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Abstract. A distributed energy balance model is coupled to used as predictive tools to study the sensitivity of glaciers
a multi-layer snow model in order to study the mass balancdo climate changeQerlemans et 311998 Braithwaite and
evolution and the impact of refreezing on the mass budgeZhang 1999 De Woul and Hock2005 Raper and Braith-
of Nordenskdldbreen, Svalbard. The model is forced with waite 2006 Hock et al, 2007). Distributed mass balance
output from the regional climate model RACMO and mete- models that solve the energy balance to compute melt have
orological data from Svalbard Airport. Extensive calibration been shown to be capable of simulating spatial melt patterns
and initialisation are performed to increase the model accuand their variability Arnold et al, 1996 Klok and Oerle-
racy. For the period 1989-2010, we find a mean net mass balmans 2002 Hock and Holmgren20095.
ance of—0.39 mw.e. al. Refreezing contributes on average  Refreezing of percolating and stored water in snow and
0.27mw.e. al to the mass budget and is most pronouncedfirn contributes significantly to the mass balance of glaciers
in the accumulation zone. The simulated mass balance, raSchytt 1949 Koerner 1970 and has a pronounced impact
diative fluxes and subsurface profiles are validated againstn the thermal structureéGteuell and Oerleman4989 Ja-
observations and are generally in good agreement. Climateia et al, 1996. Refreezing of percolating water is most
sensitivity experiments reveal a non-linear, seasonally deperpronounced in spring when low subsurface temperatures and
dent response of the mass balance, refreezing and runoff tthe presence of a snow pack increase the potential for re-
changes in temperature and precipitation. It is shown that infreezing. During the melt season superimposed ice may form
cluding seasonality in climate change, with less pronouncedvhen percolating water accumulates a slush layer on top of
summer warming, reduces the sensitivity of the mass balancthe cold impermeable ice layer and refree2aéagham and
and equilibrium line altitude (ELA) estimates in a future cli- Nuttall, 2002 Obleitner and Lehning2004 Wright et al,
mate. The amount of refreezing is shown to be rather insen2005. After the melt season, water trapped in pore spaces
sitive to changes in climate. is subject to refreezing when a cold wave penetrates into the
snow/firn pack Pfeffer et al, 1991). The latent heat release
after refreezing raises subsurface temperatures and hence af-
fects the heat flux from the surface into the ice. Refreezing
1 Introduction below the previous year's summer surface in the accumula-
tion zone, referred to as internal accumulation, has received
The mass balance has been acknowledged as the criticghnsiderable attention, since this term is disregarded by tradi-
link between glaciers and climat#gier, 1969. Numerical  tional mass balance observatiosgbant and Mayo1985
models capable of simulating the surface mass balance hav§chneider and Jansso2004 Reijmer and Hock 2008.
proved useful in analysing the temporal evolution and spa-pther studies show the significance of refreezing in the tim-
tial distribution of the mass budget of ice masses in MOreing and rate of englacial water transpdeféffer et al, 1991

detail than provided by observations onlgreuell 1992 Foyntain 1996 Jansson et 312003, which has substantial
Hock, 1999. Additionally, mass balance models have been
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implications for basal dynamic&wally et al, 2002 Van de

Wal et al, 2008 Schoof 2010. Coupling of a distributed
energy balance model to a snow model, which simulates the 7ees
subsurface temperature, density and water evolution, is re-
quired to accurately simulate ice melt, refreezing and runoff,

and to study the relative impact of refreezing on the mass
budget of a glacier.

In this study, a distributed energy balance model, de-
veloped along the lines presented Kok and Oerlemans
(2002, is coupled to a multi-layer snow model based on
the SOMARS model (Simulation Of glacier surface Mass
balance And Related Subsurface processes) described b
Greuell and Konzelman(il994. This is then used to sim-
ulate the spatial distribution and temporal evolution of the
mass balance on Nordengldbreen, Svalbard. Gridded me-
teorological input fields are constructed from output of the
Regional Atmospheric Climate Model (RACMOY4n Mei-
jgaard et al.2008 and weather station data from Svalbard
Airport. Extensive calibration is performed to constrain val- ‘
ues of model parameters, whereas comprehensive initialisa 75 17 ) 175
tion is done to attain subsurface profiles at the start of the Longitude (°E)
simulation. The mpdel is run over the period 1989-2010. WeFig_ 1. Contour plot of the surface topography. The glacier out-
present the evolution of the mass balance and energy balangge is indicated by the thick black line. Dark red squares mark
and discuss this in connection with evolving subsurface propthe position of the stake sites (S1-11), the Automatic Weather Sta-
erties. Sensitivity experiments are performed to investigataion (AWS), the Sonic Ranger (SR) and the ice core drilling site
the sensitivity of the model output to the parameter setup(DS). The location of De Geerfiellet, Terrierfiellet, Ferrierfijellet and
initial subsurface conditions and climate perturbations. the Adolfbukta fjord are denoted by DGF, TF, FF and AB, respec-

Mean surface temperatures at Svalbard Airport have riseftively. The dashed black line indicates the main flowline and cross-
by 0.22°C per decade since 1912, and regional C|imat(;‘._sectional subsurfa_ce profiles along this line are shown and d_iscussed
model projections for the 21st century predict a Warming'n Sect.S.? In the inset contour map of Svalbard, the locations of
from 1961-1990 to 2071-2100 ranging from¥@ in the gor?;nzk?_dbreer;g\m), |-_|aor|1_sbre§n (HB), Kongsvegen (KV) and
southwest of Svalbard to °€ in the northeastHgrland valbard Airport (SA) are indicated.
et al, 2009. Temperature increase is expected to be less
pronounced in summer than during the winter season. Re-
gional differences and seasonal variations in climate changeificant again in the next few decades, as recent Ground Pen-
both have a significant impact on the sensitivity of the massetrating Radar (GPR) observations performed during field-
balance and should be accounted for in future mass balanogork in spring 2010 indicate bedrock heights below sea-level
projections. Sensitivity tests with seasonally dependent cli-upstream of the current glacier front.
mate variations, based on downscaled future general circu- A Digital Elevation Model (DEM) of the glacier and its
lation model (GCM) estimates, are done to investigate thesurroundings with a 40 m spatial resolution was derived from
relevance of accounting for seasonal variability of climate stereoscopic optical images gathered in 2007 and provided
change in mass balance projections. by the SPIRIT project: SPOT 5 stereoscopic survey of Po-

lar Ice: Reference Images and Topographl&sr¢na et al.

2009. Some processing of the DEM was done to remove er-
2 Nordenskidldbreen roneous spikes in the surface profile. The resulting gaps were

