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ABSTRACT

A re-analysis is presented here of a 10-year mass balance series at Findelengletscher, a
temperate mountain glacier in Switzerland. Calculating glacier-wide mass balance from the set of
glaciological point balance observations using conventional approaches, such as the profile or
contour method, resulted in significant deviations from the reference value given by the geodetic
mass change over a five-year period. This is attributed to the sparsity of observations at high
elevations and to the inability of the evaluation schemes to adequately estimate accumulation
in unmeasured areas. However, measurements of winter mass balance were available for large
parts of the study period from snow probings and density pits. Complementary surveys by
helicopter-borne ground-penetrating radar (GPR) were conducted in three consecutive years.
The complete set of seasonal observations was assimilated using a distributed mass balance
model. This model-based extrapolation revealed a substantial mass loss at Findelengletscher
of —0.43mw.e.a~ ! between 2004 and 2014, while the loss was less pronounced for its former
tributary, Adlergletscher (—0.30 m w.e. a~!). For both glaciers, the resulting time series were within
the uncertainty bounds of the geodetic mass change. We show that the model benefited strongly
from the ability to integrate seasonal observations. If no winter mass balance measurements
were available and snow cover was represented by a linear precipitation gradient, the geodetic
mass balance was not matched. If winter balance measurements by snow probings and snow
density pits were taken into account, the model performance was substantially improved but still
showed a significant bias relative to the geodetic mass change. Thus the excellent agreement




Sold et al. Mass balance re-analysis of Findelengletscher

of the model-based extrapolation with the geodetic mass change was owed to an adequate
representation of winter accumulation distribution by means of extensive GPR measurements.

Keywords: Glacier mass balance; mass balance modelling; snow accumulation; ground-penetrating radar

1 INTRODUCTION

Glacier mass balance is being monitored around the world to investigate and understand glacier response
to climatic change (WGMS| 2013; Zemp et al., 2015). Conventional glaciological measurements provide
in-situ observations of annual mass balance (e.g., Kaser et al.,[2003; Zemp et al.,|2013). When surveyed
at the end of the hydrological year, ablation can be derived from measurements at stakes while snow pits
provide accumulation (@Dstrem and Brugman, |1991)). Extrapolating these point observations by means of
the contour line method (@strem and Brugman, |1991)) or the profile method (Escher-Vetter et al., [2009),
allows glacier-wide mass changes to be calculated in a straightforward manner. However, these approaches
require a dense spatial coverage of observations that can only be achieved through maintenance of extensive
networks of stakes and snow pits. Because the spatial variability of winter accumulation, by contrast, can
be assessed more efficiently through snow probings, monitoring programs can be enhanced by treating the
seasonal components of mass balance separately. To integrate the information contained in winter balance
measurements, the evaluation scheme must resolve the temporal evolution of mass balance. This can be
achieved through modeling approaches that explicitly compute ablation and accumulation and allow for a
process-based integration of measurements (Hock and Holmgren, 2005; Machguth et al., 2006b; Reijmer
and Hock, 2008} Huss et al., 2009} van Pelt and Kohler], 2015)).

Alternatively, glacier mass changes can be derived using geodetic methods. These compare consecutive
surveys of the glacier surface and aim at transferring volume change measurements to mass balance. Data
sources encompass spaceborne, airborne, and terrestrial application of ranging sensors, such as LIDAR
(light detection and ranging), as well as photogrammetry and the analysis of historical maps (e.g.,|Bamber
and Rivera, 2007)). Geodetic approaches are capable of determining elevation changes in a glacier surface
with high precision. Airborne and terrestrial LiDAR surveys, for instance, often have error margins in the
order of a few centimeters (Joerg and Zemp, 2014)). By analyzing mean annual glacier surface elevation
changes over longer periods of several years or decades, the sensitivity to errors can be further reduced
(Kaser et al., 2003). However, the conversion of volume change to mass change requires an estimate
of the material density, which is a challenging task (Bader, |1954; Sapiano et al., [1998; Huss, 2013).
Generic differences between the geodetic and glaciological mass balance arise from subsurface processes.
Conventional readings at stakes and snow pits do not capture basal and internal accumulation and ablation
and are, thus, referred to as glaciological measurements of surface mass balance. In order to enable the
glaciological and geodetic methods to be compared, an estimate must be made of the internal and basal

