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Spatial variability in winter mass balance
on Storglaciären modelled with a
terrain-based approach

Yoram Terleth* , Ward J. J. van Pelt and Rickard Pettersson

Department of Earth Sciences, Uppsala University, Uppsala, Sweden

Abstract

Although most processes governing the surface mass balance on mountain glaciers are well
understood, the causes and extent of spatial variability in accumulation remain poorly con-
strained. In the present study, we couple an energy balance–snow and firn mass-balance
model to terrain-based modelling routines estimating mass redistribution by snowdrift, preferen-
tial deposition and avalanching. We find this newly coupled model improves the spatial accuracy
of winter balance simulations on Storglaciären, Sweden, while retaining versatility and a low com-
putational cost. Accumulation on Storglaciären is primarily driven by direct precipitation, which
is locally increased due to small-scale orographic effects. Wind-driven snow transport leads to
substantial deposition in the accumulation zone and slight erosion in the ablation zone.
Avalanching is the smallest contributor to winter balance, but cannot be neglected. The role of
mass transporting processes in maintaining the current mass equilibrium on Storglaciären high-
lights the necessity to understand the links between climatic predictors and accumulation in
order to accurately assess climate sensitivity.

Introduction

Surface mass balance is widely acknowledged as the essential metric of mountain glacier mon-
itoring, providing a direct measure of an ice masses’ response to local climate (Zemp and
others, 2009). The physical processes governing surface ablation are relatively well understood,
with their accurate description largely driven by the advent of physically based and spatially
distributed models (Hock, 2005). However, the processes governing mass accumulation
remain poorly constrained (Hock and others, 2017). This gap in understanding is especially
troublesome when considering small- and mid-sized mountain glaciers, as certain cirque gla-
ciers are sustained entirely by locally enhanced accumulation rates, in areas below regional
equilibrium lines (Kuhn, 1995; Hoffman and others, 2007; Florentine and others, 2018).
Despite their size, the health of these small ice masses is relevant to regional hydrology and
to short-term sea level rise (e.g. Huss and Hock, 2018; Parkes and Marzeion, 2018).

Spatial variability in mass accumulation on mountain glaciers has been ascribed to the vari-
ability in snow deposition in complex terrain (e.g. Jaedicke and Gauer, 2005; McGrath and
others, 2018; Pramanik and others, 2019). This variability is partially driven by orographically
enhanced precipitation (e.g. Mott and others, 2014; Vionnet and others, 2017) and preferential
deposition (Lehning and others, 2008). In turn, post-depositional wind and gravitationally
driven snow transport have a considerable impact on snow-mass distribution (Kuhn, 1995;
Hoffman and others, 2007; De Beer and Sharp, 2009; Huss and Fischer, 2016; Mott and others,
2019). However, quantifying respective contributions of these mechanisms to mass balance is
hindered by difficulties to gather spatially detailed snow accumulation data (Machguth and
others, 2006; McGrath and others, 2018).

Reliable modelling strategies towards simulating snow transport in mountainous terrain
(e.g. Christen and others, 2010; Dadic and others, 2010; Vionnet and others, 2021) have
been in existence for several years and are increasingly sophisticated, but remain challenging
to distribute at a spatio-temporal extent and resolution needed for their integration with dis-
tributed glacier mass balance models, which tend to have grid resolutions below 30 m and time
steps below 6 hwhen simulating mountain glaciers (e.g. Reijmer and Hock, 2008; van Pelt and
others, 2012). Snow drift simulations have been coupled to mass-balance models to assess
wind-driven snow erosion on ice sheets (Lenaerts and others, 2012), and there is recent
work towards the development of a model simulating seasonal contributions from avalanching
on mountain glaciers (Turchaninova and others, 2020). To our knowledge, no effort has been
made towards simulating both snow drift and avalanching on mountain glaciers at a spatial
and temporal scale that allows dynamic coupling to current state of the art mass-balance
modelling.

In this study we complement a distributed climatic mass-balance model (energy balance
firn model – EBFM; van Pelt and others, 2012, 2021) with a routine describing wind-driven
snow (re)distribution (Winstral and others, 2002) and a routine describing gravitational
snow transport (Gruber, 2007). We apply this coupled snow transport-energy balance firn
model (ST-EBFM) to simulate the climatic mass balance of Storglaciären, Sweden, where high-
resolution winter balance measurements offer an excellent opportunity for model calibration
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and validation. Encouraging model accuracy shows ST-EBFM to
be a numerically efficient method to account for complex and
often ignored accumulation processes within glacier climatic
mass-balance models. Here, our results help to assess the relative
contributions of wind drift, avalanching and snowfall to the com-
plex accumulation patterns on Storglaciären (Jansson and
Pettersson, 2007).

Study area

Storglaciären is a small Scandinavian-type polythermal glacier
(Pettersson and others, 2003) with a surface area of 3.1 km2 and
an altitudinal range between 1140 and 1700 m a.s.l. The glacier
is located in the Tarfala valley in northern Sweden (67.90◦ N,
18.60◦ E), under a sub-arctic climate with temperatures consist-
ently below freezing during the winter months (Fig. 1d; Jonsell
and others, 2013). Its geometry is characterised by an upper cir-
que underlying the steep east face of Kebnekaise, Sweden’s highest
mountain, and a 2 km long valley component, also flanked by
steep topography on both sides (Fig. 1b). The glacier has been
subject to extensive mass-balance surveys, yielding spatially com-
plete measurements of winter balance (Jansson and others, 1999).
The spatial pattern in annual accumulation on Storglaciären is
complex, with a low correlation between the yearly glacier wide

winter balance (Bw) and specific winter balance (bw) values
(Jansson and Pettersson, 2007, their Fig. 2; Supplementary mater-
ial S.1 in this study). Mass accumulation is especially high near
the surrounding steep topography. In addition, several localised
areas of enhanced and decreased accumulation occur in various
places on the glacier surface. Such a pattern of winter accumula-
tion hints at strong influences by wind and gravitationally driven
processes of snow redistribution on the winter balance of
Storglaciären. Possible mass contributions by avalanching have
been noted in early work on the glacier (Schytt, 1965); and
Jansson and Pettersson (2007) attribute the localised deviations
between bw and Bw to micro-scale wind-driven snow deposition
and erosion. Both these processes are the result of an interaction
between topography, wind and precipitation (Mott and others,
2018).

Data

Digital elevation model

We use a DEM of the entire Tarfala valley and Kebnekaise massif,
digitised at a 15 m × 15 m grid resolution from a topographic map
(Holmlund and Schytt, 1987). Within this grid, we aligned and
concatenated a more recent 10 m × 10 m DEM based on GNSS
surveying (Mercer, 2016), which covers the more limited spatial

Fig. 1. (a) Location of study area within Scandinavia. (b) True colour ESA Sentinel-2 imagery acquired on 4th July 2021, overlain by contours spaced 50m (Jansson
and Pettersson, 2003). (c) Wind roses, obtained from ERA-5 re-analysis and from Tarfala AWS, and corrected reanalysis wind direction data used as model input. All
wind rose angles are in degrees, and bins are based on frequency over the 1998–2003 period. (d) 1997–2003 average monthly temperature recorded at the Tarfala
AWS and 1997–2003 average monthly cumulative precipitation estimates for Tarfala. The estimated precipitation values are obtained by taking 133% of the hourly
cumulative values recorded at the Nikkaluokta AWS (Supplementary material S.2).
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extent of the surface of Storglaciären itself. The resulting grid
allows for detailed modelling and has sufficient spatial extent to
consider reasonable ranges of snow transport.

Meteorological data

Air temperature forcing for the model consists of hourly
resolution time series obtained at the Tarfala automatic weather
station (AWS), located 1 km from the glacier terminus (SMHI,
2020c) at 1143 m a.s.l. (Table 1). Following Reijmer and Hock
(2008), a constant lapse rate of −0.007 Km−1 is applied to the
measured temperature to correct for elevation.

The Tarfala region is subject to substantial spatial variation in
precipitation, with cumulative rain and snowfall generally decreas-
ing in the eastern direction (e.g. Holmlund and Schneider, 1997).
Earlier work investigating snowfall on Storglaciären opted to use
data acquired at Kråkmo, near the Norwegian coast and over
100 km away from Tarfala (Evans and others, 2008). The basis
for this choice is that the snowfall close to the summit of
Kebnekaise might have more in common with the western flank
of the massif than with the rain shadow affected eastern side.
However, individual precipitation events can be of higher intensity
on alternatively the eastern and the western slope of the Scandes
range, depending on the concomitant circulation pattern
(Jansson and others, 2007). A comparison between temporally lim-
ited measurements made at the Tarfala AWS (SMHI, 2020c) and
weather stations in Kråkmo and in Nikkaluokta (SMHI, 2020b),
∼20 km eastwards of the glacier, generally yields higher correlations
between the precipitation records at Tarfala and at Nikkaluokta
(S.2). While precipitation at Nikkaluokta cannot also be considered
fully representative of conditions on Storglaciären, the Nikkaluokta
record is temporally detailed (1 h resolution) and complete. As
such, it lends itself well to our purposes in this study, and we utilise
the comparison with the sporadic observations at Tarfala to deter-
mine a linear correction factor of 133% between Nikkaluokta and
Tarfala. As an example, Figure 1d shows a comparison of our esti-
mated cumulative precipitation and observed values at the Tarfala
AWS over the 1999 summer and fall. The Tarfala AWS hourly pre-
cipitation estimate Ptarfala is in turn distributed over the DEM while
adjusting for orographic amplification and micro-scale variability
with an elevation dependent linear precipitation gradient γP:

Px,y = Ptarfala[1+ gP(Zx,y − Ztarfala)] (1)

where Px,y is the precipitation at cell x, y on the DEM, Zx,y is that
cell’s elevationand Ztarfala is the elevation of the Tarfala weather sta-
tion (1143m a.s.l.).