filled using interpolation technigues. A contour plot of the
Nordenskbldbreen is a large outlet glacier, situated in surface topography is shown in Fity.
central Spitsbergen and connected to a large ice plateau, The area of Nordensiidbreen chosen, bounded by the
Lomonosovfonna (Figl). Ice flows around two rock forma- black line in Fig.1, extends up to the estimated position of
tions, Terrierfjellet and Ferrierfjellet, towards the Adolfbukta the ice divide, where horizontal ice flow is likely to be small.
fiord. Presently, the glacier front can be divided into an ac-It can therefore be assumed that the total mass budget of the
tively calving part and a part which has retreated on land.selected grid is merely the sum of the surface mass balance
The glacier front was known to be calving along its full width and a negative mass flux by calving. The selected grid covers
during at least a major part of the 20th centuPjaSsen etal.  a total area of 193 kfand spans an altitudinal range of 0 to
2004). Calving of the retreating front may become more sig- 1195 ma.s.l. The highest point of the Lomonosovfonna ice
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cap is located at 1237 ma.s.l. The highest ice velocities ar¢ghe boundaries with ERA-Interim reanalysis data, provided
found along the main flow line between Terrierfjellet and De by the European Centre for Medium-Range Weather Fore-
Geerfijellet, where mean surface velocities are typically in thecasts (ECMWF) for the period 1989-2010. We use data from
range of 30-60 ma! (Den Ouden et 812010. GPR obser-  two RACMO grid points located within 2 km from the grid
vations indicate an ice thickness of more than 600 m at somat altitudes of 461 and 957 m a.s.l. Every model time-step, al-
locations along the flow line. The mean surface temperaturditudinal gradients of air temperature, specific humidity and
and amount of precipitation measured at Svalbard Airportpotential temperature between the two RACMO grid points
(27 ma.s.l.), situated-55 km west of the glacier snout, over are computed and used to linearly inter- and extrapolate these
the period 1980-2010 are equalt®.7°C and 190 mm per variables onto the computational grid (40 m resolution). Note
year, respectively. Owing to the high latitude, seasonality inthat air pressure and temperature at the two RACMO grid
the temperature cycle is strong, with monthly mean extremgpoints are used to compute the potential temperature at these
at Svalbard Airport ranging from-16.7°C in February to  points. Air pressure on the grid is then computed using grid-
+5.9°C in July. ded fields of air temperature and potential temperature. The
sensible and latent heat flux formulations in the surface en-
ergy budget specifically require temperature and specific hu-
3 Data midity input that is unaffected by the glacier’s microclimate
(Oerlemans and Grisogon2002. Therefore, RACMO hu-
In this study, data are used to: (1) construct meteoro-midity and temperature estimates at 32-m altitude above the
logical input to force the surface energy balance modelglacier surface are used in the calculation of turbulent fluxes.
(Sect.3.1), (2) calibrate poorly-constrained model parame- Additionally, the 32-m temperatures are adopted in the com-
ters (Sect4.4), and (3) validate model results (Se6t3). putation of the incoming longwave radiation component. A
Continuous measurements with an Automatic Weather Stacomparison of 3-hourly gridded air temperatures at two alti-
tion (AWS) at an altitude of~524ma.s.l. on the glacier tudes and observed temperatures-dtm above the surface
(Fig. 1), operated by the Institute for Marine and Atmo- at the location of the AWS is shown in Fig. The obser-
spheric research Utrecht (IMAU) since March 2009, are em-vations since 2009 unfortunately do not cover the melt sea-

ployed for both calibration and validation purposes. son due to data logger problems. High correlations are found
between the observed values and RACMO 32R1=0.96)
3.1 Meteorological input and 2-m R = 0.94) temperatures, which demonstrates that

temperature variations are well replicated in the RACMO

Two sources of meteorological data are used to constructlataset. The high correlations indicate the potential to use
gridded spatial patterns of air temperature, humidity, precip-regional climate model data to construct input fields in re-
itation, cloud cover and air pressure: (1) output of the Re-gions where observations are scarce. Since we lack tempera-
gional Atmospheric Climate Model (RACMO) and (2) mete- ture observations unaffected by the glacier surface (typically
orological data from Svalbard Airport (SA). at heights>10m above the surface), no bias correction to

Cloud cover and precipitation estimates are constructedhe employed 32-m temperatures is applied. In the RACMO
from meteorological time-series at Svalbard Airport. Cloud domain, Svalbard is located relatively close to the boundary,
cover observations with a 6-hourly resolution are downscaledvhich leads to significant artifacts in cloud cover and precip-
to the 3-h model resolution by interpolation, whereas 3-itation estimates in this region. We therefore decided not to
hourly values of the precipitation rate are constructed by ho-use RACMO data for those variables for further analysis and
mogeneous distribution of observed 12-hourly precipitationuse the aforementioned Svalbard Airport data instead.
totals in time. On the grid cloud cover is assumed to be spa-
tially invariant, whereas precipitation increases linearly with 3.2 Stake measurements and snow profiles
height at a calibrated rate of 370 mm per km (see Skd}.
The precipitation rate at 27 ma.s.l. is set equal to the preSince 2006, stake measurements have been made at multi-
cipitation rate at Svalbard Airport, and above an altitude ofple sites on the glacier (S1-11 in Fig). Generally, stake
971 ma.s.l. the precipitation rate is assumed to be constanteadings are done once a year in early spring and provide
The altitude of 971 ma.s.l. is chosen such that the paramestimates of surface height variations. Furthermore, snow
eterised mean maximum precipitation rate is equal to thedepth measurements at the stake locations are done to esti-
observed mean maximum precipitation of 540 mm per yeamate the relative contribution of ice melt to the change in
found byPalli et al. (2002 on Nordenskildbreen for the pe- surface height. Snow pits were dug at several sites in 2008
riod 1963-1999. and 2009 in order to measure vertical profiles of density and

Gridded 3-hourly air temperature, pressure and specifitemperature. The mean observed snow density of 372%gm
humidity input is constructed from output at a 11 km resolu-is used in combination with the change in snow depth to
tion of the Regional Atmospheric Climate Model (RACMO), convert the observed surface heights into mass balance esti-
as presented bkttema et al(2010. RACMO is forced at  mates. Continuous surface height measurements with a Sonic
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Ranger in 2007 are used for model calibration, as described  2gg
in Sect4.4

In May 1997, a 121-m long ice core was drilled near the
summit of the Lomonosovfonna (DS in Fit). A 36-m deep
vertical density profile was constructed and presentefdy 270 -
hjola et al.(2009. Borehole temperatures were measured
down to the bottom of the ice core, and have been analysedz
by Van de Wal et al(2002. The role of these vertical profiles = 260
in the derivation of initial subsurface conditions at the start '5
of the simulation is discussed in Se4tb.

RACMO (2 m)
RACMO (32 m)

RACM

250 |-
4 Model setup

In this study, a distributed energy balance model is coupled

to a snow model and applied to Norderigilbreen. The two

models are coupled in the sense that melt water production

at the surface serves as input for the snow model, which sim- 240 250 260 270 280

ulates storage and refreezing of percolating water. Further- AWS T_ (K)

more, the models are coupled through the subsurface heat "

flux, which affects the surface energy budget and depends oig. 2. Scatterplot of 3-hourly RACMO air temperatures at heights

vertical profiles of temperature and density. of 2 m (blue) and 32 m (red) versus observed air temperatures at
The specific mass balance of a certain grid cell on them above the surface at the AWS site for the period of March 2009

glacier is defined as the accumulated exchange of mass péy November 2010.

unit area over a period of time. It is the sum of accumulation

by precipitation and riming, and ablation by runoff and sub-

limation. Ice melt only influences the mass budggt if the Pro- - odel will be given. Since the model has been developed
duced melt water runs off and does not refreeze in the under.

: . . . along the lines presented Byok and Oerleman§2002), the
lying snow or firn pack. Refreezing of rain water below the reader is referred to that study for further details.
surface provides an additional contribution to the glacier's The amount of solar radiation impinging on the surface
mass budget. Accurate computation of the mass balance of &

lacier therefore involves treat t of both surf d sub epends on multiple factors: the top-of-atmosphere radia-
glacier ineretore involves treaiment ot both surface and sUbgq, - the transmissivity of the atmosphere, shading by the
surface mass fluxes.

surrounding terrain, the slope aspect and gradient of the grid
cell, the reflectivity of the surrounding terrain and the dif-
fusivity of the sky. Input of cloud cover, air pressure and

Forced by meteorological input data, the energy balancéPecific humidity is required to explicitly compute the atmo-
model calculates all energy fluxes that contribute to the surSPheric transmissivity due to Rayleigh scattering and gaseous
face energy budget. The sum of all fluxes is equal to the en@PsorptionKondratyey 1969, water vapor absorptiorMc-

ergy available for melting@men), as described by the energy Donald 1960 and attenuation by aerosolsqughton 1954
balance equation: and clouds. The model distinguishes between direct, diffuse

and reflected solar radiation coming from the surrounding
Omelt = SWhet+ LWhet+ Osenst+ Qlat + Orain+ Osup, (1) terrain, and determines every half-hourly time-step whether

a grid cell is shaded by the surrounding topography. A half-
where SWet is the net shortwave radiation, LA/ is the net  hourly time-step is used to improve the accuracy in the com-
longwave radiationQsensand Q4 are the turbulent sensi- putation of direct solar radiation, and values are averaged to
ble and latent heat fluxQ ain is the heat transfer by rainfall, obtain 3-hourly estimates. The computed amount of outgo-
andQsypis the heat flux into the ice. Fluxes towards the sur-ing solar radiation is controlled by the formulation of the
face are defined as positive. In the model, energy fluxes arsurface albedo. A parameterisation develope®bylemans
formulated such that the surface temperature is the only unand Knap(1998 has been adopted, in which the albedo is ex-
known, which is found by iteratively solving Eql)(with pressed as a function of the time since the last snowfall event
the left-hand-side set to zero. In case the computed surfacand the snow depth. The calculated amount of incoming
temperature is above melting point, the surface temperaturéongwave radiation from the sky is expressed as a function of
is set to melting point and energy fluxes are recomputed. Ircloud cover, air temperature and specific humidikprizel-
that case the sum of fluxes is positive and melting will oc- mann et al. 1994. The Stefan-Boltzmann law, describing
cur. Next, a brief description of fluxes in the energy balancethermal emittance of a blackbody, is used to compute the

