implementations

? pr?clilpitation Iapscre] rate_ ('{ab& an:j as;uLni?g priﬁipit%' | dof this model, separate degree-day factors are used for ice
lon 1afls as snow when air temperature 1S below a Iresnold, 4 ¢4, (e.gBraun et al. 1993. The transferability of

oftlbe(Johgnne:fsslc&n et all99s. 'I;he preIC|p|;%t(|)on [ﬁ?se this model (via its degree-day factors) has previously been
rate 1S based on field measurements NE‘ e 9. The examined byShea et al(2009 for glaciers in southwestern
mean firn line elevation of each glacier is estimated based Ol onada. The model takes the form:

field observations during ablation stake surveys.

Temperature lapse rates are measured within the glacier DDFsnowiceTa : Ta>0
boundary layer by Onset HOBY microloggers deployed = { 0:7,<0 }
on a subset of the ablation stakes (Fjy. The temperature
values recorded by each logger are averaged for the wholeshereM is melt rate and DDénowice is the degree-day fac-
summer season and linear regression used to compute a lapg® for snow or ice. The CTIM is driven with air temperature
rate. Our data permit this to be done for both glaciers in 2008,7, and precipitation. We adjugt, for elevation by prescrib-

@)

but only for South Glacier in 2009. ing a constant temperature lapse rate. The treatment of pre-
cipitation varies by experiment and is explained in the rele-
3.2 Melt models vant sections below. Firn is treated as snow in the model by

assigning an arbitrarily deep snow depth above the firn line.
A large number of formulations for empirically based glacier The models described below treat air temperature, snowfall,
melt models have been proposed in the literature ek, and firn identically to the way they are treated in the CTIM.
2003for review). Here we focus on some of the more com-
monly used formulations that can be employed in a spatially3.2.2 Temperature-index model oHock (1999 (HTIM)
distributed fashion and that have previously been used in
studies of melt model transferability or long-term projections The HTIM is an extension of the temperature-index method,
of glacier mass balance&kea et a).2009 Carenzo et al.  where the degree-day factor is parameterized as a linear func-
2009 Hock et al, 2007). The four glacier melt models we in- tion of potential shortwave radiation. This model has been
clude are: (1) the classical temperature-index model (CTIM)widely used and exhibits significant improvements in predic-
(Braun et al. 1993, (2) the temperature-index model of tive capability over the classical temperature-index approach,

The Cryosphere, 5, 1011628 2011 www.the-cryosphere.net/5/1011/2011/
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with a minimal increase in data requirements (é4gck, 3.2.5 Energy balance model (EBM)
1999 Huss et al.2008. The model takes the form:

M= (MF+rsn0V\//ice1p)Ta: Ta> 0
o 0:7Ta<0}|"

The energy balance at a glacier surface is often expressed as:
@ Oy =(SnA-0)+Lin—Low+Qn+0L— Q. (7)

where MF is a temperature melt factegnowice iS the ra-  where the heat flux due to rain is neglected, &pdis in-
diation melt factor for snow or ice, anf} is the potential  coming shortwave radiation, is the surface albedo ard,
direct shortwave radiationly, varies in time and space due and L are the incoming and outgoing longwave radiation,
to the combined effects of the position of the sun, surfacerespectively. Oy is the heat flux due to the difference in
slope, surface aspect, and shading from surrounding topograemperature between the glacier and the atmosphere (sensi-
phy. I, is calculated for each grid point using solar geometry ble heat flux), whileQ, is the heat flux to or from the glacier
and digital elevation models (DEMs) of the glacier and sur-via material phase change at the surface (latent heat ffx).
rounding terrain, and by assuming a constant diffuse fractioris the energy released or absorbed by the subsurface when the
of radiation. It has been noted that the form of this model,snow or ice changes temperature.
in multiplying temperature and shortwave radiation together, The Stefan-Boltzmann relationship and surface tempera-
is physically problematicGreuell and Genthqr2004. Cau-  ture (Ts) are used to compute outgoing longwave radiation
tion is therefore advised when interpreting the model results(Lq,). A simplified subsurface scheme is used to calculate

_ the surface temperature and the subsurface heat . (
3.2.3 Temperature-index model of This scheme forces the subsurface heat flux into a thin layer

Pellicciotti et al. (2009 (PTIM) when the residual of the energy balance is negative:

The PTIM uses an arithmetic combination of terms repre- \ . _ O
senting the contributions of incoming shortwave radiation ™~ ° 0sCsds
and air temperature to melt. The model was developed b
Pellicciotti et al.(2005 and has been applied at the point
scale for glaciers in the Swiss and Italian Alps and in the
semi-arid central Andes of Chil&€arenzo et al.2009 Pel-
licciotti et al,, 2008. The model takes the form:

M= TFTa+SRF(1—(¥)Sin . Ta>0
a 0:Ta<0}’

At, ®)

Xvhereat is the model time-stepys is the surface density, the
specific heat capacity of iced) is equal to 2110 Jkgt K1,
andds=0.1m is the prescribed thickness of the subsurface
layer. This scheme is a compromise between a more com-
plicated multi-layer subsurface model and simpler iterative
@) approximations or the assumption of a constant surface tem-
perature (e.gWheler and Flowers2011). It also allows for
temporary heat storage in the subsurface with minimal data
requirements\WWheler and Flower2011). The treatment of
the remainder of the radiative balance differs in the real and
idealized implementations of the model and is therefore de-
scribed later.
The bulk aerodynamic approach is used to calculate sensi-
3.2.4 Simplified energy-balance model (SEBM) ble (0#) and latent 0, ) heat fluxes (e.gAnderson et a).
201Q Anslow et al, 2008 Brock et al, 200Q Hock and
The simplified energy-balance model ©@erlemang2001)  Holmgren 2009. The fluxes are described as:
takes the form: pac ki (Ta—To)

whereq is albedo,Sj, is incoming shortwave radiatioff- is

the temperature melt factor, aSgr is a shortwave radiation
melt factor. The treatment of the incoming shortwave radia-
tion (Sin) and albedod) are described in the context of the
relevant experiment.

= , (9
Om=Sin(1-a))+Co+CiTa, (5) Qu (In(z/z0) =W m(z/L)(IN(z/zo7) — VY H (z/L)) )
M= , (6) pakaZuZ(%zz) (ez—es)/pe
L pw 0L = . (10)
. _ _ (In(z/z0) =¥ m(z/L))(IN(z/z0e — Y H (z/L))
where Qy, is the energy available to melt snow or ice,
L;=334x 10°Jkg! is the latent heat of fusiongy = where p, is the density of airc, =1004J Klkg=!lis the

1000 kg nT2 is the density of water an@lp andC are em-  heat capacity of aik = 0.4 is the von K&rman constant, is
pirical factors that together take into account net longwavewind speed; is the measurement height above the surface,
radiation and the turbulent heat fluxes. Note that the modek, is the aerodynamic roughness length of the surfagge,
does not employ a temperature threshold and therefore thas the roughness length for temperatufeis the Obukhov
the temperature term is negative when air temperature is nedength, ¥, i are stability constants, is the vapour pres-
ative. As with the PTIM the treatment of incoming shortwave sure at height, es is vapour pressure at the surfaég,is the
radiation §in) and albedod) varies by experiment and is de- latent heat of vapourization, is the atmospheric pressure
scribed below. and z,, is the roughness length for humidity. An iterative

www.the-cryosphere.net/5/1011/2011/ The Cryosphere, 5, 10PR-2011
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Table 3. Parameters used for or derived in the control runs where melt models are tuned to real data for South Glacier (S) and North Glacier
(N) for 2008 (08) and 2009 (09). In the master control run (M) data from both glaciers in both years are used together to derive model

parameters.