The closest continuous observations of near surface wind
speed and direction are acquired at the Tarfala AWS (SMHI,

2020b). Although wind speeds increase in the uphill direction
due to orographically forced convergence, measurements at the
AWS are thought to represent wind speeds on the glacier relatively
well. Meanwhile, the prevalent wind direction from the northwest
is clearly a down-valley flow, and differs from wind fields reported
for the westeast-oriented Storglaciären valley (Eriksson, 2014).
Lewis and others (2008) offer helpful insights towards the poten-
tial behaviour of near surface wind fields around the Kebnekaise
massif: flow largely occurs longitudinally to the contours along
valley bottoms, while it crosses ridges at perpendicular angles.
This is in line with the observed wind directions at the AWS,
but poses a problem as there are no other continuous wind
direction observations in the area. An alternative data source is
the ERA-5 re-analysis dataset (Hersbach and others, 2018) at
the pressure level of 800 hPa, approximately equivalent to the
elevation of Kebnekaise (Fig. 1b). The re-analysis data represent
larger scale air flows, and is thus not influenced by small-scale
topography. This means that some assumptions need to be
made before it is considered representative for the surface of
Storglaciären. Here we assume that wind directions within the
Storglaciären valley primarily follow the westeast axis of the valley.
Air flow is further likely to be directed along a similar westeast
axis across the summit ridge of Kebnekaise, and along the wes-
teast direction of the adjacent Rabots Glaciär valley. This pattern
has been identified for near-surface winds during the summer
season in Eriksson (2014), and we expect winter conditions to
be similar. In order to simulate this, ERA-5 hourly winds are
redirected to 95◦ clockwise from north if the original direction
was given between 10◦ and 270◦, and redirected to 265◦

from north if the original direction was between 190◦ and 330◦

(Fig. 1c).
Relative humidity is measured as a percentage at the Tarfala

AWS, and available at an hourly resolution (SMHI, 2020c).
Cloud cover is measured at the Nikkaluokta weather station
since 2004 and also available as hourly values (SMHI, 2020b).
Prior to 2004, we use values measured at the SMHI weather sta-
tion in Katterjåkk (SMHI, 2020a). The latter lies 60 km to the
northeast of Storglaciären, and constitutes the geographically
nearest available measurements. We expect the introduction of
error resulting from discrepancies in cloud cover between the
respective weather stations and our study site to be limited, as
the radiative energy balance during the wintertime is low, and
has little direct effect on mass accumulation. Finally, we correct
air pressure measurements conducted at Nikkaluokta (SMHI,
2020b) for grid elevation as follows:

P = PSLe
Z−1.2440×10−4 (2)

Table 1. Overview of data used in this study

Data Location Type Temporal resolution Period Source

Input data
Air temperature Tarfala AWS observation 1 h 1995–2010 SMHI
Precipitation Nikkaluokta AWS observation 1 h 1995–2010 SMHI
Cloud cover Nikkaluokta AWS observation 1 h 2003–2010 SMHI
Cloud cover Riskgränsen AWS observation 1 h 1995–2003 SMHI
Relative humidity Tarfala AWS observation 1 h 1995–2010 SMHI/TRS
SL air pressure Nikkaluokta AWS observation 1 h 1995–2010 SMHI
Wind speed Tarfala AWS observation 1 h 1995–2010 SMHI/TRS
Wind direction Gridcell (31 km×31 km) Corrected ERA 5 re-analysis 1 h 1995–2010 ECMWF
Calibration/Validation data
Mass balance, bw Storglaciären Probe measurements Seasonal 1995–2010 TRS
Precipitation Tarfala AWS observation 1 h 1996–2001 (seasonal) SMHI/TRS
Wind direction Tarfala AWS observation 1 h 1995–2004 SMHI/TRS

bw, winter balance; bs, summer balance; AWS, Automatic Weather Station; TRS, Tarfala Research Station; SMHI, Swedish Meteorological & Hydrological Institute.
Respective sources are referred to in text and included in the reference list.
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where PSL is sea level pressure and Z is the grid elevation in meters
above sea level.

Mass-balance measurements

We calibrate and validate our model with surface mass-balance
point measurements from 1995 to 2010 acquired annually in
late April to early May through the Tarfala mass-balance pro-
gramme (Table 1). The employed glaciological method measure-
ment strategy for measuring winter balance consists of an
extensive network of snow depth probings in a 100 m × 100 m
resolution grid (Fig. 1b), combined with several snow pits and
snow cores to estimate densities for the snow-depth to snow
water equivalent (SWE) conversion (Holmlund and Jansson,
1999). Coverage of the probing network is near glacier wide,
but certain areas were occasionally left un-sampled due to over-
head hazards or crevasses. All snow-mass present on the glacier
is included, regardless of suspected origin (Mercer, 2016). The
accuracy of measured values is evaluated critically in Jansson
(1999) at a precision of 0.1 m w.e.

Model set-up

Energy-balance firn model

The current study presents additions to a coupled energy balance–
snow and firn model (EBFM), which solves the surface energy
balance to calculate surface temperature and melt. EBFM includes
a multi-layer subsurface component that computes snow and firn
pack densities, temperature and water content. The multi-layer
approach accounts for vertical liquid water motion through the
snow and firn pack, as well as capillary retention and refreezing.
The thermodynamic effects of this water transport are accounted
for, as well as its effect upon subsurface densities. These densities
are described separately for firn (Ligtenberg and others, 2011)
and for seasonal snow (van Kampenhout and others, 2017),
incorporating the effects of metamorphism, overburden packin-
gand wind compaction. EBFM is commonly used to simulate gla-
cier climatic mass balance, and extensively described in previous
studies (van Pelt and others, 2012, 2019). The reader is referred
to these works for details on model physics and numerical
approaches used in the energy balance and melt calculations.
The present model differs from EBFM in that it adds a snow
transport (ST) component to the consideration of climatic mass
balance, and is thus further referred to as ST-EBFM. In
ST-EBFM, climatic mass balance (CMB, referring to mass change
at and near to the glacier surface, Cogley and others, 2011) is calcu-
lated for a unit of time and space as:

CMB =
∫

P + SD+ AD+ QLH

Ls,v
− R

[ ]
(3)

where P is the precipitation, SD is themass from wind-driven snow
transport and AD is deposits from gravitationally driven snow trans-
port. SD can be both positive or negative while AD is always positive.
The two terms distinguish Eqn (3) from earlier CMB computations.
QLH/Ls, v is themass exchange with the atmosphere through sublim-
ation and riming (Ls), evaporation and condensation (Lv). The for-
mulations of these terms describe the sensible and latent heat fluxes
as a function of turbulence driven by katabatic glacier wind (esti-
mated without relying on local wind information) and near surface
temperature and humidity gradients (Oerlemans and Grisogono,
2002). R denotes runoff that leaves the firn layer, meaning it is
not further available as stored water or for refreezing (van Pelt
and others, 2012).

Wind-driven snow transport model

Several studies have presented modelling approaches aiming at
describing the influence of wind on the spatial distribution of
snow-mass: notably, horizontal and vertical wind fields have
been successfully modelled over glacierised terrain using a non-
hydrostatic regional model (Dadic and others, 2010). Although
the simulation results are compared with snow depth data, no
quantification of transported volumes are made in the paper. A
largely physically based model of snowdrift couples snow cover
properties to wind speed and a terrain parameterisation based
on curvature to simulate snow deposition over space (Liston
and Sturm, 1998; Liston and others, 2007). More recent and
increasingly sophisticated approaches model snowdrift coupled
to snowpack models at high spatio-temporal scales by utilising
downscaling techniques from localised weather models (Mott
and Lehning, 2010; Vionnet and others, 2021). For the purpose
of integrating wind-driven snow redistribution within a glacier
mass-balance model however, the approaches mentioned above
carry the significant downside of being computationally expensive
and heavily reliant on high-quality input data (e.g. Marsh and
others, 2020). A more parameterised approach, described in
Winstral and others (2002), is preferred in this study.

Reasoning that snow transport by wind follows a continuity
principle and arguing that terrain is the main driver of snow
redistribution patterns, Winstral and others (2002) propose a
modelling approach that solely relies on topographic analysis.
The model strategy consists of quantifying the degree of likeliness
that a wind speed deceleration occurs in a certain area, and that
this deceleration leads to eddy formation and snow deposition.
This quantification occurs through a sheltering index that centres
around the maximum elevation difference to upwind topography:

Sx(xi, yi) = max tan
Z(xv, yv)− Z(xi, yi)������������������������
(xv − xi)

2 + (yv − yi)2
√

⎛
⎜⎝

⎞
⎟⎠

⎡
⎢⎣

⎤
⎥⎦ (4)

where Sx(xi, yi) is a measure of suitability for snow deposition on
any given cell on an xy grid, Z(xi, yi) is that cell’s elevation and Z
(xv, yv) is a vector containing the elevations of cells along the
upwind direction. This sheltering index is converted to values
of snow deposition through a distributed accumulation factor
Af(xi, yi = f(Sx(xi, yi), Ps(xi, yi)), where Ps accounts for the ori-
ginal elevation driven precipitation gradient. We include an over-
view of the model as well as its implementation within ST-EBFM
in Supplementary material S.4.

Although Winstral and others’s model predates the concept of
preferential deposition (Lehning and others, 2008), we argue that
the probabilistic nature of the terrain-based approach allows to
account for wind-driven influence on both initial deposition
(preferential deposition) and post-depositional redistribution
(snowdrift). We note here that we include both of these processes
within the category wind-driven snow redistribution in this text.
Potential applications of the Winstral and others (2002) approach
within glaciology have been noted in Schirmer and others (2011),
and previous studies have made use of the model as a tool for dis-
cussion of the influence of topography on accumulation variabil-
ity (van Pelt and others, 2014; McGrath and others, 2018).