240 | L ]

4.1 Surface energy balance model
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outgoing longwave radiation. The turbulent sensible and la-
tent heat flux formulations depend on the large-scale tem- E
perature and humidity, following the expressions given by Kq(o,T) = C(b) b g (pice — p) exp( g ) , (6)
Oerlemans and Grisogorf@002. In contrast to the Monin-
Obukhov similarity theory, in this approach no knowledge \yherep is the accumulation rate (in mm3), g is the grav-
is required of near-surface temperature, humidity and windiational acceleration (9.81113), pice is the density of ice
characteristics; quantities which are strongly influenced by(917 kgnt3), R is the universal gas constant (8.314 Jniol
the ice surface. Despite its small impact on the energy budK—l), and E¢ (=60kJ mot?) and Eg (=42.4KJ mot?) are
get, the heat supplied by rain at the ice surface is also considne activation energies associated with creep by lattice dif-
ere_d in the surface heat budget._ F_mally, the glaqer heat fluxsysion and grain growth, respectivelfayg denotes the tem-
which depends on the conductivity of the medium and theporal mean subsurface temperature and is computed every
vertical temperature gradient, is computed by extrapolationy,qdel time-step by taking the mean subsurface temperature
of subsurface heat transport in the two uppermost firn layergs the preceding yeatigtenberg et al(2017) introduced the
to the surface. dependence of on the accumulation rate, which yields

the following formulations ofC (b):

RT ' RTayg

4.2 Subsurface model

. _ _ _ Cb) = {0.0991— 0.0103 logh), if p <550 kgnT3 Ko
The evolution of vertical profiles of temperature, density and 0.0701— 0.0086 logb), if p > 550 kgnt3.
water content is simulated with a subsurface model, which . ) )
is based on the SOMARS model developed@nguell and In case a snow/firn pack_ is present, thg available amount
Konzelmann(1994. SOMARS has been coupled to a dis- ©f water at the surface, originating from ice melt and rain-
tributed energy balance model before Byugamont et al.  fall, will percolate downwards. Refreezing of the percolat-

(2005 andReijmer and HockK2008. ing water will raise subsurface temperatures and densities.

The subsurface temperature evolution is described by thd "€ density cannot exceed the density of ice, whereas the

thermodynamic equation: temperature cannot be raised above melting point, which ex-

poses two constraints on the maximum amount of refreezing.

aT 9 oT F Ly In case not all the available percolating water refreezes in a
pcP(T)E oz (K(p)a_z) + Az (2) layer, a small amount of water, called irreducible water, will

be held by capillary forces while the remaining water perco-
where p is the layer densityT is the layer temperature, lates into the next layer. In accordance w@hhneider and
¢p(T) is the heat capacity of snow/icejs the vertical coor-  Janssor{2004, an empirical relation has been used to com-
dinate,« (p) is the effective conductivityF is the refreezing  pute the maximum irreducible water content of a laggt,

rate andLy is the latent heat of melting (34 x 10° Jkg™2). i.e. the ratio of the mass of irreducible water to the total mass
Azisthe layer thickness. Expressions£ap) andc,(T) are  of the layer.fy; is expressed as a function of the porosity
taken fromSturm et al(1997 andYen (1981), respectively:  i.e. the ratio of pore space to the total volume of the snow
layer, as follows:
Kk(p) =0.138—1.01x 10 3p+3.23x 107%p? (3)
¢p(T) = 1522+ 7.122T. 4y  Omi=00143exg3.3n). (®)

Downward percolation of water continues until an ice layer is

. . e eached. On top of the impermeable ice, water may be stored
heating by a vertical diffusive heat flux, whereas the seconc{n the remaining pore space to form a slush layer. In con-

term describes heat production by refreezing of water W'th'ntrast to the irreducible water content, the slush water runs off

alayer. Smcg penetration of shortwave rad|at|qn in the Upperrgradually, resulting in an exponential decay of the slush wa-
show layers is neglected, no subsurface melting can occut

o . L ter contents:
This implies that all water in the snow pack originates from s
percolation of surface melt water or rain water. N = S(t — Af) ex At 9
The densification equation describes the time-evolution ofg( ) ( ) exp )7 ©)
the vertical density profile:

The first term on the right hand side of E®) fepresents

whereAt is the model time-step. The time-scafecontrols

ap F the efficiency of the runoff and is expressed as a function of
o = Kol )+ v (5)  the surface slopg as follows Zuo and Oerleman4d996):

*

Here, Ky4(p, T) represents gravitational densification, com- 1" =Cit Czexp-Catang), (10)
puted using a formulation developed Axthern et al.(2010 whereC1, C and C3 are constants for which values of re-
based on in situ measurements of Antarctic snow com-spectively 0.5, 200 and 133 are similar to those foun&biy
paction, and recently modified Hyigtenberg et al(2011): jmer and Hock(2008. Consequently, the runoff timescale
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takes values of 200, 20 and 0.5 days for surface slopes o4.4 Calibration

0, 1 and 5 degrees, respectively. Surface runoff occurs when

either bare ice is exposed at the surface or when the slush wd-he set of model formulations contains several poorly-
ter level in the firn pack equals the surface height. Under bottronstrained parameters. Observations on the glacier provide
circumstances, excess water is assumed to run off instantly/aluable information that can help to reduce the uncertainty
Note that a snow pack effectively delays the runoff of melt in these parameters. In this study, radiative flux observations
water produced at the surface, and hence the vertical trandit the AWS site, Sonic Ranger measurements, snow depth at
port of water to the base of the ice. Horizontal transport fromtwo stake sites and precipitation data from Svalbard Airport
one grid cell to another is not considered in the model, sincere used to calibrate the model.

this requires explicit treatment of surface flows and vertical In order to calibrate the modelled incoming solar radiation
drainage through moulins, which is beyond the scope of thisSWin), AWS measurements in 2009 and 2010 are employed.

study. Observed half-hourly Sy is corrected for the tilt angle of
the sensor and averaged to obtain 3-hourly estimates. Two
4.3 Numerical setup steps are taken to tune the modelled;SWL1) calibration of

the aerosol transmissivity under clear-sky conditions, and (2)
Numerical experiments are performed on a grid containingfinding an expression for the cloud transmissivity as a func-
825x 646 grid points with a horizontal grid spacing of 40 m. tjon of the cloud cover. The aerosol transmissivity,can be
Of these points only 23 %, corresponding to 120671 gridexpressed as a function of the optical air mas@ressure

cells, are assigned to the glacier (Fig. Prior to the start  corrected), followingHoughton(1954:
of the time-loop, in which the surface energy balance and

subsurface profiles are updated with a 3-h time-step, topo%a=k"", (11)
graphical parameters are determined following a procedure
described byDozier and Frew(1990. These topographical
parameters include the terrain view factor, i.e. the fraction
of the overlying hemisphere covered by terrain, and the ice
fraction, i.e. the fraction of the surrounding visible terrain
covered by ice. Both parameters are required in the calculaZ

tion of incoming solar radiation coming from the surrounding
terrain and depend strongly on the orientation and IocatlorPy Van den Broeke et (2004 200§ andKuipers Munneke

of the grid cell. Topographic shading is time-dependent anoe It(ZOO? Th'sl metf:od ?Sts'“('jn:esththatl at; certalnFallIr tem-
evaluated with a half-hour time-step. Note that the gIaC|ergeperilurlie \QAO'S :neary r%ge ho Ie %OU cover. Foflow-
ometry is assumed to be invariant in time. Incorporating an, ing Klok and Oerleman$2002), the cloud transmissivitye

evolving geometry would require coupling of the mass bal- is computed by taking the ratio of the observed j$\ahd
ance model to an ice dynamical model. By not consideringthe modelled clear-sky SW The resulting valu.es Ofey are. .
the geometric evolution, we, among other effects, disregar ssumed to be a function of the cloud fraction, and simi-
the impact of the mass balance—height feedback, which en- ar to the procedure described Gyreuell et al(1997), a fit
hances surface height fluctuations and may become Slgnlflhas been made to find the following expression for the cloud
cant over longer periods of time. transmissivity as a function of the cloud fractien