Model Symbol Units Description S08 S09 NO8 N09 M
Allmodels T'p mmkm~1 Precipitation lapse rate 2.3 2.3 1.2 1.2 1.8
CTIM DDFsnow W.e.mmd1K-1 Degree day factor, snow 8.2 5.8 2.6 5.2 5.4
DDFice  W.e.mmdlk-1 Degree day factor, ice 10.6 9.0 5.6 48 6.2
HTIM MF we.mmd1ik-1 Temperature melt factor 4.7 15 0.1 0.8 0
Fsnow w.e.umirik—1w-1m2  Radiation melt factor, snow 0.50 0.70 0.40 0.80 0.80
Fice we. pmirlK—Iw—Im2  Radiation melt factor, ice 1.0 1.3 11 0.95 1.40
SEBM Co wm=2 Empirical factor —-49 44 58 40 48
C1 wm—2K-1 Empirical factor -2.0 2 15 1.5 35
SEBM & oo - Initial albedo of snow 0.85 0.85 0.85 0.85 0.85
REBM % km—1 Change in ice albedo 0.011 0.011 0 0 0.0055
al Incc)~1 Albedo rate constant 0.032 0.031 0.042 0.030 0.032
a» day1/2 Albedo rate constant —154 -168 -171 -161 -1.76
as - Albedo rate constant 0.0074 0.0112 0.0104 0.0142 0.0144
as hm-1 Albedo rate constant 44 30 88 60 30
aj - Albedo of ice 0.34 0.33 0.44 0.43 0.38
dslim - Lower limit of snow albedo 0.66 0.66 0.66 0.66 0.66
flim - Lower limit of firn albedo 0.56 0.56 0.56 0.56 0.56
dstof - Albedo drop, snow-firn transition 0.03 0.03 0.03 0.03 0.03
jlim - Lower limit of ice albedo 0.16 0.16 0.27 0.27 0.22
REBM ater - Albedo of terrain 0.21 0.21 0.21 0.21 0.21
€ter — Emissivity of terrain 0.95 0.95 0.95 0.95 0.95
Tsub °C Min subsurface temperature -30 -30 -30 -30 -30
h m Thickness of subsurface 0.10 0.10 0.10 0.10 0.10
Zihr m Snow threshold 0.01 0.01 0.01 0.01 0.01
b1 mm Roughness rate constant 0.91 0.91 0.91 0.91 0.91
by °C Roughness rate constant 1.36 1.36 1.36 1.36 1.36
b3 °C Roughness rate constant 0.054 0.054 0.054 0.054 0.054
by mm Roughness rate constant 2.3 2.3 23 2.3 23
Zoi mm Roughness length of ice 0.65 0.65 0.20 0.20 0.42
It Kkm~1 Temperature lapse rate —-6.0 —-6.0 -5.3 —-5.3 5.7

loop is needed to solve for the turbulent fluxes becduse
a function of Q. The aerodynamic roughness-length)(

In the IEBM, incoming shortwave radiatiosif) is com-
puted from top-of-the-atmosphere radiation multiplied by a

used in the bulk aerodynamic approach is either modelledactor B, that accounts for atmospheric absorption and re-
separately or prescribed as a constant. The roughness lengtfisctance. Top-of-the-atmosphere radiation is computed us-
for humidity and temperature are taken to be two orders ofing well known equations for solar geomett®Ke, 1987).

magnitude smaller than that for momentum, followkgck

and Holmgrer(20095.

Shortwave radiation is broken into direct and diffuse compo-

nents using a constant partitioning raf. Diffuse radiation
is imposed on all grid cells equally, while direct radiation is

3.3 Implementation of the energy balance model adjusted according to the slope and aspect of each grid cell.
Ice and snow surface albedagge and asnows are taken as
3.3.1 Implementation with idealized inputs (IEBM) constant in the IEBM and based on averages of these quan-

mentation of the energy balance model as the “IEBM”.

The Cryosphere, 5, 1011628 2011

tities from the Donjek Range study sites (Tald)e In the
To investigate melt-model parameter sensitivity to glacier ge-calculation of the turbulent heat flux¢sy and Q;,, rough-
ometry, surface conditions and meteorological variables, weness length,, is also taken as a constant (see Taf)le

tune the melt models under consideration to the output of the Incoming longwave radiationi(,) is computed using the
EBM forced with idealized inputs. We refer to this imple- parameterization déreuell and Knai1997) which takes the

form:

www.the-cryosphere.net/5/1011/2011/
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Table 4. Input parameters to the IEBM for Donjek Range glaciers (DRG) and Haut Glacier d’Arolla (HGA). Parameter sources: (1) Google
EarthTM, (2) Carenzo et ali2009, (3) arbitrary or prescribed, (4) derived from Donjek Range dataB(6¢k et al.(2000. Parameters such
aspect are arbitrary for DRG and do not represent all glaciers.

Symbol  Units Description DRG HGA

Zmax M Peak elevation 3060 35007

Zmin m Terminus elevation 18680 255

Lg m Glacier length 2500 4000t

A °from North  Aspect 99 ot

Cs cm per degree  Snow depth slope constant #322 0o°

C; cmm 1 Snow depth elevation constant 0.627 0.14¢

C m Snow depth intercept 48 —34P

) °North Latitude 60.805 4597

By - Fraction ofSj, that reaches surface 0450 0.5¢

Ds - Diffuse fraction ofSj, 0.30" 050

asnow  — Albedo of snow 076 065

dice - Albedo of ice 03% 025

n - Cloud fraction 028 050

Zo mm Aerodynamic roughness length 32 B

w1 K Annual temperature range 28.6 182

o days Annual temperature phase 163.8 1643

u3 K Daily temperature range 6 107

wa h Daily temperature phase 47 73

s °C Annual mean temperature -6* 3.3

Uy ms1 Wind speed 5 2.8

Pe mbar Barometric pressure 70 730P

RH % Relative humidity 74 77

Iy Kkm~1 Temperature lapse rate -65 —65
Lin = €skyo T, (12) wherer is time in days angk1.5 are, respectively, annual tem-

perature amplitude and phase, daily temperature amplitude
€sky = €cs(1—n”) +ean”, 12)  and phase, and annual mean temperature.
. i The IEBM employs an idealized glacier geometry wherein
€cs=0.23+D <TZ) , (13)  the ice surface is described by a linear equation of position
a

and elevation, with inputs of maximunZ {,ax) and minimum
where esiy is the emissivity of the sky,oc =5.67 x  (Zmin) elevations, glacier lengthLg) and aspectA). The
10 8Js 1 m2K~*is the Stefan-Boltzmann constags is glacier surface is one dimensional. Glacier slope is constant
the clear sky emissivity; is the cloud fractionp =2 is an ~ and computed from the inputs above. Initial snow depth is
exponenteq = 0.983 is the cloud emissivity anbl= 0.433 prescribed as a function of surface slogg)(and elevation
is a constant. The values of these parameters are taken frof¢’;) with interceptC). Precipitation and firn are neglected in
Greuell and Knag1997 without modification. This param- the IEBM. When the snowpack is removed via ablation, ice
eterization has previously been useddigk and Oerlemans S assumed to be exposed regardless of elevation.
(2002.