Gravitational snow transport model

Avalanches are regularly cited as a non-negligible component of
accumulation (e.g. Benn and Lehmkuhl, 2000), and the mass
gain resulting from gravitational transport is known to be sub-
stantial notably for high mountain glaciers (e.g. Laha and others,
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2017) and on very small cirque glaciers (e.g. Mott and others,
2019). Recent work quantified these contributions for a set of gla-
ciers in the Caucasus mountains (Lazarev and others, 2018;
Turchaninova and others, 2019). The approach considers terrain
parameters to estimate potential return periods, and utilises the
well-established RAMMS modellisation of Voellmy-SAM ava-
lanche flow (Christen and others, 2010) to simulate run-out
areas and seasonal deposit volumes. However, applying the strat-
egy at higher temporal resolutions, a necessity when the aim is to
couple gravitational transport to a mass-balance model, would be
numerically intensive. Therefore, we use a parameterisation
method proposed in Gruber (2007), where the complexity of
modelling the dynamics of specific avalanches is circumvented
by rather considering continuous snow redistribution. While the
strategy fails to capture specific avalanching events and the flow
dynamics and kinetic energy that go with it, it redistributes new
snow according to maximum volume thresholds that depend on
topography. A very similar method was coupled to a snow
cover model in non-glacierised terrain, where the incorporation
of gravitational redistribution strongly improves the model’s abil-
ity to reproduce spatial snow distribution patterns (Bernhardt and
Schulz, 2010).

The reader is referred to Gruber (2007) for a detailed descrip-
tion of the modelling approach. In addition, Supplementary
material S.5 reiterates the principal components and provides a
detailed description of additions made and of the model’s imple-
mentation within ST-EBFM.

Numerical approach

An initialisation process computes the different sheltering indices
for the set of wind directions, outlined in Supplementary material
S.4, as well as the maximum deposition depth (Dmax), outlined in
S.5. At each time step, meteorological data inputs are extracted
from their respective records. When precipitation is deemed to
fall as snow because the local air temperature is higher than a
set rain snow to snow transition temperature (TS/R, van Pelt
and others, 2012), wind and gravitationally driven snow transport
are computed for both Storglaciären and for nearby terrain,
adjusting the snow deposition following the terrain-derived para-
meters. All processes of snow redistribution and deposition are
thus modelled simultaneously at each time step, and the spatial
distribution of new snow is not subject to further transport in
subsequent time steps. The surface energy balance is assessed
for the cells within the glacier outline, with an iterative approach
yielding surface temperature and, when at the melting point,
energy available for melt. The newly computed mass input and
energy balance are used in the snow model, with newly deposited
snow, surface melt or erosion respectively entering or departing
the uppermost layers. Finally, the net sum of added and sub-
tracted mass yields the mass balance of the time step (Eqn (3)).

Figure 2 shows a broad outline of the model components and
computation sequence. While we allow the model to iterate over
every day of the considered study period, only the mass change
occurring between 15th September of any given year to 15th
May of the next year counts towards the winter balance to ensure
simulations are representative of observed winter balance values.
Every gridcell is considered at each time step. Wind and gravita-
tionally driven mass redistribution are computed for the Tarfala
wide DEM, while the energy balance, snow model and mass-
balance calculations are made only for the area within the glacier
outline.

We initialise our model domain with a spin-up run utilising
climatic forcing data for the entirety of our 15 year study period,
in order to achieve realistic surface and sub-surface conditions.
Subsequent model runs utilise these realistic values as initial

conditions. A more in depth description of the numerical routines
are given in Supplementary materials S.4 and S.5.

It is important to note here a difference in approach between
the terrain-based modelling of snow redistribution and the
process-based modelling of the surface energy balance and sub-
surface components in the EBFM component of the model. The
Winstral and others (2002) and Gruber (2007) terrain-based
approaches to estimating snow redistribution are probabilistic:
new snow-mass, incoming as precipitation, is reassigned to the
location in the spatial domain where it is most likely to end up,
based on parameters dictated by topography. This redistribution
step occurs within the model iteration in which new snowfall
enters the model. Because snow-mass is simply reassigned to its
ultimate destination regardless of the pathway it takes there, the
approach has the advantage of circumventing the modelling of
distinct events, such as a windstorm that re-mobilises previously
deposited snow or a large magnitude avalanche that fractures
on a deep weak layer, that would require high detail information
of snow and weather conditions, and that would be computation-
ally expensive. We do note that we redistribute snow based on
wind transport first at each model iteration, making the wind
adjusted mass deposition available for gravitational transport.
Avoiding the modelling of distinct events is simplistic, and models
mass delivery to the glacier by wind and gravitational transport
earlier and more gradually than it likely occurs in reality. The
model error this could drive when dynamically coupled to the
process-based surface energy balance and subsurface components
of the model is considered further in the discussion.

Results

Parameter sensitivity

The parameters best suited for model calibration are identified
through a brief consideration of the model response amplitude
to various parameters. Table 2 column ΔSnowdrift shows the
response of wind transported mass to two individual perturba-
tions in the precipitation gradient (γP), the maximum sheltering
distance (SDmax), and the rain to snow transition temperature
(TS/R). SDmax determines the area of the glacier surface that
receives wind transported mass, and thus dominates the response.
Increased precipitation allows for increased wind transport, and
the resulting mass deposition increases substantially with it.
Meanwhile, the response to variations in TS/R is negligible.

Table 2 column ΔGrav. dep. shows that the responses of gravi-
tationally transported mass to TS/R is negligible and to SDmax are
considerably smaller than the responses to other parameters. In
turn, γP has a strong impact on gravitationally transported
mass: as with wind-driven transport, increases in precipitation
are concentrated through gravitational mass transport and the
mass response to γP can be enhanced locally. A decreased min-
imum runout angle (αmin), lengthening the maximum reach of
deposits, generally increases mass deposition. A relatively similar
response is driven by the maximum slope angle retaining any
mass (βlim). In turn, a lower βlim leads to more gravitational trans-
port along the slopes surrounding the glacier and more mass
deposited on the flat glacier. Finally, lowering Dlim leads to shal-
lower and more widespread deposits, yielding lower mass depos-
ition values, while increasing the maximum deposit thickness
drives a considerable increase in average deposited mass.

The previous paragraphs identify SDmax to have a determining
role in the volume of wind transported mass. Besides the precipi-
tation gradient, the Dlim parameter strongly affects the amount of
gravitational transport. We note that the high relative range of
perturbation applied to Dlim must partly explain its high impact
on transported mass. Nevertheless, this wide range of variation
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in Dlim is realistic as the thickness of avalanche deposits strongly
varies with terrain shape and snow conditions (e.g. McClung and
Schaerer, 2006). Table 2 column Δbw shows the response of the
overall winter balance to these two parameters, along with the para-
meters traditionally used for accumulation calibration in studies
that do not incorporate post-depositional snow transport: γP and

TS/R (e.g. Reijmer and Hock, 2008; van Pelt and others, 2012).
γP clearly retains a critical impact on winter balance. The impact
of TS/R remains low, confirming that winter temperatures on
Storglaciären generally fall well below the rain to snow threshold.

With the negligible response of winter balance to TS/R, the
three obvious remaining calibration parameters are:

Fig. 2. Flowchart of the principal model components in ST-EBFM and their sequence of operations. Purple components iterate over time steps; green components
iterate over gridcells. Black components iterate over both. Components newly presented in this study are highlighted in grey.

Table 2. Overview of parameter sensitivity experiment results

Parameter Starting value Perturbation ΔSnowdrift ΔGrav. dep. Δbw
mm w.e. mm w.e. mm w.e.

γP (% 100m−1) 20 +5 2.04 6.99 42.30
(Reijmer and Hock, 2008) −5 −2.12 −8.93 −42.40

TS/R (K) 274.25 +0.5 −2.14 × 10−4 −0.96 0.82
(Reijmer and Hock, 2008) −0.5 −0.13 −0.88 −1.36

SDmax (m) 200 +100 5.01 1.04 6.22
(Winstral and others, 2002) −100 −5.58 −1.49 −7.15

βlim (◦) 35 +5 n.t. −9.20 n.t.
(Gruber, 2007) −5 n.t. 5.67 n.t.

αmin (◦) 30 +3 n.t. −5.63 n.t.
(Lied and Bakkehøi, 1980) −3 n.t. 3.46 n.t.

Dlim (m w.e.) 0.05 +0.04 n.t. 6.77 6.82
(Gruber, 2007) −0.04 n.t. −36.10 −36.10

Perturbations of the elevation-dependent precipitation gradient (γP), the rain/snow transition temperature (TS/R), the maximum sheltering distance (SDmax), the maximum slope angle
holding snow (βlim), the mass deposition limit (Dlim) and the minimum runout angle (αmin). The units of the perturbations are identical to the parameter units. Each line represent an
individually tested parameter perturbation value. Response values of wind transported snow mass (Δsnowdrift), gravitationally transported mass (ΔGrav. dep.) and total winter balance (Δbw)
shown in the three rightmost columns. All response values are glacier wide and temporal averages of 1998–2003 accumulation seasons. Notations n.t. indicate that the perturbation–response
combination was not tested.
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(1) γP, which clearly has a dominant impact on direct accumula-
tion but also on wind and gravitationally transported mass;

(2) SDmax, which determines the spatial and volumetric extent of
wind deposition, and affects the gravitational transport
component;

(3) Dlim, which has very localised impacts and can prove useful in
obtaining spatially accurate results in the distributed model.

The above list includes a parameter for each of the studied
contributors to winter balance (snowfall, snowdrift and avalanch-
ing), and its order follows the scale of the respective parameter
perturbations’ impact on winter balance: from glacier wide for
γP to very localised for Dlim. The order also reflects the sequence
of snow through the model: the most simple consideration is dir-
ect deposition of precipitation on the glacier, while the longest
considered itinerary of any given modelled snow particle would
be precipitation, wind transport and finally gravitational trans-
port. Following this sequence to tune the respective parameters
largely avoids the need of iterative re-calibration or the consider-
ation of the entire 3-D parameter space.