The snow model contains a total of 17 vertical layers ex- . o = 1.00— 0.1281 — 0.346n2. (12)
tending 47 m below the surface, with layer depths increasing
exponentially from 0.10m just below the surface to aboutComparing Eqg.12) to the expression found Wgreuell et al.
10 m for the lowermost layer. After a change in the surface(1997 for an Alpine glacier shows that, in Eq. (12) de-
height due to snowfall, gravitational densification, ice melt or pends less strongly on the cloud fraction, which might be re-
sublimation/riming, vertical profiles will shift and layer prop- lated to geographical differences in the prevailing cloud type
erties are updated accordingly. Diffusion of heat in the snowand associated optical depth.
pack is computed by applying an explicit method, in which  The incoming longwave radiation flux depends on the
forward differencing for the time derivative and second-orderemissivity of the skye, which is formulated as a function
central differencing for the space derivative is used. A suffi- of the cloud fraction afteKonzelmann et al(1994):
ciently small time-step of one hour is used to assure stability
and convergence of the heat diffusion method in the thin up€ = €cs(1—n %) +ecin’ (13)
permost layers. At the lower boundary of the snow model, no
heat transport can occur and the vertical density gradient i |s
set to zero. Fresh snow is added at the top of the snow mode

with a densitypss of 300 kg per m. o\ 3
€cs=0.23+ b < a) ,
a

where k is a constant, for which values are typically in

the range 0.87-1.00, depending on the geographic position

(DaV|es and McKay1989. We found a value fok of 0.97

by matching the observed SYWinder clear-sky conditions to
simulated values over the calibration period. The cloud frac-

tion at the AWS site is estimated using a method described

with e¢) a constant anegs a function of the vapour pressure
|aand air temperaturé, (Greuell and Konzelmanmn994:

(14)

The Cryosphere, 6, 641659, 2012 www.the-cryosphere.net/6/641/2012/



W. J. J. van Pelt et al.: Melt, runoff and refreezing on Nordenskbldbreen 647

whereb is a constant. In this study, LWis calibrated by tion and diffusion in mass and heat transport, the response
finding values for the constanbsandey, for which discrep-  time of subsurface variables increases rapidly with distance
ancies in the modelled LWare minimized in respect to ob- from the source of variability (mainly at the surface). At a
served values. Due to data logger problems during the meltlepth equivalent to the maximum depth in the snow model
season in 2009 and 2010, only longwave radiation measurg47 m), the response time is typically on the order of a few
ments outside the melt season are available for comparisordecades. It is therefore important to have properly initialised
Note thateq; andb can be determined independently by con- subsurface profiles at the start of the model run in 1989. To
sidering cloud-free and fully cloudy conditions. A value for do so, observed snapshots of the vertical borehole tempera-
€c| was found by comparing modelled and observed overcastures at the drill site in May 1997 are used as a benchmark
(cloud fraction>95 %) LW, and resulted in a value fa, against which the initial profiles are calibrated. The strategy
of 0.990. A comparison of simulated and observed | \Wh- of the initialisation procedure is to loop the model over the
der clear-sky conditions (cloud fractianb %) led to a value  period 1989-1997 as often as is required to resemble the ob-
for b of 0.447. These values agree well with estimated valueserved borehole temperature profile. Note that the drill site
for ec; andb of 0.984 and 0.433, respectively, Byok and is not part of the selected grid of Nordendkibreen, where
Oerlemang2002 for the Morteratsch glacier in Switzerland. the surface energy budget and vertical profiles are computed

The observed albedo at the AWS site, derived by taking theevery model time-step (Fidl). Nevertheless, for initialisa-
ratio of reflected and incoming shortwave radiation, is em-tion purposes the surface energy balance and evolution of the
ployed to constrain values for the ice albeg (0.32), fresh ~ snow pack has been simulated for the grid point nearest to the
show albedaxss (0.87) and to estimate a threshold snowfall drill site as well. At the start of the first loop of initialisation,
rate Pis (0.04 mm w.e. per hour) above which the albedo islinear vertical density profiles are prescribed, whereas verti-
set to the albedo of fresh snow. cal temperatures are set equal to an arbitrary value8siC.

The relative amount of liquid and solid precipitation in the The initial snow depth is set to increase linearly with altitude
model is determined by the local air temperature. A thresholdrom O m at 700 ma.s.l. to 25 m at the altitude of the drill site
air temperaturdly,, for which the precipitation is assumed (1237 ma.s.l.).
to be half rain and half snow, is derived from time-series of Figure 3 shows subsurface densities and temperatures at
precipitation type and the corresponding air temperature athe location of the drill site after every 8 yr loop of the initial-
Svalbard Airport since the year 2000. The resulting value forisation procedure. Observed subsurface temperatiMas (
T is 274.6 K. Around this threshold value the relative frac- de Wal et al. 2002 and densitiesRohjola et al. 2002 at
tion of snowfall with respect to the total precipitation is as- the drill site in May 1997 are also shown. Best agreement
sumed to decrease linearly from 100%gt— 1 Kto0% at  between modelled and observed subsurface temperatures is
Tsir+ 1K. found after 32 yr of initialisation. The initial vertical profiles

Snow depth measurements at the sonic ranger site and tha the start of the fourth initialisation loop are used as refer-
AWS site in March 2007 and 2008 are used to tune the al-ence profiles for the entire grid in May 1989. Discrepancies
titudinal precipitation gradienty,. This resulted in a yearly in the simulated temperatures in the upper 12 m of the snow
mean value fory, of 370 mm per km. With this gradient, pack could be related to an overestimation of modelled ac-
the average maximum precipitation of 540 mm w.e. per yearcumulation.Palli et al. (2002 found a relatively small accu-
(Palli et al, 2002 is reached at 971 ma.s.l. mulation rate at the top of the ice cap in comparison with the

The turbulent flux formulations, adopted fra@erlemans  higher parts of the glacier and ascribed this difference to the
and Grisogon@2002), include a background exchange coef- effect of wind-driven snow transport. Note that the tempera-
ficient Cp, associated with turbulence generated by the largeture at great depth is much higher than the RACMO derived
scale wind. Lacking direct observations of turbulent fluxes, yearly mean air temperature at this altitude-df2°C, which
a value forCp of 0.0028 has been estimated by matchingis an indication of the significance of refreezing. In contrast
simulated snow and ice melt in 2007 to observations at theo the simulated densities, the observed density profile shows
Sonic Ranger site. Note that calibration@f andy;, should  a large variability between the different layers (F3y. Sim-
be done after calibration of the other tuning parameters sincellating small-scale density variations would require a more
ice melt and snow depth do not vary independently of thedetailed treatment of the evolution of the snow microstruc-
setup of the other tuning parameters. We chose tojgie-  ture, melt water percolation and a higher vertical model res-
fore calibratingCy, since the influence afy, on snow depth  olution.

is much less pronounced than the impacgpbn ice melt. The aforementioned initialisation procedure requires cal-
ibrated values of the tuning parameters. Therefore, the cali-
4.5 Initialisation bration procedure in Sedt.4 is performed prior to the ini-

tialisation with tuned values of the calibration parameters.
Subsurface profiles of density, temperature and water depenflince accurate calibration ¢f and C, requires initialised
strongly on the history of the subsurface processes and theubsurface profiles as well, calibration experiments with var-
surface forcing. Due to the significance of vertical advec-ious setups ofp, andCy, start in 1989 (18 yr prior to the start
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tion and spatial distribution of the mass and energy balance
and discuss these in relation to evolving subsurface proper-
ties.

5.1 Mass and energy budget

Figure4 presents contour plots of the annual mean mass bal-
7 ance, refreezing and runoff averaged over the full simulation
period. Spatial variations in the mass balance (B&. are

to a large extent explained by a combination of altitudinal
| differences in air temperature and precipitation, spatial gra-
dients in the surface albedo and local variations in the amount
' of refreezing. Local mass balance variations by topographic

Depth (m)

'
—

Sunnunnn

L o

rs (start) Lo |
rs .