The only time-varying meteorological inputs to the IEBM 3.3.2 Implementation with real data (REBM)
are incoming shortwave radiation (see above) and temper-

ature. All other meteorological variables, including wind Fqor the purposes of comparison, we highlight previously
speed, barometric pressure, cloud fraction and relative hupypjished results of the energy balance model forced with
midity, are held at constant values for ease of interpretatiortea| data lacDougall and Flowers201]). We designate
(see Tablet). Temperature is represented with two superim- this implementation of the model “REBM”. The compari-
posed cosine curves as follows: son between results of the REBM and the other melt models
2 should be interpreted with caution, as the REBM is not tuned
Ta(t)=“1°°$<m(t+“2)> +uscos(2r (t+ua)+us. (14) in the same fashion as the other models: rather than tuning
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to cumulative melt data, the REBM is tuned to independentrequired to estimate temperature lapse rate are unavailable,
measurements of snow albedo and aerodynamic roughnesgise value for 2008 is used.

length (seeMacDougall 2010andMacDougall and Flowers
2011for details). 3.4 Model experiments

In the REBM, shortwave radiation is broken into its direct
and diffuse components using the metho€oflares-Pereira

and Rabl(1979 and Hock and Holmgren(2009. Direct An empirical model must be tuned to a data set that the model

shortwave radiation is only incident on the fraction of the . . T .
: : S ._is capable of simulating in order to obtain model parameter
glacier unshaded by surrounded terrain, while diffuse radia-

T o values Krause et a].2005. This is often accomplished by
tion is assumed to originate from all parts of the sky equallyrunnin the model for a spectrum of parameter values and
and is applied to all grid cells. If the AWS is shaded by sur- 9 P P

: . : comparing the model output to the data using some statis-
rounding topography, all measured incoming shortwave ra_tic In this experiment we examine the effect of the choice
diation is diffuse Hock and Holmgren2005); in this situa- ' P

X . . . o of optimization statistic on tuned parameter values for each
tion the ratio of direct to diffuse shortwave radiation from the : . e
: . of the melt models under consideration. The four statistics
most recent time where the AWS was unshaded is used to ap- g i . . o
. : - . examined are: (1) the weighted coefficient of determination
proximate direct shortwave radiation at unshaded grid cells,” , :
! ) . (wR“), where the weightv can take on values between O
In practice, this only occurs when the sunis close to the astro:

nomical horizon when shortwave radiation is weakest. Sky-and L
view fraction and topographic shading are computed using

3.4.1 Optimization statistic

S (My, — M) (Ms, — Ms)

DEMs of the terrain surrounding the glaciers and (for topo- g2 — . (16)
grap_h|c shading) the traverse of the sun through the celestial \/Z:’lil(Mri —ﬁr)z\/Zi?il(Msi — Mg)?
hemisphere (e.®ke 1987).

The REBM uses the albedo parameterizatiorlo€k and R lg|R? for |g| <1 17
Holmgren(2005: WRT=1 1o LR2 for [g] > 1 [ 17)

— az\/nda) i
o — z:i _Z;S&g% 1) el :]]: Z;’ i 8 z ;Zzg (15)  (2) the Nash-Sutcliffe efficiency criterion:
o;—1+agPs if ny=0 el Z?il(MSi _ Mr[_)z 18)

wherec; is the albedo at time, n, is the time since the Z?il(Mr; — M2’
previous snowfall in daysPs is the snowfall rate andh.4 are
constants that are found by tuning the model to a measure&f) the mean absolute error:
albedo recordilock and Holmgren2005. Ice is assumed to e |M —M |
have a constant albedo that is taken as the mean value of iddAE = ’Zl—s”r’, (29)
albedo measured at the AWS locatien.£) (e.g.Hock and b
Holmgren 2005 Oerlemans and Knafi998. and (4) the root mean square error:

Incoming longwave radiation in the REBM is inferred
from measurements of shortwave and net all-wave radiation, \/Z?il(MSi - M,l.)2
along with modelled surface temperature from a multilayer RMSE= T ; (20)

subsurface heat-flux model applied only at the AWS location
(Wheler, 2009. Turbulent heat fluxe® y and O, along  whereMsy is the simulated ablation andy, is the reference
with the subsurface fluxQ,, are simulated in an identical or measured ablation at locatioyv,, is the number of loca-
fashion to the IEBM, except that the evolution of the aero-tions at which ablation values are available grid the slope
dynamic roughness length of snow is parameterized as imf the regression upon whick? is based.R? also produces
Brock et al.(2006. The aerodynamic roughness length of an intercept that ideally should be zero for dllcorrelation.
ice is taken as constant and equal to the mean of the meaNote that bothE and RMSE contain the sum of the squared
sured roughness lengths of ice. $¢acDougall(2010 and  differences.
MacDougall and Flower€011) for details, including model Each of the melt models is tuned to the cumulative abla-
validation and sensitivity analysis. tion as simulated by the IEBM with the idealized inputs in-
In contrast to the IEBM, the REBM uses measured time-tended to represent Donjek Range glaciers and their environ-
series of incoming shortwave radiation, temperature, relativeanent (Table4, column labelled “DRG”). Our tuning method
humidity, wind speed, barometric pressure and precipitationsimply involves discretizing the parameter space of a model
It employs the real glacier DEMs and corresponding cal-and running the model with all possible parameter combina-
culations of topographic shading and sky-view fraction, astions within a plausible range of values for each parameter.
well as field-based estimates of temperature and precipitaThe best match between simulated and reference ablation is
tion lapse rates. For North Glacier in 2009, where the datfound by maximizingwR? or E (maximum value is 1), or
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minimizing MAE or RMSE (minimum value is 0). This pro-

. . . . South Glacier . |South Glacier
cedure is repeated for glacier aspects aligned with the four

3
>

5 2008 |~ 2009
cardinal directions. In all experiments where the melt mod- G
els are tuned to IEBM output, the SEBM us$s and static =
albedos identical to that of the IEBM. This gives the SEBM g
an advantage over the other models. & North Glacier North Glacier
A\ 2008 2009

3.4.2 Parameter sensitivity

A
A\ 4

Temporal Transfer
Glacier geometry, surface characteristics and meteorological
conditions all affect the surface energy balance. Here weFig. 2. Diagram of transferability tests. Arrows indicate the possi-
examine the effects on melt model parameters of glacier asble spatial and temporal transfer of parameter values between data
pect, surface slope, mean, minimum and maximum elevasets.
tions, snow and ice albedo, snow depth at the onset of the

melt season (winter balance), wind speed, annual mean tem-

perature and lapse rate. We do this by altering each paraméo-‘wS Iocat|0n§ and are implemented in a d|str|bgte_d fa_sh|on
ter independently within the IEBM and then tuning the melt using the glacier surface DEMs. Shortwave radiation in the

models to the cumulative melt predicted by the IEBM using StﬁEMA?/&rSe?tedt!dentmaély ﬁ)s '(;‘ the FéEIBMh IS mteaSLflred h
RMSE as the optimization statistic. The range of values cho—aI © d ocations ?n 3 be © mode! parsr'\r/}ggrz (t)r cac
sen for each characteristic encompasses the differences pg:acier and year are found by minimizing etween
tween the two study glaciers and two melt seasons under Cons_lmula_lted and measured _albedo v_alues. A constant firm-line
sideration (Table), and is extended to capture the plausible eleyat|on of 2450m g.s.l. Is prescribed for-all models, above
which the snowpack is assumed to be arbitrarily deep. Sum-

range of values for the region. Certain geometric attributes . ) .
9 9 9 mer snowfall is extrapolated as described in Sgdt.