Model calibration

We evaluate model performance by comparing winter balance
values measured at specific probing locations with model output
values at these same locations and for 15th May of each consid-
ered year. Our calibration period considers the 1998–99 winter,
and the 2000–03 winters (the 1999–2000 winter is excluded as
reliable observations were not readily available). On average
there are 212 probed measurements available for each year, yield-
ing a total of 1059 compared points for the calibration period. We
compute the RMSE and R2 as performance metrics. The first step
in the calibration process is to tune the precipitation gradient,
which affects all further components of accumulation. Figure 3a
shows RMSE and R2 with different values of the precipitation gra-
dient γP. The two other parameters (SDmax and Dlim) are set to
zero to ensure the precipitation gradient is calibrated independ-
ently from redistribution processes. Model performance is
unchanged with increasing γP above 35% 100 m−1, and shows
marginal decrease only above 200% 100 m−1. The uneven
response is driven by the large spatial spread of the measured win-
ter balance: above the critical value, increases in accuracy continue
to be made in areas of high winter balance, however, these begin
to be cancelled out by overestimation of winter balance within
areas of lower accumulation. The spatial gradient in winter
balance is thus largely decoupled from elevation, meaning the
γP parameter cannot entirely account for accumulation variability.
We set γP at +40% 100 m−1 in further calibration as this achieves
the highest model performance while minimising overestimations
of winter balance. The choice has implications for the processes

involved in snow redistribution and how they are represented in
a calibrated model, which we will examine further in our discus-
sion of calibration uncertainty.

The second calibration parameter is the maximum sheltering
distance SDmax, regulating the amount of wind-driven snow
transport. The RMSE and R2 of model runs over various values
of SDmax are shown in Fig. 3b. The maximum considered shelter-
ing distance yielding the best model performance is 750 m.

The final tuning parameter is the maximum deposit depth of
individual avalanche events. Figure 3c shows model performance
over various values of Dlim. The irregular variation in RMSE and
R2 reflects the complex nature of the impact of avalanches on
mass balance. Since the gravitational transport component
depends so closely on topography, any change in Dlim will lead
to improvements in some locations on the glacier surface but
deterioration in others. Model response to variation in Dlim is
much less uniform than for the previous two parameters, result-
ing in the non-monotonic nature of the aggregate effect shown
in Fig. 3c. Nevertheless, an optimal value, allowing the least aggre-
gate error, can be identified at Dlim = 0.05 m w.e.

The model performance metrics obtained with the optimal set
of tuning parameters at the various stages of calibration are sum-
marised in Table 3. Figure 4 shows the corresponding modelled vs
measured values of winter balance. It becomes clear that the
addition of wind and gravitational mass transport improves the
model’s ability to capture the spatial variability of winter balance:
the inclusion of the SDmax and Dlim parameters, i.e. accounting
for snow transport in the model, increases R2 and reduces the
RMSE to values that are not achieved with just the γP tuning
parameter (Table 3). The improvement in model performance
confirms the added value of capturing mechanisms of snow redis-
tribution in winter balance modelling. Nevertheless, the inclusion
of these mechanisms also increases the spread of modelled values
(Fig. 4). In many cases, the location of mass contributions does
not align perfectly with the location of observed high accumula-
tion: although systematic error is reduced, random error is fre-
quently increased.

Fig. 3. RMSE and R2 between measured and modelled bw on 15th May during the calibration period (winters 1998–2003 excl. 1999–2000 – a total of 1059 included
comparison points). Markers indicate tested model parameters (a) plotted over values of γP (% 100 m−1), SDmax and Dlim both at 0, (b) plotted over values of SDmax

(m) with γP fixed at 40% 100m−1 and Dlim at 0 m w.e., (c) plotted over values of Dlim (m w.e.), with γP fixed at 40% 100 m−1 and SDmax fixed at 750 m. Optimum
values used as calibrated model parameters indicated in red.

Table 3. Overview of tuned model parameters and resulting model
performance

Optimised parameters
ΔBw

m w.e.
RMSE
m w.e. R2

γP SDmax Dlim
% 100 m−1 m m w.e.

40 0 0 −0.4 0.58 0.52
40 750 0 −0.29 0.52 0.62
40 750 0.05 −0.13 0.51 0.63

ΔBw is the modelled spatially averaged winter balance minus the observed spatially
averaged winter balance.
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Model validation

The model, calibrated over the 1998–2003 winters, is tested by
comparing independent simulation results to observed winter bal-
ance over five accumulation seasons during the 2004–10 period,
excluding the 2008–09 winter for data availability (Fig. 5a).
Climatic winter conditions used for model input are relatively
uniform between the two periods (S.3; Jonsell and others,
2013). The simulation yields satisfactory model performance
that is quite similar to those obtained during the calibration pro-
cess, with an RMSE of 0.58 m w.e. and an R2 of 0.65. Although the
simulation of winter balance is not entirely accurate, the

validation results hint that the achieved degree of accuracy is con-
sistent between the two 5 year periods. Additionally, the perform-
ance improves when compared to the calibrated non-modified
EBFM, which yields an RMSE of 0.72 m w.e. and an R2 of 0.54
over the same period (Fig. 5b).

Figure 6 shows a comparison of observed and modelled winter
balance, temporally averaged over the validation period.
Supplementary material S.6 shows a year by year comparison
over the same period. ST-EBFM reproduces the spatial variation
in bw reasonably well (Fig. 6c): the error on mass balance is within
±1 m w.e. over most of the glacier surface, and the sharp increase
in bw towards the Kebnekaise headwall is well accounted for.

Fig. 4. Scatter plots of measured winter balance and modelled mass balance on 15th May with optimised tuning parameters: (a) γP = 40% 100 m−1, SDmax = 0 m,
Dlim = 0 m w.e. (b) gP = 40% 100 m−1, SDmax = 750 m, Dlim = 0 m w.e. (c) gP = 40% 100 m−1, SDmax = 750 m, Dlim = 0.05 m w.e. bw indicates the spatially averaged mod-
elled winter balance for each parameter combination. The measured mean bw over 1059 probing points during the calibration period is 1.28.

Fig. 5. Scatter plot of measured winter balance and modelled CMB on 15th May for the 2005–10 winters (excluding 2009). (a) ST-EBFM. The average modelled Bw is
1.24 m w.e., while the average observed Bw is 1.43 m w.e. (b) Original EBFM model, for comparative purposes. The average modelled Bw is 0.81.

Fig. 6. Comparison of observed and modelled winter balance, temporally averaged over the validation period (2005–10 winters, excluding 2009). (a) Observed
winter balance, interpolated from probe network measurements. (b) Winter balance modelled with ST-EBFM. (c) Error on ST-EBFM bw. The error is negative
when the model underestimates bw and positive when the model overestimates bw.
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Nevertheless several areas of underestimation exist, notably across
the glacier at 3.99 × 105 UTM east, where the model misses the
locally increased bw evident in Fig. 6a. Additionally, a sudden
increase in underestimation of bw by the model is apparent in
Fig. 6c, coinciding with the abrupt limit put upon wind-driven
deposition by the sheltering distance SDmax. In turn, modelled
contributions by gravitational transport seem too spatially con-
centrated, leading to localised model overestimations surrounded
by underestimations.

Processes contributing to accumulation

Figure 7 shows the spatial distribution of the net contribution
made by direct snowfall, wind transport and gravitational trans-
port to the winter balance, temporally averaged over the validation
period. In turn, Table 4 presents the net glacier wide contribu-
tions to the winter balance made by each component of accumu-
lation over the validation period, and further shows these
contributions averaged over the entire study period, covering
the winters from 1997 to 2010, with the exclusion of 1999–2000
and 2008–09. Direct snowfall is the main mass contributor to

winter balance (72.4%), but wind-driven snow transport contri-
butes a substantial share (18.7%). The smallest contribution is
made by gravitational transport, but the share is non-negligible
(8.9%).

Snowfall
Direct precipitation, adjusted only for elevation, provides close to
three quarters of the modelled winter balance (Table 4). Figure 7a
shows the spatial distribution of the modelled mass gain from
snowfall. The entire area of the glacier gains mass from snowfall,
with snowfall contribution values increasing linearly between a
minimum of +0.4 m w.e. at the glacier toe and a maximum of
+1.8 m w.e. near the headwall. This consistency yields high
mass gain totals, underlining the role of snowfall as the principal
component of mass gain. It also indicates that other components
of the model must provide the observed spatial complexity (S.1;
Jansson and Pettersson, 2007).

Wind-driven snow transport
On average, 18.7% of modelled mass gain consists of snow-mass
affected by wind transport, including both post-depositional
redistribution and preferential deposition. Figure 7b shows that
this contribution is highly variable in space. Wind deposition of
up to +2.5 m w.e. occurs on the westernmost edge of the glacier,
which is sheltered from westerly winds. These values decrease
rapidly with distance from the main ridge of the Kebnekaise mas-
sif, and most of the glacier surface falls outside of the large-scale
sheltering index under the predominant westerly wind direction,
and thus undergoes little increased deposition. Here, we note
some spatial variability, with light erosion occurring in convex
areas of the glacier and deposition occurring in concave areas.
The area most affected by erosion (−1.04 m w.e.) occurs in the
southeast corner, near the ridge between Storglaciären and
Björlings Glaciär, where the sheltering index is low under both
westerly and easterly wind directions (S.4).

Fig. 7. ST-EBFM modelled mass contributions to specific winter balance temporally averaged over the calibration period (2005–10). (a) modelled snowfall. (b) mod-
elled deposition of wind transported mass. (c) modelled deposition of gravitationally transported mass. Empty sections are a result of the consideration of only
terrain exposed to avalanching (S.5). (d) Modelled total specific winter balance.

Table 4. Modelled components of winter accumulation

Direct
snowfall

Wind
transport

Gravitational
transport Total

Averaged accumulation components 2005–2010 winters (validation period – shown
in Fig. 7)
Value (m w.e.) 0.93 0.27 0.22 1.42
Share of total (%) 65.5 19.0 15.5 100

Averaged accumulation components 1997–2010 winters
Value (m w.e.) 0.97 0.25 0.12 1.34
Share of total (%) 72.4 18.7 8.9 100

Direct snowfall includes riming, which represents ∼0.1% of the total mass accumulation.
Upper lines show mass contributions for the 2005–2010 validation period, and are also
plotted in Fig. 7. Lower lines show the averages of mass contributions to winter balance
values over the combined calibration and validation period.
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Gravitational transport
With an average of just under 9% of the total added mass, gravi-
tational transport is the smallest of the investigated contributors
to winter balance. Figure 7c shows how this is due to the spatially
restricted reach of avalanche deposits. Simultaneously, gravita-
tional transport is the highest single gridcell mass contributor,
reaching +3.1 m w.e. in proximity to the east face of
Kebnekaise. In such locations, avalanching seems to be extremely
influential on the specific mass balance.