1 loop) | effects are only significant in the immediate vicinity of steep
2 loops : - S s . .

24 yrs 3Ioops§ | valley walls. The equilibrium line altitude (ELA) over the
32 yrs (4 loops S | simulation period is on average 719 ma.s.l. Over the period
! L ° spanned by the stake measurements (2006—2010), the esti-
250 255 260 265 270 275 mated observed ELA is 591 ma.s.l. This is somewhat lower
than the simulated ELA over the same period of 631 ma.s.l.
The spatial mean net mass balance for 1989-201Mi89

m w.e. per year. In Sech.3simulated specific mass balance
at the stake sites are validated against observations. As grid
4 boundaries are selected along the ice divide, no ice is as-
sumed to flow into the model domain. In order to compute
the actual mass budget of the glacier, the negative contribu-
tion of calving should be considered in the mass budget as
well. Although the glacier snout has partly retreated on land
over the course of the simulation period, the mass loss by
calving may still have been significant. Estimating the mass
: loss by calving is hindered by the absence of frontal velocity
and ice thickness estimates during the active calving phase.
Hence, in this study we will only discuss the surface mass
balance of the glacier.

Refreezing of subsurface water (Figh) is most signifi-
cant in the accumulation zone, where percolating and stored
water refreezes down to tens of meters below the surface. In
300 400 500 600 700 800 900 1000 the accumulation zone, low snow temperatures at the start

Density (kg m”) of the melt season increase the potential for refreezing. De-
spite high melt rates in the ablation zone, refreezing is lim-
ited by the disappearance of snow during the melt season.
A maximum in the amount of refreezing is found around
1000 ma.s.l. On average, refreezing contributes 0.27 mw.e.
per year to the mass budget. Hence, 25% of all melt wa-
ter (1.05mw.e.al) and rain water (0.05 mw.e-4) at the

of the actual calibration period in 2007). Note that the cali- Surface refreezes in the snow pack. Refreezing is equiva-
bration ofk, e andb does not require initialised subsurface lent to 69 % of snow accumulation during a year. The spa-

profiles, since the snow properties do not affect the modelledial pattern of runoff (Fig.4c) is mainly controlled by the
incoming shortwave and longwave fluxes. melt rate and the amount of refreezing. In the accumula-

tion zone, a large fraction of the available water at the sur-
face refreezes in the snow pack, thereby limiting the amount
5 Standard run: 1989—2010 of runoff of slush water. Averaged over the glacier, the
net runoff is 0.82 mw.e.d, implying a total discharge of
Starting from initialised subsurface profiles, a 21-yr simula- 1.58 x 10° m3a™L.
tion is performed covering the period from October 1989 to The surface mass balance is a product of precipita-
October 2010. In this section, we present the temporal evolution, runoff and latent transport by sublimation and riming.
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Fig. 3. Initialisation of the subsurface temperature (top panel) and
density (bottom panel) at the ice core drill site. Observed vertical
temperatures are taken frovan de Wal et al(2002, whereas ob-
served densities are adopted fr@mhjola et al(2002.
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a) Mass balance b) Refreezing

| S

0 1 2 .3
mw.e.a’

Fig. 4. Contour plots of the annual mean mass baldagaefreezingb) and runoff(c), averaged over the period 1989-2010. The white line
in (a) marks the position of the equilibrium line.

‘ : the ablation zone is 4.1 mm w.e.am~1, which is similar to
the average found for Svalbard blagen et al(2003.
Contour plots of the components that comprise the energy
budget are shown in Figg. The sum of all the incoming
] and outgoing fluxes (Figga), which is equivalent to the en-
ergy involved in melting, decreases with altitude and is very
small in the accumulation zone, although some melting oc-
curs even at the highest point on the grid. The net shortwave
flux (Fig. 6b) is the main source of energy, and its spatial pat-
7 ternis to a large extent controlled by the surface albedo. Gen-
erally, the effect on the shortwave budget of shading near val-
ley walls is relatively small. The net longwave flux (F&g)
is the main energy sink and is strongly dependent on the tem-
perature deficit at the surface, which increases with altitude.
7 Regarding the turbulent fluxes (Figd), the sensible heat
flux contributes significantly to the energy budget, whereas
the latent heat flux is small. Due to refreezing, the subsur-
-3 -2 -1 0 1 face heat flux (Fig6e) is positive and contributes signifi-
Mass flux (m w.e. a™) cantly to the surface heat budget, especially in the accumula-
tion zone. Due to a high surface albedo in the accumulation
Fig. 5. Elevation profiles of the mass balance, refreezing, precipita-,one, |ess shortwave radiation is absorbed and surface tem-
tion, ice melt, runoff and the mass flux by sublimation and riming. o, res are relatively low. This effect is partly compensated
Data are divided into 25-m bins and averaged over the smulatmrﬁ
period 1989-2010. y an enh_anced SL_Jbsurfa(_:e he_at flux toyvgrds the SL_Jrface. Sur-
face heating by rainfall (Figgf) is of negligible magnitude.
Time-series of the net mass balance, runoff and precipita-
tion are shown in Fig7a. Over the simulation period, two

Figure 5 shows elevation profiles of the mass budget andpositive mass balance years occurré® (and’96), which

its defining comp(_)nen_ts. The mass € xchapg_e with the atélre also the years with lowest runoff. The large inter-annual
mosphere by sublimation and riming is negligibly small, so

S . . variability is explained by strong year-to-year variations in
the sum of precipitation and (negative) runoff determines th oth summer melt and winter accumulation. The most nega-
mass budget. High up in the accumulation zone, melt OCCUI$ & net mass balance 6f0.95mw.e. al is found in 1998
while runoff goes to zero, which implies that all melt water hich is related to high summer temperatures in comb,ina-
refreezes. Precipitation dominates the mass budget at hig[

. X . . ion with limited snowfall during the preceding winter sea-
altitudes, whereas ice melt dominates the mass budget in thgOn Trends in the annual an(? sumiraner meagn temperatures

ablation zone. The mean altitudinal mass balance gradient in

mass balance
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a) Qmelt b) SWnet C) LWnet
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Fig. 6. Contour plots of the melt enerdg), net shortwave radiatiofb), net longwave radiatioft), turbulent heat transpofd), the subsurface
heat flux(e) and the heat supplied by raff), averaged over the period 1989-2010.

in Fig. 7b are tested for significance by taking the ratio of Fig. 7c reveal a modest year-to-year variability over the sim-
regression slope and the standard error of the slope to findlation period. The variability results mainly from fluctua-
t-scores of 2.21 and 0.61, respectively. Consequently, onltions in annual snowfall, which has a major impact on re-
the trend in annual mean air temperatures since 1989 is sigreezing in the ablation area, and air temperature, which af-
nificant at a 95% confidence level. This finding is in line fects the cold content of the snow pack and the amount of
with observed seasonal temperature trends at Svalbard Aimelt available for refreezing in the accumulation zone. Fig-
port since 1912, which reveal a preferred warming outsideure 7d shows a comparison of the net mass balance time-
the summer monthsHanssen-Bauer et aR009. Correla-  series with observed mass balance records for Kongsvegen
tions of —0.66 and 0.64, significant at a 99 %-confidence (western Svalbard) and Hansbreen (southern Svalbard), pro-
level, exist between net mass balance and summer mean aiided by the World Glacier Monitoring Service (WGMS).
temperature, and between net mass balance and annual pi@errelations of 0.79 and 0.56 are found between the sim-
cCipitation, respectively. A correlation of only0.10 is found  ulated mass balance and records at Kongsvegen and Hans-
between the net mass balance and annual mean temperaturbesgeen, respectively. The simulated mean mass balance for
which demonstrates the insignificance of temperature variNordenskdldbreen is 0.30 mw.e"& lower than observed
ations outside the melt season on the mass budget. Wintesn Kongsvegen and 0.05 mw.eXalower than observed on
snowfall is important, owing to both its direct effect on the Hansbreen. Note that both the mass balance time-series of
surface mass budget and the impact on the length of the melansbreen and Kongsvegen are also negative on average
season. Time-series of the annual amount of refreezing irsince 1990.
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1 5.2 Subsurface variables