cannot be manipulated without changing others. Slope is Melt-model tuning is initiall ; q tely f

manipulated jointly with glacier length to maintain a con- r? -Imq N Nunltr;]g ISS Irt“hla ydper orm;oogep;%rggey 'Olrd

stant elevation range. Minimum and maximum elevation are=ach giacier (North, South) and year ( ’ ),_yle i
g four sets of parameters for each model that define the

changed independently which changes the mean elevation i B " . B . .
ocal “control” runs. One additional “master” control run is

these tests. Where the mean elevation is manipulated, max- ; df h model usin the full | t of dat
imum and minimum elevations also are changed, but slop erformed tor each model using the 1ull complement ot data

and glacier length are held constant. For the mean elevalrom both glaciers and both melt seasons. The master control

tion test, the intercept of the initial snow-depth relationship run has a similar design to some of the earlier work on glacier

is changed in tandem with mean elevation, in order to pre-me't model transferability (e.@raithwaite 1995. The con-

vent unrealistic snow depth values. The barometric pressurIarOI Irurtls t(r:]O"eCt'Vlfly fstehrvei as ]EefeLef\Ir_ltce:[s atlgalnst which 1o
(taken as a constant in the IEBM) is changed in the meart "2 uate the results ot the transterabiity tests. . .
We assess melt-model parameter transferability in time, in

elevation test in accordance to the United States standard at- di d time toqether f h modelZEi
mosphere of 1976\ational Aeronautics and Space Admin- space and in space and time together for each modelZfig.

istration et al, 1976. Two tests are conducted using lapse In each test, the parameter values derived for one glacier

rates: one in which the melt models use a lapse rate identicaefnd year are used in place of thosg locally derived for the
to that in the IEBM. and one in which the melt models use aother glacier and/or year. In transferring parameters between

fixed lapse rate of-6.5 K kmL. For the purposes of graphi- glaciers and/or years we aim to test the hypothesis that melt

cal comparison, the parameters from each of the melt model§3" be accurately modelled with parameters derived from

are converted to a common set of units (mw.e.). This is ac-Other sites or derived locally in other years (as has been

complished by multiplying each parameter by its index of shown byShea et al(2009 in southwestern Canada and by

melt energy (e.g. positive degree days for the CTIM) Calcu_Carenzo et al(2009 in the Swiss-Italian Alps). We use the

lated on an unshaded horizontal reference surface at a poirﬁySE l:t)etaNeetn Izhel S'mtl.”atedt and Te?Sl{[Led cumulanvef ?hb_
2300 ma.s.l. in the IEBM. ation at the stake locations to evaluate the success of the

control runs and parameter transfer tests.

3.4.3 Parameter transferability
o ] . 4 Results and discussion
Parameter transferability is investigated using real data, with
the melt models being tuned to cumulative ablation measured.1  Optimization statistic
at stake locations rather than the output of an EBM. For each
stake only the ablation between the first and the last measurdn this experiment, two of the four statisticE @nd RMSE)
ment of the season are used in order to avoid autocorrelatiorproduce identical parameter values for each model with our
The models are driven with air temperature measured at théuning method (Tablé). Both E and RMSE contain the
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Table 5. Best fit parameters for CTIM, HTIM, PTIM and SEBM found by optimizing slope weighted coefficient of determinatitf) (
Nash-Sutcliffe efficiency criterionK), mean absolute error (MAE), and root mean square error (RMSE) with respect to cumulative melt
simulated with the IEBM for synthetic glaciers oriented in the four cardinal directions.

Aspect Symbol  Units wR? E MAE RMSE
North  DDFsnow w.e.mmd iK1 1.2 1.2 1.2 1.2
DDFice  w.e.mmdlK—1 6.6 5.6 5.4 5.6
Fsnow we. pmirik=Iw—1m? 1.4 2 2.4 2
Fice w.e. umhiKk-Tw—1Im? 11 8.5 8.5 8.5
MF we.mmdlk-1 0.4 0.2 0 0.2
SRF w.e.mmirlw—1m?2 0.0012 0 0 0
Te wemmhik-1 0.10 0.09 0.08 0.09
Co wm—2 -525 -525 53 -525
C1 wm—2K-1 3.25 3.25 35 3.25
East DDRnow W.e.mmd 1K1 2.2 2.2 2.2 2.2
DDFice  W.e.mmdlk—1 5.2 5.2 5.2 5.2
Fsnow we. pmhiKk-Tw—1m? 4.2 4.4 4.4 4.4
Fice we. pmirik=Iw—1m?2 8 8 8.5 8
MF we.mmdlk-1 0.2 0.1 0 0.1
SRE we.mmhilw-1m? 0 0 0 0
Te wemmhik-1 0.19 0.15 0.16 0.15
Co wm—2 -665 —66 -655 —66
Cq1 wm2K-1 6.25 6.25 6.5 6.25
South  DDRpow w.e.mmdlK—1 7.4 6.4 6.6 6.4
DDFice  w.e.mmdlk-1 5.4 5.4 5.4 5.4
Fsnow we. pmhik-1w—1m? 6.6 7.4 7.6 7.4
Fice we. pmhiKk-Tw—1m? 6 75 75 75
MF we.mmdlk-1 1.1 0 0 0
SRE w.e.mmirlw—1m? 0.004 0.0020 0.0024 0.0020
Te wemmhlk-1 0.12 0.16 0.15 0.16
Co wm2 -635 —635 —625 —635
C1 wm2K-1 6.75 6.75 6.5 6.75
West  DDRpow w.e.mmdlk—1 3.8 3.6 3.6 3.6
DDFice  w.e.mmdlK-1 4.8 4.8 5.0 4.8
Fsnow w.e.umhiK-Tw—Im? 2.4 3.4 3.4 3.4
Fice we. pmhik-1w—1m?2 5.5 7 7 7
MF we.mmdlk-1 1.2 0.2 0 0.2
SRE w.e.mmirlw—1m?2 0.0008 0 0 0
Te wemmhlk-1 0.18 0.18 0.19 0.18
Co wm—2 -59 595 59 -595
C1 wm2K-1 6 6 6 6

sum of the squared differences as a key part of their defet al, 2009. This may explain the more variable response of
initions. Using MAE produces results that are very simi- the HTIM and suggests caution in interpreting the results of
lar to those usingE and RMSE, varying by one interval of this model. Bearing this in mind, Tabfereveals little differ-
parameter discretization at most for the CTIM, PTIM and ence in the values of optimized parameters when tuning with
SEBM, and two intervals at most for the HTIM. However, E, RMSE or MAE and therefore little difference in the ab-
using MAE leads to MF=0 for the HTIM in every test in lation amounts these models would predict when tuned with
Table5. The HTIM is known to exhibit equifinality (or non- these statistics. Employing the conditions used to convert
uniqueness) in model parameters, such that multiple paramehe melt parameter units to mw.e. (see S&et.2 the varia-

ter sets can yield equally good model performar@arénzo  tion in parameter values created by tuning withRMSE or
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3000 : ‘ ‘ lative ablation for Donjek Range climate conditions, the op-
ay - ? 5 — [EBM , timal value of the solar radiation factosg) is found to be
2800! . o : (H;gumrwa;'t\)'lgtfobrﬁg?g ] zero when tuning withe, RMSE or MAE (Tables). This
= means that the PTIM collapses into a degree-day model,
g 2600! leaving only the temperature-dependent term to explain melt.
- The temperature factor does not differentiate between snow
IS 200l and ice and therefore produces a poor estimate of ablation
§ (Fig. 3a). The same result is obtained when the PTIM is
uij | tuned to ablation stake data from North and South Glaciers.
The behavior of the PTIM for Donjek Range conditions is
the opposite of that documented Bellicciotti et al.(2008
2000} for Norte Glacier in the semi-arid subtropics of Chile. When
the PTIM was applied to Norte Glacier, the temperature melt

1800065 10 15 20 25 30 35 factor (Ir) became zero or negative and the model was thus

entirely dependent on shortwave radiation throS§gh (Pel-

licciotti et al, 2009. To explore whether the collapse of

, 'CEBM . . the PTIM to a degree-day model is an artifact of our tun-

O = Cumulative ablation . . . . .