Discussion

Uncertainty in terrain-based accumulation modelling

Figure 5 indicates satisfactory model performance, but also shows
remaining error in the estimation of bw. Here we address potential
sources of error in our model, its implementation and its
validation.

Data uncertainties
Firstly, the glaciological method employed in the Tarfala mass-
balance programme measures surface mass balance (e.g. Mercer,
2018), while ST-EBFM simulates climatic mass balance (Eqn
(3); van Pelt and others, 2012). Previous observations and mod-
elling have reported substantial internal accumulation on
Storglaciären (Schneider and Jansson, 2004; Reijmer and Hock,
2008) and the inclusion of internal accumulation in our model
could affect our ability to compare simulations with the observed
surface mass balance. However, we monitor mass contribution by
internal accumulation throughout the model domain, and find
values consistently below ,2% of Bw, indicating that this error
source is minor.

A second source of error lies in the data used for model input.
Snowfall is notoriously difficult to measure at automated weather
stations and thus is an unresolved source of systematic error
(Rasmussen and others, 2012). In the absence of detailed data,
an assumption was made on wind directions (Fig. 1d) based on
summertime observations (Eriksson, 2014) and a conceptual
view of wind fields around the Kebnekaise massif, but this
remains a source of uncertainty. A final possible error source
lies in the comparison with the surface mass-balance measure-
ments used as control data. Some uncertainty exists even in the
high-quality observations of winter balance conducted on
Storglaciären (c. 0.1 m w.e.; Jansson, 1999). Furthermore, the
probing network shown in Fig. 1b avoids the glacier margins
that are most prone to enhanced accumulation through wind
transport and especially avalanching. This could lead to underesti-
mation between 5% and 10% of the glacier wide winter balance,
and much larger error locally (Jansson, 1999). The uncertainty
on the observed winter balance could at least partly explain
some of the substantial model overestimations shown in Fig. 6c,
as we simply interpolate the observations onto the model grid
in order to facilitate visualisation. More broadly, the availability
of observational data for calibration and validation of modelled
winter balance could be a recurrent problem in future applica-
tions of ST-EBFM. Very few glaciers are subject to as dense a
probing network as Storglaciären, and avalanche prone areas
will remain under-sampled due to safety concerns. Here, add-
itional observation types could be valuable additions to control
data. Direct measurements of snow-mass displacement through
avalanching (Hancock and others, 2020) could help constrain
the gravitational transport component individually, and snow
and ice penetrating radar surveys could test whether modelled
deposition locations and rates are accurate (Machguth and others,
2006). Additionally, longer term geodetic mass-balance measure-
ments can be used to calibrate systemic biases in point mass-

balance data (Zemp and others, 2013; O’Neel and others, 2019).
While long-term observations of mass balance on Storglaciären
agree well with geodetic estimates of mass change (Zemp and
others, 2010), the point measurements used for model testing in
this work are un-calibrated.

Calibration uncertainties
During calibration of the post-depositional transport processes,
we find a clear optimum value for the wind drift parameter
SDmax (Fig. 3b), while model performance responds erratically
to variation in the avalanche deposit thickness and reach param-
eter Dlim (Fig. 3c). This reflects the complexity of avalanching over
the entire Storglaciären catchment, as changing conditions pro-
duce spatially varied behaviour that cannot be fully captured
with a single parameter.

Meanwhile, the precipitation gradient parameter γP drives the
largest response in winter balance (Table 2), and yet model per-
formance remains unchanged over a wide range of values of
gP([40− 200% 100m−1]; Fig. 3a). At low values of γP, accumula-
tion is estimated correctly in the ablation zone but underestimated
at higher elevations. At high values of γP, accumulation is overes-
timated at the toe and correct at the upper edges of the glacier. As
γP is the first parameter to be calibrated, the lower boundary is
selected and the underestimation of bw is largely compensated
for by the addition of mass contribution from wind transport
and avalanching. This approach invariably yields better model
performance than when continuing the calibration process
with the higher boundary of γP: with gP = 200%m−1, calibration
of the wind sheltering parameter SDmax yields optimal perform-
ance at SDmax = 625 m, with R2 = 0.62, RMSE = 1.85 m w.e. and
Dbw = +1.6 m w.e. This is an overestimation of the winter bal-
ance, meaning model performance with gP = 200%m−1 could
only be worsened when including gravitational transport, as
mass contributions from avalanching are always positive. As
such, we suggest that with the lower γP of 40% 100 m−1 we cap-
ture the impact of the actual precipitation gradient, without over-
correcting for other accumulation processes.

We note here that our calibration process only explores a
rather limited number of the possible combinations of values
for the three parameters. As a result, the sequence of parameter
tuning may be of influence on the optimum parameter values,
and consequently could also influence our results. it would be
interesting for further work employing terrain-based modelling
to explore the parameter space more extensively in pursuit of bet-
ter model performance.

Model uncertainties
The ablation zone on Storglaciären undergoes considerable wind
erosion (Jansson and Pettersson, 2007), which might be underes-
timated by the current model. While our simulations do produce
slight erosion in large parts of the ablation zone, the Winstral and
others (2002) wind transport routine considers the effects of topog-
raphy on wind speed in only one dimension, that of the considered
wind direction at any given time step. This means that topograph-
ical features normal to the considered wind direction are omitted
when estimating erosion and deposition. Meanwhile, in instances
of down-glacier air flow, tunnelling effects in narrow valleys tend
to increase near surface wind velocities (e.g. Lewis and others,
2008; Duine and others, 2016). Such an effect could increase
wind velocities over the lower ablation area of Storglaciären, per-
haps driving increased snow erosion and explaining the low winter
balance values in the area. Additionally, while we do account for
sublimation of non-drifting snow on the glacier surface, we do
not account for blowing snow sublimation, which could be a sig-
nificant contributor to mass loss through wind erosion (Mott
and others, 2018), especially in the lower ablation area where
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tunnelling effects could lead to higher wind speeds and an
increased volume of snow in suspension. Increased snow removal
in the ablation zone would allow a calibrated model to retain a
higher γP value, enhancing accumulation zone performance with-
out overestimating ablation area winter balance. This suggests
that ST-EBFM performance could be further improved by includ-
ing a parameter regulating the extent of snow erosion, but such a
parameter would have little physical basis in the absence of spatially
and temporally detailed information on near surface wind fields.

Similarly, the consideration of a single wind direction at any
given time step means the implemented wind-driven snow trans-
port routine does not capture localised reversals of the main flow
direction in rotors and eddies. As lee side turbulence generally
results in lower wind velocities and snow deposition within the
affected area (e.g. Mott and others, 2010), the overall estimation
of wind-driven mass contribution is likely robust to the omission.
However, it could give rise to local errors, and account for the fail-
ure to simulate eddy-like depositional patterns (Jansson and
Pettersson, 2007). While simulating near surface wind fields
with a non-hydrostatic model would likely improve the spatial
accuracy of deposition patterns (Xue and others, 2000; Dadic
and others, 2010; Vionnet and others, 2021), such a model
applied at the temporal resolution of ST-EBFM would be compu-
tationally intensive.

Thirdly, fresh snow is redistributed following the wind shelter-
ing index and through the gravitational transport model at each
time step: new snow-mass is instantaneously re-assigned to its
most likely final deposition location, and the simulated transport
flux occurs incrementally with each new snowfall rather than
through more realistic abrupt events. We suggest this only mar-
ginally affects our estimation of seasonally cumulative wind-
driven deposition, as the aggregate pattern of wind transport is
repeatedly found to be very consistent from year to year (S.1;
Schirmer and others, 2011; Winstral and Marks, 2014).
Conversely, gravitational transport, and specifically slab avalanch-
ing and cornice falls, are much more intermittent as they are the
result of sequences of very specific conditions (e.g. Louchet,
2021). Return periods of large avalanches are often longer than
a single year, as reflected by the high inter-annual variability
found near the western headwall in Supplementary material S.1.
This variability is missed by the continuous gravitational trans-
port routine.

Future applications

The approach of terrain-based accumulation modelling also has
significant advantages. Because of its computationally inexpensive
nature, ST-EBFM can be implemented at very high spatial resolu-
tions or over extensive spatial domains.

Furthermore, model complexity is largely irrelevant if
meteorological data limitations are not addressed first. Due to
the inherent difficulties of obtaining meteorological data during
wintertime in alpine environments, the availability of distributed
near surface wind and snowfall data is likely to remain a con-
straint for most studies investigating accumulation, and physically
based models of wind transport and avalanching would suffer
from the lack of accurate forcing data (e.g. Roth and others,
2018). Meanwhile, topographic data are obtained through one-
time acquisition, and is often readily available from previous
work or through remote-sensing products (e.g. Mercer, 2016;
Morin and others, 2016). With terrain as the primary forcing,
the snow transport model is less reliant on high-resolution
input data, and sparse weather station data or downscaling rou-
tines can be used more confidently.

Contrary to the intensively studied Storglaciären, the mass bal-
ance of many of the world’s less accessible glaciers is determined

from rather sparse ground truthing, often relying on extrapolation
methods that generate substantial uncertainty especially of winter
balance (McGrath and others, 2015; O’Neel and others, 2019).
Even when more extensive mass-balance measurements are con-
ducted following the glaciological method, values are primarily
collected along glacier centre lines (Kaser and others, 2003),
and are thus likely to miss high accumulation values resulting
from avalanching and much of the wind-driven deposition closer
to valley walls. Here, the easily implementable ST-EBFM could be
a valuable tool to complement direct observations and provide
estimations of winter and net balance that account for spatial vari-
ability in accumulation. The value of snow surface energy-balance
modelling in generating snow-mass datasets has been demon-
strated before at regional scales (van Pelt and others, 2019), and
similar applications to individual glaciers might benefit from
accounting for snow transport to ensure spatially accurate winter
balance estimations. Finally, studies investigating the impact of
meltwater pulses on glacial hydrology and flow dynamics fre-
quently rely on spatially distributed modelling of surface melt
(e.g. Vore and others, 2019). As progress is made on observing
the exact location and nature of subglacial drainage, accurately
simulating the location of melt and snow-mass available for
melt seems increasingly important.