mass balance components (Zemp et al.,|[2013).
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The comparison between mass changes obtained from glaciological measurements and the geodetic
method has been studied extensively (Cox and March, [2004; Thibert et al., 2008} |Cogley, 2009; Thibert
and Vincent, |2009; [Fischer, 2011). For Findelengletscher, a 13 km? temperate valley glacier in Switzerland,
the glaciological measurement series, evaluated using the contour line method (WGMS| 2013), show a
considerable positive deviation from the geodetic mass change (Joerg et al., 2012). Similar disagreement is
inherent in many glacier monitoring programs around the globe (e.g., Huss et al., [2009; Zemp et al., 2013)).
We suggest that a correct reproduction of glacier-wide surface mass balance requires an evaluation scheme
to resolve the accumulation distribution. However, snow accumulation patterns are highly variable in space
and time, due to variations in the amount of solid precipitation, the preferential deposition of snow, and the
redistribution by wind and avalanching (Lehning et al., 2008; Dadic et al., 2010; |Griinewald et al., 2010).
Thus the sparsity of accumulation measurements can be a major source of uncertainty in the glaciologically
derived glacier-wide mass balance (Funk et al., 1997} [Fountain and Vecchial, [1999). This could be improved
by including extensive measurements of winter mass balance, assimilated into a mass balance model to
derive the temporal evolution of accumulation and ablation. Previous studies suggest that such extensive
winter balance observations can be obtained, for instance, by helicopter-borne ground-penetrating radar
in addition to conventional snow probings and density pits (Machguth et al., 2006a; Sold et al., |2013};
Gusmeroli et al., [2014; McGrath et al., 2015]).

In this study we compare different approaches used to derive 10 years of glacier-wide mass balance
from measurements at Findelengletscher. Firstly, we apply different interpolation techniques to the annual
point mass balance measurements, directly providing the annual glacier surface mass balance. Secondly,
to investigate the effect of including seasonal measurements, we use the complete set of available data to
constrain a distributed mass balance model. Extensive measurements of snow accumulation distribution
acquired over three years by means of helicopter-borne GPR provide the accumulation pattern for the entire
period. We demonstrate that integrating snow depth measurements can dramatically improve the quality of

the calculated glacier-wide surface mass balance.

2 STUDY SITE AND DATA

Findelengletscher extends over an altitude interval from 2600 to 3900 m a.s.l. and its surface is predominan-
tly exposed to the north-west. Being situated directly at the main Alpine divide (Fig. [I), its accumulation
characteristics are strongly determined by the synoptic weather conditions, dominated by north-western
and southern influences. Although located only a few kilometers north of the main divide, its former
northern tributary Adlergletscher (2.0 km?, 3100-3900 m a.s.1.) receives substantially less accumulation
(Machguth et al., 2006a). While Adlergletscher shows rather slow surface velocities of about 5 m a~ L,

Findelengletscher reveals considerable ice dynamics that involve typical velocities of 30-50ma .