33001 O Hourly ablation rate | | ing method using cumulative ablation, we instead tuned the

PTIM with point-scale hourly melt rates produced by the

IEBM. This was accomplished by maximizirigy with time-

stepj replacing location in Eq. (18). This tuning method

for the PTIM is similar to that oPellicciotti et al.(2005.

The best fit model using this second tuning method also pro-

duced a poor estimate of distributed ablation (Bay).

To investigate whether our implementation of the PTIM
was somehow flawed, the IEBM was run with inputs appro-
priate to Haut Glacier d’Arolla in the study dfellicciotti
et al.(2009 (Table4). The two methods of tuning the PTIM
1 2 3 4 5 6 were then repeated with these inputs. Figgishows that the

Ablation (m w.e.) PTIM produces much better estimates of ablation for Haut
Glacier d’Arolla conditions than for Donjek Range condi-

Fig. 3. Ablation as a function of elevation computed with the tions. The success of the PTIM in the former case is consis-

temperature-index model éfellicciotti et al.(2009 tuned to both  tent with the findings oPellicciotti et al.(2005 andCarenzo

cumulative ablation and hourly ablation rates as simulated by theet g|.(2009).

IEBM. The energy balance model forced with idealized inputs  gensitivity tests were conducted to attempt to better under-

(IEBM) is also shown. (a) Inputs intended to represent Donjek - oo the difference in PTIM performance for these two ap-

Range glaciers (DRG in TabW®. (b) Inputs intended to represent S - .

Haut Glacier d’Arolla (HGA in Tablet). plications. No single parameter_can explain the_t_endency for
Srr to become zero under Donjek Range conditions. How-
ever, decreases in snow albedo below 0.7 or increases in

MAE results in less than a 5% variation in simulated abla- cloud fraction (above 0.4) or atmospheric refection (above

tion. 0.6) will permit non-zero values dfrg in conditions other-

The results fow R? differ greatly from those of the other Wise resembling those of the Donjek Range. Southerly as-
statistics. This disparity is related to the fact ti& only ~ Pects also produce a small departuresgi from zero. Fur-
quantifies the variability of observed and predicted data.ther, no single parameter alteration from the Haut Glacier
Simulations can have higR? values but systematically un- d"Arolla conditions in Table4 producesSrr=0. Based
derestimate or overestimate ablatidtrguse et al.2005.  ©n the results above for Donjek Range conditions, we have
We have attempted to compensate for this flaw by weightinggXcluded the PTIM from the remainder of our comparative
R2 by the slope of the regression between observed and preanalysis.
dicted values (EdL7), but this has not eliminated the system- o
atic bias as the intercept of the relationship can be nonzero.4-2 Parameter sensitivity

Ablation (m w.e.)

3500

3100}

29001

Elevation (m asl)

27001

2500O

4.1.1 PTIM tuning and the effect of climate setting The results of the parameter sensitivity tests are thematically
grouped into three figures. Parameter sensitivity to glacier

For synthetic glaciers oriented in three of the cardinal di-geometry (aspect, slope, and minimum and mean elevations)

rections, when the PTIM is tuned to IEBM-derived cumu- is illustrated in Fig4, to snow and ice albedo in Fi§, and
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to meteorological quantities (mean annual temperature, temity of the HTIM. In the SEBM,Cy is sensitive to snow albedo
perature lapse rate and wind speed) in BigTwo of the pa-  (Fig. 5¢) while neitherCy nor C1 respond to changes in ice
rameter sensitivity tests conducted are not shown (maximunalbedo (Fig5f). High surface albedo produces long periods
glacier-surface elevation and initial snowpack depth) due towvhere no melt occurs, this in turn allows the surface temper-
the small sensitivity of melt-model parameters to these quanature the drop below zero reducing outgoing longwave ra-
tities. diation. 1t is likely thatCo is responding this reduction in
Glacier geometry affects the surface energy balance iroutgoing longwave radiation.
a number of ways. Changing the aspect and slope of the Meteorological conditions control the input of energy to
glacier modifies the intensity of shortwave radiation reach-the glacier system and therefore strongly influence the energy
ing the glacier surface. Changing the minimum elevationbalance. Temperature appears in each of the energy balance
of the glacier changes the proportion of the glacier subjecterms, except incoming shortwave radiation, establishing a
to warmer temperatures according to the prescribed temphysical basis for the correlation between temperature and
perature lapse rate. Modifying the mean elevation of theablation exploited by temperature-index modelhura
glacier changes the magnitude of the turbulent heat fluxe2001). CTIM degree-day factors have themselves been
as the glacier is moved between a warmer environment wittshown to be a function of temperature Bsaithwaite(1995.
a thicker atmosphere and a colder environment with a thin\Wind speed affects the energy balance by enhancing or di-
ner atmosphere. One can see from Hgthat DDRnow minishing the turbulent energy fluxes. Fig@eshows that
(CTIM) is strongly affected by aspect and weakly effected DDFice in the CTIM is a strong function of mean annual tem-
by the other geometric attributes. DJafis most sensitive  perature (Figéa) and the treatment of temperature lapse rates
to the mean and minimum glacier surface elevations. Of thgFig. 6d, g). DDFe varies strongly with the true lapse rate,
HTIM parametersysnow iS most sensitive to glacier aspect whether or not the true lapse rate is known to the model. In
(Fig. 4b), while rice is most sensitive to mean surface eleva- contrast, DDknow exhibits little sensitivity to mean annual
tion (Fig.4k). The equifinality of the HTIM model is evident temperature or temperature lapse rates. Both CTIM param-
in Fig. 4; MF switches from being zero to non-zero under eters are sensitive to wind speed above different thresholds
certain conditions, affecting the magnitude of the other two(Fig. 6j). The HTIM radiation factorssnow andrice respond
melt-model parameters. The parameters for the SEBM shovgimilarly to DDFsnow and DDFRge, respectively, in this series
discernible sensitivity to glacier aspect (F&) and mean of tests. The HTIM melt factor, MF, shows little sensitivity
surface elevation (Figdl) but of a much lower magnitude to the variables tested here. The SEBM parametégand
than the other models. Glacier slope (Fd-f) has little ef-  C;, have a discernible response to wind speed (@ligand
fect on the magnitude of the melt-model parameters in theséapse rate (Fig6f, i).
simulations where the default aspect is east. The effect of The results of the lapse rate tests present an interesting
slope is more pronounced for simulations conducted with adilemma. Parameters in the CTIM and HTIM models (par-
southerly aspect. For southerly aspects, the cosine of the saicularly DDFice andrice) vary with true lapse rate, whether
lar azimuth (corrected for aspect) is close to unity when theor not the melt models themselves employ this lapse rate
sun is high in the sky. Aspect is expected to have diminish-(Fig. 6g, h, tests labelled “variable”) or use a standard lapse
ing control on melt model parameters at latitudes higher tharrate (Fig.6d, e, tests labelled “fixed”). In the latter case,
that of our study site. During summer at high latitudes, in ad-differences between the true and prescribed (standard) lapse
dition to the long hours of daylight, there is only a small dif- rates are absorbed into the tuned parameter values. This re-
ference between daily maximum and minimum solar zenithsult hints that using an assumed lapse rate would not reduce
angle. the transferability of these models for the environmental con-
Surface albedo controls the net shortwave radiation reditions represented in these tests.
ceived by the glacier and therefore has a straightforward ef- Qverall, the sensitivity tests above suggest that the CTIM
fect on the energy balance. Figuseshows the sensitivity and HTIM might exhibit poor transferability where there are
of DDFsnow and DDFge (CTIM) to the respective values of |arge variations in glacier aspect, mean glacier elevation,
snow and ice albedo (Figa, d). DDFce goes to zero for  albedo, mean annual temperature, temperature lapse rates,
snow albedo values where melt is not sufficiently intenseand wind speed. The SEBM, as implemented, should be
to raise the snow-line above the minimum elevation of themore transferable unless there are large variations in snow
glacier (Fig.5a). The strong response of CTIM parameter albedo or wind speed.
values to albedo has been previously showrAbgndt and
Sharp(1999. In the HTIM simulations, MF is only signifi- 4.3 Parameter transferability
cant for snow albedo less than 0.675 (FHig). Parametefice
declines smoothly with increasing ice albedo (@), butis  Table 3 reports the control run parameter values for each
only non-zero for an intermediate range of snow albedo val-glacier, year and melt model, while Tabtleshows RMSE
ues (Fig.5b). Parametersnoy €xhibits a non-monotonic re- values for the control runs relative to the ablation stake mea-
sponse to snow albedo that may be a function of the equifinalsurements for each of the melt models (plus the REBM). For
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both glaciers, the model with the lowest RMSE is the HTIM true for the REBM where all of the temporal transferability
for the 2008 simulations and the SEBM for the 2009 simula-tests are close to the control run, though untrue for the SEBM
tions. The highest RMSE is produced by the SEBM for bothwhere none of the temporal transferability tests are closest to
glaciers in 2008 and the CTIM for North Glacier 2009. the control. The results are highly variable for the spatial and
spatial-temporal transfer tests but these transfers frequently