[l net mass balance a)
B net runoff
[l net precipitation

o
o

Figure8a and b show time-series of the vertical temperature
and density distribution for the period 1989-2010 at stake
site S9, which is located in the accumulation zone (just above
the ELA). Furthermore, focussed time-series for the year
2009, additionally showing the irreducible and slush water
content, are presented in Figc—f. Surface melt percolates
into the snow pack and subsequent refreezing heats the snow
to melting point in summer. This continues until the percolat-
'90 91 192 '93 '94 '95 96 '07 %YZZr(()ZD()N 10203 104 105 '06 '07 '08 109 '10 ing water encountgrs the impermeable ice_ and sta_rts toforma

,,,,, 1 b) 275 slush layer. Heat diffuses into the underlying cold ice and af-

ter the melt season a cold wave penetrates into the firn pack

from above, causing the stored slush water and irreducible
. e L0 water to refreeze gradually. Subsurface temperatures remain
266 , o at the melting point until the water content of a layer is en-
265 tirely depleted. The inter-annual variability in refreezing at

. AN g S9 is quite large and determined by both surface melt water
production and the cold content of the snow pack. Note that
the snow depth reaches a minimum between 2004 and 2006,
] | thereby limiting the amount of refreezing during this period.
9091192193194 195196 197 198 99 '00 101 102 105 104 105 06 10708 109 10 Figure8 also shows the delayed response of ice temperatures

Year (AD) R . . .
034 - . 1 with depth to the forcing at the snow-ice interface.

R A e el An example of simulated runoff time-series at S6 in the
ablation zone for the year 2010 is shown in FgSurface
melting starts in early May and until early June all melt water
028 refreezes and runoff is absent. From then on, a slush layer is
formed and water runs off gradually until the snow pack has
fully melted. Clearly, the snow pack has a buffering effect
024 on the amount of runoff; when the snow pack is all gone, all
available water at the surface runs off immediately, inducing
a clear diurnal cycle. A snowfall event in August shuts down
o S e T e any o e T e o ice melt and runoff for several days, which has a remarkable

d) impact on the mass budget. A limited amount of snowfall
in summer leads to a major increase in the albedo and thus
effectively reduces the amount of absorbed solar radiation
and thus melt.

Along the flow line marked in Figl, vertical profiles of
mean subsurface temperatures and densities over the final
year of simulation (2009-2010) are presented in Hig.
Around the ELA, a clear transition from cold ice in the abla-

S}

Net mass flux (m w.e. a')
S
o

A 274

e
(M) L uesw yre

273

Anual mean T, (K)

0.3

0.26

Net refreezing (m w.e. a”)

0.22

0.5

-0.5

Net mass balance (m w.e. a™)

'''' Kongsvegen ¥

,,,,, Hansbreen tion area to temperate snow/firn in the accumulation zone is

——Nordenski6ldbreen . . . .
L | seen. In the accumulation zone, heating by refreezing domi-
O T ey Pt os e oroa oo o nates advection and diffusion of lower surface temperatures
at depths-5 m. In the ablation area, refreezing in the shallow
Fig. 7. Time-series over the period 1989-2010 of the net mass balsnow paCk during the melt season raises near-surface temper-
ance, precipitation and runofg), spatially averaged annual and  a¢res. Temperatures at the base of the vertical domain in the
summer (JJA) mean air temperatu(e} net annual refreezing), ablation zone are a measure of the mean temperature at the

and the net mass balance for Nordei&kireen, Kongsvegen and Lo . .
: ; snow-ice interface over several decades as vertical heat diffu-
Hansbreerfd). The years on the horizontal axis represent mass bal-

ance years starting at the 1st of October of the preceding year. The'on 1S a slow Process' Hence, in a Chan,g'ng climate this in-
location of Kongsvegen and Hansbreen is indicated in Eifhe ~ duces a buffering effect as slowly changing subsurface tem-
black lines in(b) mark the linear trend in the annual and summer Peratures have a long-term impact on the subsurface heat flux

mean air temperatures. at the surface. It should be noted that a zero energy flux at the
lower boundary of the vertical domain might be a crude as-
sumption in the ablation area where likely warmer ice gets
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Fig. 8. The upper two panels show time-series of the simulated subsurface tempefatares densitieg¢b) at stake site S9 over the period
1989-2010. The lower four panels focus on the tempergt)relensity(d), irreducible watee) and slush water conte(i) evolution in
2009 over the time and depth range marked by the black box in the upper two panels.

ablation zone is typical for glaciers in Svalbailgtter and
Hutter, 1990 Pettersso20049).

snow depth 91

-4 05
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5.3 Comparison with observations

1 As discussed in Sect.4, observed SW, SWout, and LW, at
1 the AWS between March 2009 and November 2010 are used
to calibrate modelled fluxes. Scatter plots of these fluxes, pre-
sented in Figll, show a good agreement between the mod-
‘ : elled and measured values with correlation coefficients be-
1Apr  tMay  ddun 1dul f-Aug 1Sep 10t tween 0.83 and 0.91. Discrepancies between observed and
Date simulated SW, result mainly from errors in the estimated
Fig. 9. Time-series of the snow depth, melt and runoff at S6 in the cloud cover, which also accounts for discrepancies between
ablation zone for the year 2010. observed and simulated LV Recall that due to data-logger
problems we lack observations of longwave fluxes during the
melt season. The net shortwave and longwave budgets are on
advected from below. Note that inclusion of horizontal ad- average overestimated by 1.6 W#mand 1.9 W nT2, respec-
vection of ice by ice flow would lead to a horizontal shift, tively. The only non-calibrated flux is the outgoing longwave
increasing with depth, of the vertical profiles in FEp. A radiation. Modelled values of LW: agree well with obser-
near-surface temperature distribution with temperate ice invations ® = 0.93), which is an indication that modelled sur-
the accumulation zone and cold ice near the surface in théace temperatures are reasonably accurate. Recall that the

melt
-run off slush
- run off excess

Water flux (kg m?)

[ R —
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Fig. 10.Cross-sectional vertical profiles of the subsurface temperature (left panel) and density (right panel) along the main flow line marked
in Fig. 1. A vertical shift of the profiles is applied to show altitudinal differences along the cross-section.
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Fig. 11. Scatter plots showing observed (3-hourly) vs. modelled in- Fig. 12. Scatter plot of simulated mass balance values versus mass
coming solar radiatiotfa), reflected solar radiatio(b), incoming balance estimates derived from stake height observations over the
longwave radiatiorfc) and outgoing longwave radiatiqd) for the period 2006—2010 at sites S1-11.

period from March 2009 to November 2010.

surface temperature is the only unknown in the energy baldead to accumulation of snow in concave areas near the mar-
ance equation. gins. Other factors that can explain the discrepancy in ob-
Validation of the surface mass balance is performed byserved and simulated mass balance at the two sites are small
comparing modelled values to stake observations. As menscale shading and albedo effects.
tioned, the observed surface height variations are converted Finally, we compare observed snow temperatures and den-
into mass changes by employing the mean observed snowities in snow pits in spring 2008 and 2009 with simulated
density in snow pits. Figurg2 reveals a good agreement be- values. For this purpose, seven observed vertical profiles in
tween measured and simulated mass balance values for S3he ablation area are used, and vertically averaged values are
11. At S1 and S2, the model overestimates mass loss, whichompared to modelled mean values. Two additional snow pit
could be related to wind-driven snow transport accumulatingprofiles were available but not used due to a lack of data
mass in this area. Figutkeillustrates that, in contrast to S3— points (two or less). The mean measured snow temperature
11, stakes S1 and S2 are positioned close to the southern edgé256.2 K is only 0.5 K lower than the simulated mean. The
of the ice grid in the vicinity of steep valley wallBerthier ~ mean measured snow density of 367 kgfnis 18 kg n3
et al. (2010 show that redistribution of snow by wind may higher than simulated. Besides uncertainty in the simulated
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densification rate, this discrepancy may also be related to af.3 Climate sensitivity
underestimation of the fresh snow density.
In order to study the mass balance sensitivity to future

o , changes in climate, we performed multiple runs with per-
6 Sensitivity experiments turbed air temperatur@ and precipitationP over the pe-
riod 2000-2010. Statistical downscaling of an ensemble of
GCM future climate scenarios for Svalbard has indicated
a strong seasonal variability in climate change with more
pronounced warming in winter and springghestagd2008
Farland et al.2009. In one set of runs7 and P pertur-
bations are evenly distributed over the seasons, whereas in