Several studies have noted the persistence of small glaciers
below regional equilibrium line altitudes, suggesting post-
depositional mass redistribution as a mechanism through which
locally enhanced accumulation could sustain glacier ice (Kuhn,
1995; Hoffman and others, 2007; De Beer and Sharp, 2009;
Huss and Fischer, 2016; Mott and others, 2019). Our model
results are in line with this suggestion: in order to simulate the
spatial variability in winter balance, we model 27.4% of annual
winter balance to originate from wind and gravitationally driven
snow redistribution, implying that Storglaciären’s net mass bal-
ance would be substantially different in the absence of these pro-
cesses. ST-EBFM could be used as a tool to quantify mass
contributions from topographically driven snow redistribution
for small glaciers in un-supportive climates, and to gain further
insight in their climate sensitivity.

Finally, accounting for post-depositional snow transport could
improve long-term simulations of mass balance. Table 4 indicates
that a considerable share of mass added during winter could be
missed in traditional mass-balance models. While this deficit is
likely largely accounted for by increasing snowfall during calibra-
tion, the failure to simulate the spatial distribution of added mass
might lead to underestimations of summer melt rates: irregular
snow cover leads to exposure of patches of lower albedo firn
and bare ice earlier in the melt season, enhancing melt rates
(van Pelt and others, 2014). While a more in depth evaluation
of the improvements to net balance simulations would be needed,
it seems likely that accounting for snow transport would benefit
both reconstructions of past mass balance of small glaciers and
predictions of their future mass-balance evolution under specific
climate scenarios.

Conclusion

This study presented a newly coupled ST-EBFM approach and
its implementation towards simulating winter balance on
Storglaciären. The terrain-based modelling of wind and gravita-
tionally driven snow redistribution in the landscape improves
our model’s ability to reproduce observed spatial patterns in
accumulation. Our simulations suggest that over 25% of
Storglaciären’s average winter mass gain could stem from wind
and gravitational transport, underlining these processes’ role in
maintaining the current mass equilibrium of the glacier.
Remaining error can be attributed to simplifications around
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snow transport processes, uncertainties in the calibration process
and uncertainties in meteorological forcing data. Nevertheless, the
encouraging model performance results suggests ST-EBFM is a
viable and versatile tool to assess specific winter balance, and
could have applications beyond the present study.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/jog.2022.96

Acknowledgements. We thank Veijo Pohjola for helpful discussions and
feedback on an earlier version of this work. Additionally, we are grateful to
the Tarfala mass-balance programme and its volunteers for the wealth of avail-
able observations of winter balance.

References

Benn DI and Lehmkuhl F (2000) Mass balance and equilibrium-line altitudes
of glaciers in high-mountain environments. Quaternary International 65,
15–29. doi:10.1016/S1040-6182(99)00034-8

Bernhardt M and Schulz K (2010) Snowslide: a simple routine for calculating
gravitational snow transport. Geophysical Research Letters 37(11), L11502.
doi: 10.1029/2010GL043086.

Christen M, Kowalski J and Bartelt P (2010) RAMMS: numerical simulation
of dense snow avalanches in three-dimensional terrain. Cold Regions Science
and Technology 63(1–2), 1–14. doi:10.1016/j.coldregions.2010.04.005

Cogley JG and 9 others (2011) Glossary of glacier mass balance and related
terms. IHP-VII Technical Documents in Hydrology 86, 4–6.

Dadic R, Mott R, Lehning M and Burlando P (2010) Wind influence on
snow depth distribution and accumulation over glaciers. Journal of
Geophysical Research: Earth Surface 115(F1), F01012. doi: 10.1029/
2009JF001261.

De Beer CM and Sharp MJ (2009) Topographic influences on recent changes
of very small glaciers in the Monashee Mountains, British Columbia,
Canada. Journal of Glaciology 55(192), 691–700. doi:10.3189/
002214309789470851

Duine GJ, Hedde T, Roubin P and Durand P (2016) A simple method based
on routine observations to nowcast down-valley flows in shallow, narrow
valleys. Journal of Applied Meteorology and Climatology 55(7), 1497–
1511. doi:10.1175/JAMC-D-15-0274.1

Eriksson P (2014) Meteorological differences between Rabots Glaciär and
Storglaciären and its impact on ablation. Stockholm, Sweden: Master’s
thesis, Stockholm University.

Evans E, Essery R and Lucas R (2008) Changing snow cover and the net mass
balance of Storglaciären, northern Sweden. Annals of Glaciology 49,
199–204. doi:10.3189/172756408787814933

Florentine C, Harper J, Fagre D, Moore J and Peitzsch E (2018) Local
topography increasingly influences the mass balance of a retreating cirque
glacier. The Cryosphere 12(6), 2109. doi:10.5194/tc-12-2109-2018

Gruber S (2007) A mass-conserving fast algorithm to parameterize gravita-
tional transport and deposition using digital elevation models. Water
Resources Research 43(6), W06412. doi: 10.1029/2006WR004868.

Hancock H, Eckerstorfer M, Prokop A and Hendrikx J (2020) Quantifying
seasonal cornice dynamics using a terrestrial laser scanner in Svalbard,
Norway. Natural Hazards and Earth System Sciences 20(2), 603–623.
doi:10.5194/nhess-20-603-2020

Hersbach H and 14 others (2018) Era5 hourly data on pressure levels from
1979 to present. Copernicus Climate Change Service (C3S) – Climate
Data Store (CDS). doi:10.24381/cds.bd0915c6.

Hock R (2005) Glacier melt: a review of processes and their modelling. Progress
in Physical Geography 29(3), 362–391. doi:10.1191/0309133305pp453ra

Hock R, Hutchings JK and Lehning M (2017) Grand challenges in cryo-
spheric sciences: toward better predictability of glaciers, snow and sea ice.
Frontiers in Earth Science 5, 64. doi:10.3389/feart.2017.00064

Hoffman MJ, Fountain AG and Achuff JM (2007) 20th-century variations in
area of cirque glaciers and glacierets, Rocky Mountain National Park, Rocky
Mountains, Colorado, USA. Annals of Glaciology 46, 349–354. doi:10.3189/
172756407782871233

Holmlund P and Jansson P (1999) The Tarfala mass balance programme.
Geografiska Annaler: Series A, Physical Geography 81(4), 621–631. doi:10.
1111/1468-0459.00090

Holmlund P and Schneider T (1997) The effect of continentality on glacier
response and mass balance. Annals of Glaciology 24, 272–276. doi:10.
3189/S0260305500012295

Holmlund P and Schytt V (1987) Glaciärernai Tarfala: the glaciers in the
Tarfala Basin Kebnekaise. Stockholm, Sweden: Stockholm University,
Department of Physical Geography.

Huss M and Fischer M (2016) Sensitivity of very small glaciers in the Swiss
Alps to future climate change. Frontiers in Earth Science 4, 34. doi:10.
3389/feart.2016.00034

Huss M and Hock R (2018) Global-scale hydrological response to future gla-
cier mass loss. Nature Climate Change 8(2), 135–140. doi:10.1038/
s41558-017-0049-x

Jaedicke C and Gauer P (2005) The influence of drifting snow on the location
of glaciers on western Spitsbergen, Svalbard. Annals of Glaciology 42, 237–
242. doi:10.3189/172756405781812628

Jansson P (1999) Effect of uncertainties in measured variables on the calcu-
lated mass balance of Storglaciären. Geografiska Annaler: Series A,
Physical Geography 81(4), 633–642. doi:10.1111/1468-0459.00091

Jansson P, Linderholm HW, Pettersson R, Karlin T and Mörth CM (2007)
Assessing the possibility to couple the chemical signal in winter snow on
Storglaciären, Sweden, to atmospheric climatology. Annals of Glaciology
46, 335–341. doi:10.3189/172756407782871459

Jansson P and Pettersson R (2003) Digital elevation model for the Tarfala val-
ley area. Based on analog map by Holmlund and Schytt (1987); ISBN
91-588-4264-0). https://www.natgeo.su.se/english/tarfala-research-station/
scientific-data/digital-elevation-model, last accessed on 2021-05-10.

Jansson P and Pettersson R (2007) Spatial and temporal characteristics of a
long mass balance record, Storglaciären, Sweden. Arctic, Antarctic, and
Alpine Research 39(3), 432–437. doi:10.1657/1523-0430(06-041)
[JANSSON]2.0.CO;2

Jansson P, Richardson C and Jonsson S (1999) Assessment of requirements
for cirque formation in northern Sweden. Annals of Glaciology 28, 16–22.
doi:10.3189/172756499781821959

Jonsell U, Hock R and Duguay M (2013) Recent air and ground temperature
increases at Tarfala Research Station, Sweden. Polar Research 32(1), 19807.
doi:10.3402/polar.v32i0.19807

Kaser G, Fountain A, Jansson P, Heucke E and Knaus M (2003) A manual
for monitoring the mass balance of mountain glaciers, Vol. 137. Paris,
France: UNESCO International Hydrological Programme.

Kuhn M (1995) The mass balance of very small glaciers. Zeitschrift für
Gletscherkunde und Glazialgeologie 31(1), 171–179.

Laha S and 7 others (2017) Evaluating the contribution of avalanching to the mass
balance of Himalayan glaciers. Annals of Glaciology 58(75 pt 2), 110–118.
doi:10.1017/aog.2017.27

Lazarev A, Turchaninova A, Seliverstov Y, Komarov A and Sokratov S
(2018) Estimation of accumulation from snow avalanches on the mountain
glaciers. In Proceedings International Snow Science Workshop.

Lehning M, Löwe H, Ryser M and Raderschall N (2008) Inhomogeneous pre-
cipitation distribution and snow transport in steep terrain. Water Resources
Research 44(7), W09425. doi: 10.1029/2007WR006544.

Lenaerts JT and 6 others (2012) Modeling drifting snow in Antarctica with a
regional climate model: 1. Methods and model evaluation. Journal of
Geophysical Research: Atmospheres 117(D5), D05108. doi: 10.1029/
2011JD016145.