In 9 of 16 temporal transferability tests (Tatdgthe re- groduce much larger errors than the control runs.

sults more closely resemble the control runs than do thos
of any of the other transferability tests. This is particularly
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Fig. 5. Melt-model parameter sensitivity to snow (first row) and ice (second row) albedo.

The comparison between model results in Tahteemon-
strates, within our limited data-set and bearing in mind the
different tuning methods between the REBM and other mod-Table 6. RMSE for parameter transferability. experiments using
els, that the REBM produces more consistent results than th al data, expressed in mw.e., for South Glacier (S), North Glacier
temperature-index models and the SEBM. The SEBM per- N), 2008 (08) and 2009 (09). Except for the master control run,
. . . . . the REBM results are reproduced fraiacDougall and Flowers
forms inconsistently in these tests with real data, in somet( 17

cases producing results better than the REBM but in othe

cases producing results poorer than the temperature-index

. . . Dataset Simulation CTIM HTIM SEBM REBM

models. The HTIM yields slightly more consistent results
than the CTIM, but occasionally performs more poorly than S08 TC;]:‘tfc()’r'al 8-;2 8-53 g-gg 8-28
the CTIM (see North Glacier temporal transferability tests). Spatri)al 087 081 086 054
An assessment of model performance for the master con- Spatial-temporal  0.72  0.53 0.38 0.46
trol runs is included in Tablé. In 15 of 16 cases, these sim- Master 058 041 0.48 0.36
ulations unsurprisingly produce higher_RMSE values (from ~gqq Control 014 0414 012 014
0.01-0.29 m) than the control runs using local parameters. Temporal 043 038 023 0.13
RMSE values for the master control runs tend to be closer Spatial 036 0.23 0.17 0.22
to those for the local control runs for the energy balance Spatial-temporal ~ 0.67  0.69 0.52 0.25
models (SEBM and REBM), though large variations are ev- Master 025 019 018 020
ident. In 12 of the 15 cases above, the RMSE values for Nos Control 010  0.09 0.15 0.11
the master control runs lie between those of the local con- Temporal 032 0.39 0.71 0.14
trol runs and those of the spatial transferability tests. This Spatial 080 074 049 0.44

Spatial-temporal  0.53 0.50 0.61 0.14

result is intuitive considering that the parameter values de- Master 038 038 016 0.09

rived in the master runs implicitly contain information about
both glaciers. The REBM produces the best results within N09 Control 022 014 013 019

the master control runs for the 2008 tests and the SEBM pro- ;‘;r:t?;’lra' 8';‘3 8'22 g-zg 8-§$
duces the best results for .the 2099 tests.. Spatial-temporal 133 096 047  0.37
There appears to be an inconsistency in the performance of Master 034 0.24 0.22 0.32

the SEBM in the sensitivity tests with the IEBM (Sedt?)
and the transferability tests using real data (this section).
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Parameters in the SEBM exhibited the least sensitivity toand albedo, while these quantities are associated with uncer-
variations in hypothetical environmental conditions, yet dotainty (particularly the evolution of snow albeddpdrdner

not consistently exhibit greater transferability than the pa-and Sharp2010 in the transferability tests with real data.
rameters of the temperature-index models. This result may

be related to the synthetic nature of the sensitivity tests where

the SEBM knows exactly the incoming shortwave radiation
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5 Conclusions temperature-index models were found to be transferable un-
der most conditions explorecSkea et a).2009 Carenzo
For the foreseeable future temperature-index models willet al, 2009. This contrast could be an artifact of the small
continue to be used for melt modelling applications, due tosample size in this study (two glaciers and two melt seasons)
their low data requirements and often acceptable model perer other factors yet to be elucidated. We suggest that caution
formance. This use should be tempered by the knowledgehould be observed when extending the use of melt models
that for certain environments these models may exhibit poobeyond the locations where they were developed, particularly
transferability. That is, using melt-model parameters derivedf the data are limited in spatial or temporal scope.
for one glacier at other sites can lead to large errors in esti-
mated ablation. Driving an energy balance model with ide-Acknowledgementsie are grateful to the Natural Sciences and
alized inputs and tuning the melt models of interest to theEngineering Research Council of Canada (NSERC), the Canada
output can be a useful means of exploring the sensitivity ofFoundation of Innovation (CFI), the Canada Research Chairs
melt-model parameters to variations in glacier geometry, sur{CRC) program, the Northern Scientific Training Program (NSTP),
face characteristics and meteorological conditions. This ap-g;‘;teﬂ“g: El:g;i';tg:‘;‘r’:r;i;y'zg’ggrgé”& Q:rxzs?gg tEACV(\)’nzLect
proach may provide insight into the transferability of various this research was granted by the Kluane First Nation, Parks Canada,

model parameters to different environments, but has IImIta_and the Yukon Territorial Government. Support from the Kluane

tions as demon;trated by the performance of the SEBM W'th_ake Research Station (KLRS) and Kluane National Park and
real and synthetic data. Reserve is greatly appreciated. We are indebted to Andy Williams,

In this study melt-model parameters showed only smallsjan williams, Lance Goodwin (KLRS), Doug Makkonen and
differences when tuned to cumulative ablation usiig  Stephen Soubliere (Trans North Helicopters) for logistical support,
RMSE or MAE, in contrast to using a weighte®?. Such  and to P. Belliveau, G. Rosenkjeer, N. Roux, A. Jarosch, L. Mingo,
small differences will not significantly affect the sensitiv- J. Logher, F. Anslow, C. Schoof, S. Hedinsdottir, and A. Rushmere
ity or transferability of the models. When the temperature_for field assistance. We thank N. Arnold, R. Braithwaite and an
index model ofPellicciotti et al.(2005 is tuned to output —&nenymous reviewer for their critical comments.
of the EBM forced with either idealized inputs (for synthetic
glaciers with northerly, easterly or westerly aspects) or real
ablation data from our study area in the St. Elias Mountains,
the solar radiation facto§rr becomes zero and the model

. . . References
collapses into a classical temperature-index model. We hy-
pothesize that some combingt_ion of study—area_l characterissgerson, B., MacKintosh, A., Stumm, D.., George, L., Kerr, T.,
tics and meteorological conditions produces this model be-  winter-Billington, A., and Fitzsimons, S.: Climate sensitivity of
haviour, but further work is required to more precisely assess  a high-precipitation glacier in New Zealand, J. Glaciol., 56, 114—
the importance of each of these attributes. 128, 2010.