A set of 5-yr runs over the period 2005-2010 is performeda second set of experiments, unevenly distributed climate
to investigate the robustness of the model output to change¥ariations are prescribed. The degree of inhomogeneity of
in model parameters. An overview of the sensitivity of the climate change throughout the year is based on future esti-
mass balance, refreezing and runoff averaged over the glaciépates of the seasonal me#irand P at Svalbard Airport for

to perturbations of selected model parameters is given in Tathe period 2070-2100Frland et al.2009. Future down-

ble 1. The simulated mass balance and runoff is most sensiscaled GCM estimates are based on the Alb-emission sce-
tive to changes in parameters that affect the net shortwav@ario (PCC, 200]). Observational data from Svalbard Air-
budget &ice, ass, k, yp, Prs and Tsy) and longwave radia- port over the period 1980-2010 are used to compute mean
tive budget & and b). The sensitivity to perturbations of Seasonal” and P in 1995, which serve as reference values.
the fresh snow albeda) is particularly high, since the rel- Hence, by taking the difference of seasofi@nd P between
ative impact on the shortwave budget is large. The amount ofl995 and 2085, the relative change per season with respect
refreezing is mainly sensitive to changes in parameters thai© the annual mean change is calculated. The related scal-
affect the surface temperatur€), snow thicknessyp) and  ing factors for temperature change in winter, spring, sum-
snow density £rs). The rate at which slush water runs off is mer and autumn are 1.48, 1.45, 0.39 and 0.68, respectively.
controlled by the paramet€h,, which is a scaling factor for ~ Scaling factors for precipitation perturbations are 1.61, 1.06,
the runoff time-scale. Despite its impact on the runoff rate,1.07 and 0.27 for winter, spring, summer and autumn, respec-
perturbingCo has only a limited effect on the net mass bal- tively. These scaling factors are used in the seasonally inho-
ance, refreezing and runoff. A clear nonlinear response of théhogeneous climate sensitivity experiments (2000-2010) to
mass balance to changes in the maximum accumulation ratcale7” and P perturbations per season.

amax is explained by a nonlinearity in the area affected by ~The net mass balance sensitivityfiaand P perturbations

a change izmax. An upward shift of the altitude at which with and without seasonality is presented in Tahléltitu-
maximum accumulation is reached affects only a very smalldinal mass balance sensitivity profiles for eight of the sea-
portion of the grid, as a relatively small amount of grid points sonally invariant climate change experiments are shown in

Additional experiments are performed to test the model’s
sensitivity to changes in model parameters (S&d), initial
conditions (Sect6.2) and climate (Secb.3).

6.1 Parameter sensitivity

are located above this altitude. Fig. 13. Clearly, the mass balance responds nonlinearly to
changes i and P. Figure13illustrates that the mass bal-
6.2 Initialisation sensitivity ance is mainly sensitive to climate variations in the ablation

zone, where a lower mean surface albedo enhances the melt
The benefit of extensive initialisation is investigated by per- sensitivity. Climate perturbations lead to a shift in the ELA
turbing initial subsurface profiles. For this purpose, two sim-(Table 2) and thus the extent of the ablation zone, thereby
ulations over the period 2004-2010 are performed with theexplaining the nonlinearity. On average a 1K temperature
initial water content in the snow pack set to zero in both Change can be offset by a 32% Change in precipitation of
simulations and the subsurface temperature reduced by 3 Kimilar sign in case of seasonally uniform perturbations. On
in one of the runs. The initial water content has been set tahe other hand, in the case of seasonally dependent climate
zero to avoid immediate refreezing when Iowering SUbSUI’-Change, alk Change in temperature is balanced by a smaller
face temperatures. Reducing the subsurface temperatures ¥ange in precipitation of 17 %. Note that including season-
3K increases the mass balance by 27 mmw.e. after 1yr angliity has a small effect on the mass balance sensitivity to pre-
by 60mm w.e. between 2-6yr after the start of the experi-cipitation perturbations. This can be expected, since precip-
ment. It can be concluded that lowering subsurface temperitation changes in winter, spring and autumn all affect the
atures has only a modest but long-term effect on the masgnow depth at the start of the melt season in a similar fash-
balance, and we therefore conclude that highly-accurate simion. Conversely, incorporating seasonality has a major im-
ulation of the mass balance requires properly initialised subpact on the mass balance sensitivity to temperature perturba-
surface conditions. tions. Since the mass balance is mainly a product of melt in

the summer months and year-round precipitation, a relatively

small increase of summer temperatures has a pronounced
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Table 1. Overview of the mass balance sensitiviviB), refreez- Table 2. Overview of the mass balance sensitivigMB), re-
ing sensitivity §RE) and runoff sensitivity§RU) to perturbations  freezing sensitivity {RE) and ELA sensitivity {ELA) to changes
of a selection of model parameters. Sensitivities are given in mmin air temperaturel’ and precipitationP. Sensitivities are given

we.al. in mw.e.a ! for the mass balance and refreezing sensitivity and
ma.s.l. for the ELA sensitivity. The non-seasoBBLA in the run
Parameter Value + SMB  SRE SRU with T + 4 K could not be resolved since the ELA in this scenario

is above the highest point on the grid. Mass balance, refreezing and

ELA values in the unperturbed climate run ar8.448 mw.e. al,

0.259mw.e.al and 724 ma.s.l., respectively.

Cp 0.0028 +0.0010 -61 -7.0 -28
~0.0010 03 75 -31
yoImkm=1 0370  +0.050 672 51 336
—0050 -744 -59 —407

amax[m w.e] 0.54 +0.10 42 0.2 —01 Run No seasonality With seasonality
~010 -417 73  -10 SMB SRE SELA  5MB SRE SELA
€cl 0.990  +0.01 -875 -06 857 T—-4K +078 -0046 —402 +051 +0012 —150
—0.01 810 -05 791 T-3K +068 -0014 -285 4041 +0.013 —120
b 0.447 +0.010 —-256 -30 —24.6 T—-2K +052 +40.008 -169 +0.30 +0.011 —86
—0.010 246 30 236 T—-1K +0.29 +0.013 —-90 +0.16 +0.006 —44
k 0.97 +0.01 -533 -07 -528 T+1K -0.36 -0.017 +103 -0.21 -0.005 +34
—-0.01 502 05 497 T+2K —-0.79 -0.034 +225 -0.46 -0.009 +102
pis [kgm™3] 300 425 ~78 25 77 T+3K —-1.27 -0.047 4366 -0.77 -0.010 +175
_o5 23 _49 22 T+4K —179 -—0.056 ~118 -0.015 +236
dice 0.32 +0.03 241 0.1 241 P—-40% -055 -0051 +175 -056 —0.053 +183
_003 -243 _01 _242 P-30% -038 -0033 +134 -039 -0035 +132
dfs 0.87 +0.03 1180 -0.8 1161 P—-20% -027 -0.029 +110 -0.24 -0.022 +86
003 -1389 -21 1372 P-10% -011 -0009 +37 -011 -0010 +38
Cro 1 «2 _07 0.8 _07 P+10% +0.10 +0.008 -19 010 +0.009 -17
/2 06 —06 05 P+20% +0.19 +0.015 —48 019 +0.016 —45

P+30% 4027 40.022 —75 027 +0.024 —73

Tsir [K] 214.6 +05 323 16 322 P+40% +0.34 +0.028 —100 034 +40.030 —94

-05 —407 -13 —406
Pis [mmh1] 0.04 4001 -523 -15 -519
-0.01 409 11 407

1200 ~

. . ——-T+1K ——-P+10%
effect on the mass balance sensitivity. This stresses the im- 1000 - N e

portance of considering climate change on a seasonal scale,
especially in regions like the Arctic where temperature in-
crease is expected to be less pronounced during the melt sea:
son. Another remarkable feature in TaBlis that the amount =
of refreezing is not very sensitive to changes in both temper-% 600
ature and precipitation. An increase in the amount of precip- 3
itation leads to an increase in the amount of refreezing, sincez
a thicker snow pack at the start of the melt season potentially ~ 400 -
has a larger cold content. Regarding the sensitivity of refreez-
ing to temperature changes, two effects seem to counteract
each other: (1) the accumulation zone extent decreases with
increasing temperature, which reduces the potential for re-
freezing, and (2) the surface melt water production increases 0 ! ! ! !
with increasing temperature, thereby enhancing the potential -2 -08 -04 0 04 08 12
for refreezing. Seasonally dependent sensitivities in Table Mass balance sensitivity (m.w.e. a™)
indicate that the amount of refreezing does not change sig-
nificantly in a future climate for the fixed geometrical setup Fig. 13.Height profiles of the mass balance sensitivity to seasonally
of the sensitivity experiments. invariant changes in air temperatufeand precipitationP.