Lewis H, Mobbs S and Lehning M (2008) Observations of cross-ridge flows
across steep terrain. Quarterly Journal of the Royal Meteorological Society:
A Journal of the Atmospheric Sciences, Applied Meteorology and Physical
Oceanography 134(633), 801–816. doi:10.1002/qj.259

Lied K and Bakkehøi K (1980) Empirical calculations of snow–avalanche
run–out distance based on topographic parameters. Journal of Glaciology
26(94), 165–177. doi:10.3189/S0022143000010704

Ligtenberg S, Helsen M and van den Broeke M (2011) An improved semi-
empirical model for the densification of Antarctic firn. The Cryosphere 5
(4), 809–819. doi:10.5194/tc-5-809-2011

Liston GE and 5 others (2007) Simulating complex snow distributions in
windy environments using SnowTran-3D. Journal of Glaciology 53(181),
241–256. doi:10.3189/172756507782202865

Liston GE and Sturm M (1998) A snow-transport model for complex terrain.
Journal of Glaciology 44(148), 498–516. doi:10.3189/S0022143000002021

Louchet F (2021) Snow Avalanches: Beliefs, Facts, and Science. USA: Oxford
University Press.

Machguth H, Eisen O, Paul F and Hoelzle M (2006) Strong spatial variability
of snow accumulation observed with helicopter-borne GPR on two adjacent
Alpine glaciers. Geophysical Research Letters 33(13), L13503. doi: 10.1029/
2006GL026576.

12 Yoram Terleth and others

https://doi.org/10.1017/jog.2022.96 Published online by Cambridge University Press

https://doi.org/10.1017/jog.2022.96
https://doi.org/10.1017/jog.2022.96
https://doi.org/10.1016/S1040-6182(99)00034-8
https://doi.org/10.1016/S1040-6182(99)00034-8
https://doi.org/10.1016/S1040-6182(99)00034-8
https://doi.org/10.1029/2010GL043086
https://doi.org/10.1016/j.coldregions.2010.04.005
https://doi.org/10.1029/2009JF001261
https://doi.org/10.1029/2009JF001261
https://doi.org/10.3189/002214309789470851
https://doi.org/10.3189/002214309789470851
https://doi.org/10.1175/JAMC-D-15-0274.1
https://doi.org/10.1175/JAMC-D-15-0274.1
https://doi.org/10.1175/JAMC-D-15-0274.1
https://doi.org/10.1175/JAMC-D-15-0274.1
https://doi.org/10.3189/172756408787814933
https://doi.org/10.5194/tc-12-2109-2018
https://doi.org/10.5194/tc-12-2109-2018
https://doi.org/10.5194/tc-12-2109-2018
https://doi.org/10.5194/tc-12-2109-2018
https://doi.org/10.1029/2006WR004868
https://doi.org/10.5194/nhess-20-603-2020
https://doi.org/10.5194/nhess-20-603-2020
https://doi.org/10.5194/nhess-20-603-2020
https://doi.org/10.5194/nhess-20-603-2020
https://doi.org/10.24381/cds.bd0915c6
https://doi.org/10.1191/0309133305pp453ra
https://doi.org/10.3389/feart.2017.00064
https://doi.org/10.3189/172756407782871233
https://doi.org/10.3189/172756407782871233
https://doi.org/10.1111/1468-0459.00090
https://doi.org/10.1111/1468-0459.00090
https://doi.org/10.1111/1468-0459.00090
https://doi.org/10.3189/S0260305500012295
https://doi.org/10.3189/S0260305500012295
https://doi.org/10.3389/feart.2016.00034
https://doi.org/10.3389/feart.2016.00034
https://doi.org/10.1038/s41558-017-0049-x
https://doi.org/10.1038/s41558-017-0049-x
https://doi.org/10.1038/s41558-017-0049-x
https://doi.org/10.1038/s41558-017-0049-x
https://doi.org/10.1038/s41558-017-0049-x
https://doi.org/10.3189/172756405781812628
https://doi.org/10.1111/1468-0459.00091
https://doi.org/10.1111/1468-0459.00091
https://doi.org/10.3189/172756407782871459
https://www.natgeo.su.se/english/tarfala-research-station/scientific-data/digital-elevation-model
https://www.natgeo.su.se/english/tarfala-research-station/scientific-data/digital-elevation-model
https://www.natgeo.su.se/english/tarfala-research-station/scientific-data/digital-elevation-model
https://doi.org/10.1657/1523-0430(06-041)[JANSSON]2.0.CO;2
https://doi.org/10.1657/1523-0430(06-041)[JANSSON]2.0.CO;2
https://doi.org/10.1657/1523-0430(06-041)[JANSSON]2.0.CO;2
https://doi.org/10.1657/1523-0430(06-041)[JANSSON]2.0.CO;2
https://doi.org/10.3189/172756499781821959
https://doi.org/10.3402/polar.v32i0.19807
https://doi.org/10.1017/aog.2017.27
https://doi.org/10.1029/2007WR006544
https://doi.org/10.1029/2011JD016145
https://doi.org/10.1029/2011JD016145
https://doi.org/10.1002/qj.259
https://doi.org/10.3189/S0022143000010704
https://doi.org/10.5194/tc-5-809-2011
https://doi.org/10.5194/tc-5-809-2011
https://doi.org/10.5194/tc-5-809-2011
https://doi.org/10.5194/tc-5-809-2011
https://doi.org/10.3189/172756507782202865
https://doi.org/10.3189/S0022143000002021
https://doi.org/10.1029/2006GL026576
https://doi.org/10.1029/2006GL026576
https://doi.org/10.1017/jog.2022.96


Marsh CB, Pomeroy JW, Spiteri RJ and Wheater HS (2020) A finite volume
blowing snow model for use with variable resolution meshes. Water
Resources Research 56(2), e2019WR025307. doi:10.1029/2019WR025307

McClung D and Schaerer PA (2006) The avalanche handbook. Seattle: The
Mountaineers Books.

McGrath D and 7 others (2015) End-of-winter snow depth variability on gla-
ciers in Alaska. Journal of Geophysical Research: Earth Surface 120(8),
1530–1550. doi:10.1002/2015JF003539

McGrath D and 6 others (2018) Interannual snow accumulation variability on
glaciers derived from repeat, spatially extensive ground-penetrating radar
surveys. The Cryosphere 12(11), 3617–3633. doi:10.5194/tc-12-3617-2018

Mercer A (2016) A DEM of the 2010 surface topography of Storglaciären,
Sweden. Journal of Maps 12(5), 1112–1118. doi:10.1080/17445647.2015.
1131754

Mercer A (2018) tudies in glacier mass balance: measurement and its errors.
Stockholm, Sweden: Ph.D. thesis, Department of Physical Geography,
Stockholm University.

Morin P and 8 others (2016) ArcticDEM; a publically available, high reso-
lution elevation model of the Arctic. In EGU General Assembly conference
abstracts, EPSC2016–8396.

Mott R and 5 others (2014) Orographic effects on snow deposition patterns in
mountainous terrain. Journal of Geophysical Research: Atmospheres 119(3),
1419–1439. doi:10.1002/2013JD019880

Mott R and 5 others (2019) Avalanches and micrometeorology driving mass
and energy balance of the lowest perennial ice field of the alps: a case study.
The Cryosphere 13(4), 1247–1265. doi:10.5194/tc-13-1247-2019

Mott R and Lehning M (2010) Meteorological modeling of very high-
resolution wind fields and snow deposition for mountains. Journal of
Hydrometeorology 11(4), 934–949. doi:10.1175/2010JHM1216.1

Mott R, Schirmer M, Bavay M, Grünewald T and Lehning M (2010)
Understanding snow-transport processes shaping the mountain snow-
cover. The Cryosphere 4(4), 545–559. doi:10.5194/tc-4-545-2010

Mott R, Vionnet V and Grünewald T (2018) The seasonal snow cover
dynamics: review on wind-driven coupling processes. Frontiers in Earth
Science 6, 197. doi:10.3389/feart.2018.00197

Oerlemans J and Grisogono B (2002) Glacier winds and parameterisation of
the related surface heat fluxes. Tellus A: Dynamic Meteorology and
Oceanography 54(5), 440–452. doi:10.3402/tellusa.v54i5.12164

O’Neel S and 8 others (2019) Reanalysis of the US Geological Survey bench-
mark glaciers: long-term insight into climate forcing of glacier mass bal-
ance. Journal of Glaciology 65(253), 850–866. doi:10.1017/jog.2019.66

Parkes D and Marzeion B (2018) Twentieth-century contribution to sea-level
rise from uncharted glaciers. Nature 563(7732), 551–554. doi:10.1038/
s41586-018-0687-9

Pettersson R, Jansson P and Holmlund P (2003) Cold surface layer thinning
on Storglaciären, Sweden, observed by repeated ground penetrating radar
surveys. Journal of Geophysical Research: Earth Surface 108(F1), 6004.
doi: 10.1029/2003JF000024.

Pramanik A, Kohler J, Schuler TV, Van Pelt W and Cohen L (2019)
Comparison of snow accumulation events on two high arctic glaciers to
model-derived and observed precipitation. Polar Research 38(3364). doi:
10.33265/polar.v38.3364.

Rasmussen R and 9 others (2012) How well are we measuring snow: the
NOAA/FAA/NCAR winter precipitation test bed. Bulletin of the
American Meteorological Society 93(6), 811–829. doi:10.1175/BAMS-
D-11-00052.1

Reijmer CH and Hock R (2008) Internal accumulation on Storglaciären,
Sweden, in a multi-layer snow model coupled to a distributed energy-and
mass-balance model. Journal of Glaciology 54(184), 61–72. doi:10.3189/
002214308784409161

Roth A and 5 others (2018) Modeling winter precipitation over the Juneau
Icefield, Alaska, using a linear model of orographic precipitation.
Frontiers in Earth Science 6, 20. doi:10.3389/feart.2018.00020

Schirmer M, Wirz V, Clifton A and Lehning M (2011) Persistence in
intra-annual snow depth distribution: 1. Measurements and topographic
control. Water Resources Research 47(9), W09516. doi: 10.1029/
2010WR009426.