In tests where the melt models were tuned to output fromAnslow, F. S., Hostetler, S., Bidlake, W. R., and Clark, P. U.:
the idealized EBM, the tempera’[ure_index model parameters Distributed energy balance modeling of South Cascade Glacier,
were generally sensitive to glacier aspect, mean surface ele- Washington and assessment of model uncertainty, J. Geophys.
vation, albedo, mean annual temperature, temperature lapse Res., 113, F02019i0i:10.1029/2007JF000850008.
rate and wind speed. In transferability tests using real dat4""e"dt: A- and Sharp, M.: Energy balance measurements on a

. Canadian high Arctic glacier and their implications for mass bal-
from two glaciers and two melt seasons, the temperature-

. . ance modelling, in: Interactions between the cryosphere, climate
index models (HTIM and CTIM) produced errors up to eight greenhouse gases, proceedings of the IUGG symposium,

times larger than their respective control runs; the simpli-  gjrmingham, edited by: Tranter, M., IAHS, 165-172, 1999.

fied energy balance model (SEBM) produced errors up to Si¥arendt, A. A., Luthcke, S. B., Larsen, C. F., Abdalati, W., Krabill

times larger than its control runs in the same tests. The sim- w. B., and Beedle, M. J.: Validation of high-resolution GRACE

plified energy balance model more often than not produced mascon estimates of glacier mass changes in the St. Elias Moun-

the best parameter transferability, but its poorest transfers tains, Alaska, USA, using aircraft laser altimetry, J. Glaciol., 256,

are just a poor as those from the temperature-index mod- 165-172, 2008.

els. When compared to parallel transferability experimentsBahr, D., Dyurgerov, M., and Meier, M. F.: Sea-level rise from

reported byMacDougall and Flower&2011) the full energy- glaciers an_d ice caps: a lower bound, Geophys. Res. Lett., 36,

balance model produces better transfers nine times out of L03501,doi:10.1029/2008GLO36302009.

twelve. Using “master” parameter values derived from both erthier, ,E" Schiefer, E., Clarke, G. K. C., Menounos, B,
. L and Rémy, F.: Contribution of Alaskan glaciers to sea-level

glaciers and both years usually produced errors in simulated <o gerived from sateliite imagery, Nat. Geosci., 3, 92-95,

ablation higher than those obtained with locally derived val-  44i-10.1038/NGEO7372010.

ues (local control runs) but lower than those with parame-grajthwaite, R. J.: Positive degree-day factors for ablation on the

ters tuned for the other site. The results of these transfer- Greenland ice sheet studied by energy-balance modelling, J.

ability tests contrast with those from previous studies, where Glaciol., 41, 153-160, 1995.

Edited by: E. Hanna

The Cryosphere, 5, 1011628 2011 www.the-cryosphere.net/5/1011/2011/


http://dx.doi.org/10.1029/2007JF000850
http://dx.doi.org/10.1029/2008GL036309
http://dx.doi.org/10.1038/NGEO737

A. H. MacDougall et al.: Glacier melt model parameter sensitivity and transferability 1027

Braun, L. N., Grabs, W., and Rana, B.: Application of a conceptual glaciers in Iceland, Norway, and Greenland, J. Glaciol, 41, 345—
precipitation-runoff model in the Langtang Khola basin, Nepal 358, 1995.

Himalaya, in: Snow and Glacier Hydrology, Proceedings of the Johnson, P. G. and Kasper, J. N.: The development of an ice-
Kathmandu Symposium 1992, edited by: Young, G., IAHS, 221- dammed lake: the contemporary and older sedimentary record,
237, 1993. Arctic Alpine Res., 24, 304-313, 1992.

Brock, B. W., Willis, I. C., Sharp, M. J., and Arnold, N.: Mod- Kaser, G., Cogley, J. G., Dyurgerov, M. B., Meier, M. F., and
elling seasonal and spatial variations in the surface energy bal- Ohmura, A.: Mass balance of glaciers and ice caps: Consen-
ance of Haut Glacier d'Arolla, Switzerland, Ann. Glaciol, 31, sus estimates for 1961-2004, Geophys. Res. Lett., 33, L19501,
53-62, 2000. doi:10.1029/2006GL027512006.

Brock, B. W., Willis, I. C., and Sharp, M. J.: Measurement and pa- Klok, E. J. and Oerlemans, J.: Model study of the spatial distribu-
rameterization of aerodynamic roughness length at Haut Glacier tion of the energy balance of Morteratschgletscher, Switzerland,
d’'Arolla, Switzerland, J. Glaciol., 52, 281-297, 2006. J. Glaciol., 48, 505-518d0i:10.3189/172756502781831133

Carenzo, M., Pellicciotti, F., Rimkus, S., and Burlando, P.: 2002.

Assessing the transferability and robustness of an enhance#rause, P., Boyle, D. P., and Bése, F.: Comparison of different effi-
temperature-index glacier-melt model, J. Glaciol., 55, 258-274, ciency criteria for hydrological model assessment, Adv. Geosci.,
20009. 5, 89-97, 2005,

Collares-Pereira, M. and Rabl, A.: The average distribution of so- http://www.adv-geosci.net/5/89/2005/
lar radiation: correlations between daily and hourly insolation Lemke, P., Ren, J., Alley, R. B., Allison, |., Carrasco, J., Flato,
values, Sol. Energy, 22, 155-164, 1979. G., Fuijii, Y., Kaser, G., Mote, P., Thomas, R. H., and Zhang,

De Paoli, L. and Flowers, G. E.: Dynamics of a small surge-type T.: Observations: Changes in Snow, Ice and Frozen Ground, in:
glacier using one-dimensional geophysical inversion, J. Glaciol., Climate Change 2007: The Physical Science Basis. Contribution
55, 1101-1112, 2009. of Working Group | to the Fourth Assessment Report of the In-

de Woul, M. and Hock, R.: Static mass-balance sensitivity of Arctic  tergovernmental Panel on Climate Change, edited by: Solomon,
glaciers and ice caps using a degree day approach, Ann. Glaciol., S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B.,
42,217-224, 2005. Tignor, M., and Miller, H., Cambridge University Press, 2007.

Gardner, A. S. and Sharp, M. J.: A review of snow and ice MacDougall, A. H.: Distributed energy-balance glacier melt-
albedo and the development of a new physically based broad- modelling in the Donjek Range of the St. Elias Mountains,
band albedo parameterization, J. Geophys. Res., 115, FO1009, Yukon Territory, Canada: model transferability in space and
doi:10.1029/2009JF001442010. time, Master’s thesis, Simon Fraser University, 2010.