In order to put the mass balance period 1990-2010 into
a longer term perspective, we first used output of additional
runs to construct Seasonal Sensitivity Characterisfesle-  seasons. In this way the sensitivity of the annual mass bal-
mans and Reicher2000. In these model experiments, run- ance to seasonal climate variations can be estimated, and
ning over the period 2000-201@, or P are perturbed for the sensitivities will not depend on changes during the other
one season, while unperturbed values are used for the otheeasons (affecting snow depth and subsurface conditions).

800

200 -
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Figurel14 shows the mass balance sensitivity to various sea-
sonalT and P changes. The mass balance sensitivity'to
variations is pronounced in summer, whereas in winter the =~ SON %/‘

-~

-
S
‘o

impact is negligible. Season&l perturbations have a year-

round impact on the annual mass balance. For the period
1912-1989, we derived time-series of seasonal nieand

P values from monthly composite time-series at Svalbard JJA
Airport (Hanssen-Bauer et akR009. Mean seasonal tem- o
peratures and precipitation totals were computed for the pe-§
riod 1912-1989 and 1990-2010 and indicate an increase ir=
annual mean temperature and annual precipitation ¢fQ.8 MAM
and 11 mm (6.2 %), respectively. When looking at the sea-

sonal pattern in temperature change, in summer the increase

is much less pronounced (*@Q) than in winter (2.3C),

which is in line with the aforementioned future projection for DJF
this region. Nevertheless, from Fi§j4 it can be concluded

that the modest increase in summer temperatures had a larger
impact on the mass balance than strongly rising winter tem-
peratures. Based on the trends in temperature and precipita- Mass balance sensitivity (m.w.e. a”)

tion and sensitivities presented in Fily, we conclude that Fig. 14. Annual mass balance sensitivity to seasonally perturbed
the mass balance was more positive during the period 1912— g. 4. y yp

1089 than during the simulation period (1990-2010). Notetzeonigfaratures (red) and precipitation (blue) over the period 2000—
that using the annual mean changefirand P and season-
ally invariant sensitivies (Tabl®) to estimate the trend in the
mass balance would lead to an overestimation. We purposely
do not present absolute values or time-series of the mass basubsurface conditions that evolve to observed borehole pro-
ance over the period 1912-1989 or in the future, since icdiles in 1997.
dynamical changes affect the ice geometry (glacier area and Over the period 1989-2010, the simulated net surface
surface height) and lead to an increasingly large uncertaintynass balance is-0.39 mw.e.al with extrema of+0.17
in mass balance estimates over longer periods of time. Facand —0.95mw.e. a' for mass balance year§1-292 and
tors not taken into account include the mass balance alti‘97-98, respectively. Year-to-year variations are explained
tude feedback, changes in glacier length and area, changdy fluctuations in summer air temperatures and year-
in grid orientation (affecting absorbance of solar radiation) round snowfall. Refreezing of subsurface water amounts to
and changes in the subglacial hydrological system (affectind).27 mw.e. al, which is equivalent to 69 % of the annual
the amount of basal lubrication). Finally, the mass balancesnow accumulation. The mean simulated ELA is 719 ma.s.|.
effect of long-term trendsx10yr) in subsurface conditions The net runoff per unit area is the sum of discharge of slush
is not captured in the relatively short period of the sensitivity water and surface runoff and is equal to 0.82 mw:é. &e-
experiments. Estimating the magnitude of the mass balanc&eezing delays and reduces runoff especially in the accumu-
effect of these factors requires coupling of the mass balancétion zone, where refreezing is most pronounced. The simu-
model to an ice flow model, which is left for future work. lated thermodynamic structure is characterised by a temper-
ate accumulation zone (at depths-5m) and cold ice in the
ablation zone. Large amounts of refreezing in the accumu-
lation zone are a consequence of low annual mean tempera-
7 Conclusions and discussion tures (<—10°C in the accumulation zone), providing a large
cold content in the snow/firn pack at the start of the melt sea-
In an attempt to simulate the surface mass budget of Nordenson, in combination with significant melt during the summer
skidldbreen, including refreezing and runoff, a distributed season. Conversely, in the ablation area annual snow accu-
surface energy balance model is coupled to a multi-layemulation mainly controls the amount of refreezing.
snow model. Gridded climate input is generated from re- Modelled energy fluxes are validated against AWS mea-
gional climate model (RACMO) output in combination with surements on the glacier, and a generally good agreement is
meteorological time-series from Svalbard Airport. An opti- found. A comparison of mass balance estimates from stake
mal parameter setup is found after calibration with obser-observations to simulated values shows a good agreement,
vations on the glacier and at Svalbard Airport. Prior to theexcept for the two lowest stake locations. We hypothesise
actual simulation over the period 1989-2010, extensive ini-that this is related to the effect of wind driven snow trans-
tialisation of subsurface profiles is performed to find initial port not considered by the model. Snow pit profiles in the

| | |
-1.5 -1 -0.5 0 0.5 1
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ablation zone indicate that simulated snow temperatures colRACMO therefore provides valuable data to force the model.
relate well with observations, whereas the density is someUncertainties in the simulated mass balance distribution are
what underestimated, which is shown to have a very limitedadditionally related to unmodelled effects, like wind-driven
impact on the mass balance. snow drift and dust deposition. Regarding the subsurface pro-
Parameter sensitivity experiments show a high sensitivfiles uncertainties arise from the zero energy flux assumption
ity of the mass balance and runoff to parameters affectingat the base of the vertical domain, the limited amount of sub-
the shortwave and longwave radiative budget. The amounsurface layers and disregarding horizontal advection of heat,
of refreezing is sensitive to changes in parameters that afmass and water.
fect the surface temperature, snow thickness and snow den- Finally, it is worth mentioning that output fields of the sub-
sity. Experiments with perturbed initial subsurface condi- surface evolution may serve as surface boundary input for
tions show that the simulated mass balance is modestly afan ice dynamical model. Realistically simulating the geo-
fected by changes in initial subsurface temperatures. metric evolution of a glacier requires dynamic coupling of
Multiple climate perturbation experiments are performedan ice flow model to a surface model that provides details
and show a non-linear response of the mass balance, ren the water input, surface temperature and the mass bal-
freezing and runoff to changes in temperature and precipitaance. Basal sliding velocities at the ice-bedrock interface are
tion. Including seasonal variations in climate change, basednown to depend strongly on the rate of water input from the
on a future climate scenario for Svalbard Airport, reducessurface Zwally et al, 2002 Van de Wal et a].2008 Schoof
the mass balance sensitivity, mainly as a result of less pro2010. Refreezing in the snow and firn pack at the start of
nounced summer warming. Seasonal sensitivity characterighe melt season effectively delays water transport to the base
tics confirm that the mass balance is particularly sensitive tcand hence affects the timing of speed-up events, as observed
temperature changes in summer, whereas the seasonal vaduring the onset of the melt season on Nordebiskireen
ability in mass balance sensitivity to precipitation changes(Den Ouden et 8l2010. This demonstrates the importance
is relatively small. Temperature and precipitation time-seriesof incorporating a surface mass balance model that accounts
from Svalbard Airport since 1912 reveal colder and some-for refreezing in order to model ice velocities at seasonal
what drier conditions over the period 1912—-1989 with respectime-scales and smaller.
to the period 1990-2010, which makes it plausible that the
period preceding the simulation period had a more positive
mass palance.lln line with future projections for this r‘_egion'AcknowledgementsThis project is funded through the Royal
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