Schneider T and Jansson P (2004) Internal accumulation in firn and its sig-
nificance for the mass balance of Storglaciären, Sweden. Journal of
Glaciology 50(168), 25–34. doi:10.3189/172756504781830277

Schytt V (1965) Notes on glaciological activities in Kebnekaise, Sweden during
1964. Geografiska Annaler: Series A, Physical Geography 47(1), 65–71.
doi:10.1080/04353676.1965.11879714

SMHI (2020a) Swedish Meteorological and Hydrological Institute,
Meteorological Data from Katterjåkk. https://www.smhi.se/data/utforska-
ren-oppna-data/, last accessed on 2021-03-12.

SMHI (2020b) Swedish Meteorological and Hydrological Institute
Meteorological Data from Nikkaluokta. https://www.smhi.se/data/utforska-
ren-oppna-data/, last accessed on 2021-02-26.

SMHI (2020c) Swedish Meteorological and Hydrological Institute
Meteorological Data from Tarfala. https://www.smhi.se/data/utforskaren-
oppna-data/, last accessed on 2021-02-26.

Turchaninova A and 8 others (2019) Methods of snow avalanche nourish-
ment assessment (on the example of three Tian Shan glaciers). Ice and
Snow 59, 460–474. doi:10.15356/2076-6734-2019-4-438

Turchaninova A and 5 others (2020) Non-climatic factors affecting glacier
mass balance (on the example of avalanche nourishment). In EGU
General Assembly Conference Abstracts, 18937.

van Kampenhout L and 6 others (2017) Improving the representation of polar
snow and firn in the community earth system model. Journal of Advances in
Modeling Earth Systems 9(7), 2583–2600. doi:10.1002/2017MS000988

van Pelt W and 5 others (2012) Simulating melt, runoff and refreezing on
Nordenskiöldbreen, Svalbard, using a coupled snow and energy balance
model. The Cryosphere 6(3), 641–659. doi:10.5194/tc-6-641-2012

van Pelt WJ and 5 others (2014) Inverse estimation of snow accumulation
along a radar transect on Nordenskiöldbreen, Svalbard. Journal of
Geophysical Research: Earth Surface 119(4), 816–835. doi:10.1002/
2013JF003040

van Pelt W and 10 others (2019) A long-term dataset of climatic mass bal-
ance, snow conditions, and runoff in Svalbard (1957–2018). The
Cryosphere 13(9), 2259–2280. doi:10.5194/tc-13-2259-2019

van Pelt WJ, Schuler TV, Pohjola VA and Pettersson R (2021) Accelerating
future mass loss of Svalbard glaciers from a multi-model ensemble. Journal
of Glaciology 67(263), 1–15. doi:10.1017/jog.2021.2

Vionnet V and 5 others (2017) High-resolution large eddy simulation of snow
accumulation in alpine terrain. Journal of Geophysical Research:
Atmospheres 122(20), 11–005. doi:10.1002/2017JD026947

Vionnet V and 7 others (2021) Multi-scale snowdrift-permitting modelling of
mountain snowpack. The Cryosphere 15(2), 743–769. doi:10.5194/
tc-15-743-2021

Vore ME, Bartholomaus TC, Winberry JP, Walter JI and Amundson JM
(2019) Seismic tremor reveals spatial organization and temporal changes
of subglacial water system. Journal of Geophysical Research: Earth Surface
124(2), 427–446. doi:10.1029/2018JF004819

Winstral A, Elder K and Davis RE (2002) Spatial snow modeling of
wind-redistributed snow using terrain-based parameters. Journal of
Hydrometeorology 3(5), 524–538.

Winstral A and Marks D (2014) Long-term snow distribution observations in
a mountain catchment: assessing variability, time stability, and the repre-
sentativeness of an index site. Water Resources Research 50(1), 293–305.
doi:10.1002/2012WR013038

Xue M, Droegemeier KK and Wong V (2000) The Advanced Regional
Prediction System (ARPS) – a multi-scale nonhydrostatic atmospheric simula-
tionandpredictionmodel. Part I:model dynamics andverification.Meteorology
and Atmospheric Physics 75(3), 161–193. doi:10.1007/s007030070003

Zemp M and 6 others (2010) Reanalysis of multi-temporal aerial images of
Storglaciären, Sweden (1959–99) – part 2: comparison of glaciological
and volumetric mass balances. The Cryosphere 4(3), 345–357. doi:10.
5194/tc-4-345-2010

Zemp M and 6 others (2013) Reanalysing glacier mass balance measurement
series. The Cryosphere 7(4), 1227–1245. doi:10.5194/tc-7-1227-2013

Zemp M, Hoelzle M and Haeberli W (2009) Six decades of glacier mass-
balance observations: a review of the worldwide monitoring network.
Annals of Glaciology 50(50), 101–111. doi:10.3189/172756409787769591

Journal of Glaciology 13

https://doi.org/10.1017/jog.2022.96 Published online by Cambridge University Press

https://doi.org/10.1029/2019WR025307
https://doi.org/10.1002/2015JF003539
https://doi.org/10.5194/tc-12-3617-2018
https://doi.org/10.5194/tc-12-3617-2018
https://doi.org/10.5194/tc-12-3617-2018
https://doi.org/10.5194/tc-12-3617-2018
https://doi.org/10.1080/17445647.2015.1131754
https://doi.org/10.1080/17445647.2015.1131754
https://doi.org/10.1002/2013JD019880
https://doi.org/10.5194/tc-13-1247-2019
https://doi.org/10.5194/tc-13-1247-2019
https://doi.org/10.5194/tc-13-1247-2019
https://doi.org/10.5194/tc-13-1247-2019
https://doi.org/10.1175/2010JHM1216.1
https://doi.org/10.5194/tc-4-545-2010
https://doi.org/10.5194/tc-4-545-2010
https://doi.org/10.5194/tc-4-545-2010
https://doi.org/10.5194/tc-4-545-2010
https://doi.org/10.3389/feart.2018.00197
https://doi.org/10.3402/tellusa.v54i5.12164
https://doi.org/10.1017/jog.2019.66
https://doi.org/10.1038/s41586-018-0687-9
https://doi.org/10.1038/s41586-018-0687-9
https://doi.org/10.1038/s41586-018-0687-9
https://doi.org/10.1038/s41586-018-0687-9
https://doi.org/10.1038/s41586-018-0687-9
https://doi.org/10.1029/2003JF000024
https://doi.org/10.33265/polar.v38.3364
https://doi.org/10.1175/BAMS-D-11-00052.1
https://doi.org/10.1175/BAMS-D-11-00052.1
https://doi.org/10.1175/BAMS-D-11-00052.1
https://doi.org/10.1175/BAMS-D-11-00052.1
https://doi.org/10.3189/002214308784409161
https://doi.org/10.3189/002214308784409161
https://doi.org/10.3389/feart.2018.00020
https://doi.org/10.1029/2010WR009426
https://doi.org/10.1029/2010WR009426
https://doi.org/10.3189/172756504781830277
https://doi.org/10.1080/04353676.1965.11879714
https://www.smhi.se/data/utforskaren-oppna-data/
https://www.smhi.se/data/utforskaren-oppna-data/
https://www.smhi.se/data/utforskaren-oppna-data/
https://www.smhi.se/data/utforskaren-oppna-data/
https://www.smhi.se/data/utforskaren-oppna-data/
https://www.smhi.se/data/utforskaren-oppna-data/
https://www.smhi.se/data/utforskaren-oppna-data/
https://www.smhi.se/data/utforskaren-oppna-data/
https://www.smhi.se/data/utforskaren-oppna-data/
https://doi.org/10.15356/2076-6734-2019-4-438
https://doi.org/10.15356/2076-6734-2019-4-438
https://doi.org/10.15356/2076-6734-2019-4-438
https://doi.org/10.15356/2076-6734-2019-4-438
https://doi.org/10.15356/2076-6734-2019-4-438
https://doi.org/10.1002/2017MS000988
https://doi.org/10.5194/tc-6-641-2012
https://doi.org/10.5194/tc-6-641-2012
https://doi.org/10.5194/tc-6-641-2012
https://doi.org/10.5194/tc-6-641-2012
https://doi.org/10.1002/2013JF003040
https://doi.org/10.1002/2013JF003040
https://doi.org/10.5194/tc-13-2259-2019
https://doi.org/10.5194/tc-13-2259-2019
https://doi.org/10.5194/tc-13-2259-2019
https://doi.org/10.5194/tc-13-2259-2019
https://doi.org/10.1017/jog.2021.2
https://doi.org/10.1002/2017JD026947
https://doi.org/10.5194/tc-15-743-2021
https://doi.org/10.5194/tc-15-743-2021
https://doi.org/10.5194/tc-15-743-2021
https://doi.org/10.5194/tc-15-743-2021
https://doi.org/10.5194/tc-15-743-2021
https://doi.org/10.1029/2018JF004819
https://doi.org/10.1002/2012WR013038
https://doi.org/10.1007/s007030070003
https://doi.org/10.5194/tc-4-345-2010
https://doi.org/10.5194/tc-4-345-2010
https://doi.org/10.5194/tc-4-345-2010
https://doi.org/10.5194/tc-4-345-2010
https://doi.org/10.5194/tc-4-345-2010
https://doi.org/10.5194/tc-7-1227-2013
https://doi.org/10.5194/tc-7-1227-2013
https://doi.org/10.5194/tc-7-1227-2013
https://doi.org/10.5194/tc-7-1227-2013
https://doi.org/10.3189/172756409787769591
https://doi.org/10.1017/jog.2022.96

	Spatial variability in winter mass balance on Storglaci&auml;ren modelled with a terrain-based approach
	Introduction
	Study area
	Data
	Digital elevation model
	Meteorological data
	Mass-balance measurements

	Model set-up
	Energy-balance firn model
	Wind-driven snow transport model
	Gravitational snow transport model
	Numerical approach

	Results
	Parameter sensitivity
	Model calibration
	Model validation
	Processes contributing to accumulation
	Snowfall
	Wind-driven snow transport
	Gravitational transport


	Discussion
	Uncertainty in terrain-based accumulation modelling
	Data uncertainties
	Calibration uncertainties
	Model uncertainties

	Future applications

	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