Greuell, W. and Genthon, C.: Modelling techniques and methodsMacDougall, A. H. and Flowers, G. E.: Spatial and temporal trans-
in: Mass Balance of the Cryosphere, edited by: Bamber, J. L. ferability of a distributed energy-balance glacier melt model, J.
and Payne, A. J., Cambridge University Press, 2004. Climate, 24, 1480-14980i:10.1175/2010JCLI3821,.2011.

Greuell, W. and Knap, W. H.: Elevation changes in meteorologicalMarcus, M. G. and Ragle, R. H.: Snow accumulation in the Icefield
variables along a mid—latitude glacier during summer, J. Geo- Ranges, St. Elias Mountains, Yukon, Arctic Alpine Res., 2, 277—
phys. Res., 102, 941-954, 1997. 292, 1970.

Hirabayashi, Y., Doll, P., and Kanae, S.: Global-scale modeling ofMeier, M. F., Dyurgerov, M. B., Rick, U. K., O'Neal, S., Pfeffer,
glacier mass balances for water resources assessments: GlacierT. W., Anderson, R. S., Anderson, S. P., and Glazovskiy, A. F.
mass changes between 1948 and 2006, J. Hydrol., 390, 245-256, Glaciers and ice caps to dominate sea level rise through 21st cen-
2010. tury, Science, 317, 1064-1067, 2007.

Hock, R.: A distributed temperature-index ice- and snowmelt modelNational Aeronautics and Space Administration, National Oceanic
including potential direct solar radiation, J. Glaciol., 45, 101- and Atmospheric Administration, and United States Air Force:
111, 1999. US Standard Atmosphere 1976, National Technical Information

Hock, R.: Temperature index melt modelling in mountain areas, J. Service, 1 edn., 1976.

Hydrol., 282, 104-115, 2003. Oerlemans, J.: Glaciers and Climate Change, Swets & Zeitlinger

Hock, R.: Glacier melt: a review of processes and their modelling, BV, Lisse, 1 edn., 2001.

Prog. Phys. Geog., 29, 362-391, 2005. Oerlemans, J. and Knap, W. H.: A one year record of global ra-

Hock, R. and Holmgren, B.: A distributed energy-balance model for  diation and albedo in the ablation zone of Morteratschgletscher,
complex topography and its application to Storglacidren, Swe- Switzerland, J. Glaciol., 44, 231-238, 1998.
den, J. Glaciol., 51, 25-3610i:10.3189/172756505781829566 Oerlemans, J., Bassford, R., Chapman, W., Dowdeswell, J.,
2005. Glazovsky, A., Hagen, J., Melvold, K., de Ruyter de Wildt, M.,

Hock, R., Radi, V., and de Woul, M.: Climate sensitivity of Stor- and van de Wal, R.: Estimating the contribution of Arctic glaciers
glaciaren, Sweden: an intercomparison of mass-balance models to sea-level change in the next 100 years, Ann. Glaciol., 42, 230—
using ERA-40 re-analysis and regional climate model data, Ann. 236, 2005.

Glaciol., 46, 342-348, 2007. Ohmura, A.: Physical basis for the temperature-based melt-index

Huss, M., Farinotti, D., Bauder, A., and Funk, M.: Modelling runoff method, J. Appl. Meteorol., 40, 753-761, 2001.
from highly glacierized alpine drainage basins in a changing cli- Oke, T.: Boundary layer climates, London, Methuen; New York,
mate, Hydrol. Proc., 22, 3888-3902, 2008. Routledge Press, 2 edn., 1987.

Joéhannesson, T., Sigurdsson, O., Laumann, T., and Kennett, M@strem, G. and Brugman, M.: Glacier mass-balance measurements:
Degree-day glacier mass-balance modelling with applications to a manual for field and office work, National Hydrology Research

www.the-cryosphere.net/5/1011/2011/ The Cryosphere, 5, 10PR-2011


http://dx.doi.org/10.1029/2009JF001444
http://dx.doi.org/10.3189/172756505781829566
http://dx.doi.org/10.1029/2006GL027511
http://dx.doi.org/10.3189/172756502781831133
http://www.adv-geosci.net/5/89/2005/
http://dx.doi.org/10.1175/2010JCLI3821.1

1028 A. H. MacDougall et al.: Glacier melt model parameter sensitivity and transferability

Institute, Saskatoon Canada, 1991. Raper, S. C. B. and Braithwaite, R. J.: Low sea level rise projec-

Pellicciotti, F., Brock, B., Strasser, U., Burlando, P., Funk, M., and tions from mountain glaciers and icecaps under global warming,
Corripio, J.: An enhanced temperature-index glacier melt model Nature, 439, 311-313, 2006.
including the shortwave radiation balance: development and testSaltelli, A., Tarantola, S., Campolongo, F., and Ratto, M.: Sensi-
ing for Haut Glacier d’Arolla, Switzerland, J. Glaciol., 51, 573— tivity analysis in practice: a guide to assessing scientific models,
587, 2005. John Wiley and Sons, 1 edn., 2004.

Pellicciotti, F., Helbing, J., Rivera, A., Favier, V., Corripio, J., Shea, J. M., Moore, R. D., and Stahl, K.: Derivation of melt factors
Araos, J., and Sicart, J.: A study of the energy balance and from glacier mass-balance records in western Canada, J. Glaciol.,
melt regime on Juncal Norte Glacier, semi-arid Andes of central 55, 123-130, 2009.

Chile, using melt models of different complexity, Hydrol. Proc., Takle, E. S., Roads, J., Rockel Jr., B. W. J. G., Arritt, R. W,,
22, 3980-3997, 2008. Meinke, I., Jones, C. G., and Zadra, A.: Transferability inter-

Radi, V. and Hock, R.: Regionally differentiated contribution comparison: an opportunity for new insight on the global water
of mountain glaciers and ice caps to future sea-level rise, Nat. cycle and energy budget, B. Am. Meteorol. Soc., 88, 375-884,
Geosci., 4, 91-94J0i:10.1038/NGEO1052011. doi:10.1175/BAMS-88-3-3752007.

Randall, D. A., Wood, R. A., Bony, S., Colman, R., Fichefet, T., Wheler, B. A.: Glacier melt modelling in the Donjek Range, St.
Fyfe, J., Kattsov, V., Pitman, A., Shukla, J., Srinivasan, J., Stouf- Elias Mountains, Yukon Territory, Master's thesis, Simon Fraser
fer, R. J., Sumi, A., and Taylor, K. E.: Climate Models and Their ~ University, 2009.

Evaluation, in: Climate Change 2007: The Physical ScienceWheler, B. A. and Flowers, G. E.: Glacier subsurface heat-flux char-
Basis. Contribution of Working Group | to the Fourth Assess-  acterizations for energy-balance modelling in the Donjek Range,
ment Report of the Intergovernmental Panel on Climate Change, southwest Yukon Territory, Canada, J. Glaciol., 57, 121-133,
edited by: Solomon, S., Qin, D., Manning, M., Chen, Z., Mar- 2011.

quis, M., Averyt, K., Tignor, M., and Miller, H., Cambridge Uni- Wilks, D. S.: Statistical methods in the atmospheric sciences, Else-
versity Press, 2007. vier, 2 edn., 2006.

Raper, S. C. B. and Braithwaite, R. J.: The potential for sea
level rise: New estimates from glacier and ice cap area
and volume distributions, Geophys. Res. Lett., 32, L05502,
doi:10.1029/2004GL021982005.

The Cryosphere, 5, 1011628 2011 www.the-cryosphere.net/5/1011/2011/


http://dx.doi.org/10.1038/NGEO1052
http://dx.doi.org/10.1029/2004GL021981
http://dx.doi.org/10.1175/BAMS-88-3-375