Since the late 1970s, Findelengletscher has been the object of glaciological studies, ranging from glacial
hydrology and runoff (Collins, |1979; Iken and Bindschadler, 1986)) to the development of methods for
mass balance determination (e.g., Machguth et al., [2006a; Huss et al., 2013} Sold et al., [2015). The good
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Figure 1. Map of Findelengletscher and Adlergletscher showing the locations of the glaciological mass balance
measurements in 2014 as well as the mean equilibrium line altitude (ELA) and the annual glacier outlines for the

period studied.

availability of ancillary data makes this a suitable site for modeling studies as well as for the validation of
new measurement techniques (Joerg et al., 2012; Huss et al., 2014)). In 2004, a network of ablation stakes
and accumulation measurements was set up, providing the first readings at the end of the hydrological
year in 2004/05 (Machguth, [2008}; (Glaciological Reports| 2011-2015)) (Fig. [I)). In 2009, the goal of the
monitoring program was redefined towards establishing a long-term series. Accordingly, the observational
network was extended to 11-13 ablation stakes, 1-2 snow density pits and semi-annual measurements (Fig.
2). Summer mass balance was obtained around the end of September (Table[I]). Ablation stakes consisted
of 2m long PVC tubes which were connected flexibly by short chains. The stakes were placed in the ice by
means of a steam drill. When melted out, they were re-positioned to their original location to account for ice
flow. Readings were taken as the change in the length of the exposed section. Accumulation was measured
at snow pits dug down to a sawdust reference horizon marking the preceding summer surface. The locations
of the snow pits were marked permanently by aluminum stakes. The bulk density of snow was determined
gravimetrically for each snow pit. Snow probings in the accumulation area were not conducted as part of
the summer mass balance surveys because an unambiguous detection of the preceding summer surface in
the firn was hampered by melt-refreezing cycles during summer that alter the snow pack structure (Sold
et al.| [2015).

Winter mass balance had been measured regularly in April or May since 2009, and consisted of several

hundred snow probings and numerous snow density pits at the stake locations across the glacier (Table
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Figure 2. Readings (dots) and measurement periods (lines) of the annual point balance measurements on

Findelengletscher and Adlergletscher sorted by elevation such that highest elevation is at the top of the figure.

[I). Two or three snow probings were taken within a few meters’ radius to identify and isolate outliers.
Snow probings were not performed along a regular grid but followed the paths of the observers while
moving from different starting points at the top of the glacier down to the tongue. In the accumulation area
the boundary between snow and firn typically was defined by an ice lens that allowed for unambiguous

detection by means of a probe.

A smaller measurement program, consisting of 2—5 ablation stakes, was established on Adlergletscher
(Fig. [I) in 2005. Since then, summer and winter mass balance have been measured in parallel with

Findelengletscher.

Ground-penetrating radar (GPR) surveys took place in spring 2012 to 2014 provide snow depth estimates
along regular 500 x 500 m grid lines covering both glaciers (Sold et al., 2015). In 2005 and 2010 additional
surveys were conducted along arbitrary profile lines (Machguth et al., 2006a; |Sold et al., [2013)). Different
systems with central frequencies of 400 MHz and 500 MHz were deployed from a helicopter with a flying
speed of 5-20m s~ ! and from about 10 m above the ground. Along with their position in a Differential
Global Positioning System, 10 to 50 GPR traces were recorded per second at a sampling interval of
0.20-0.31 - 10~ s (Table[2).

Digital elevation models (DEMs) obtained from airborne laser scanning of the glacier surface are available
for autumn 2005, 2009, and 2010. A detailed description of the airborne acquisition, geo-referencing, point
cloud interpolation, and generation of the 1 x 1m grid is given by Joerg et al. (2012) together with a

detailed uncertainty assessment. For the present study, the DEMs were resampled to 25 x 25 m grids.

Glacier outlines were digitized on annual 0.25-0.5 m resolution orthophotos (Swiss Federal Office of
Topography). These were not available for the years 2008 and 2011 and the outlines were updated using

panchromatic Landsat 7 imagery.
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Table 1. Dates of the annual and winter mass balance measurements on Findelengletscher and the respective number

of stakes, snow pits, and probings (values for Adlergletscher in parentheses).

Annual mass balance

Winter mass balance

Year Date Stakes Snow pits Date Probings Snow pits
2005* 170ct 8 (-) 1 6-7May 19(-) 20 (-)
2006 110ct 10(3) 2 - -

2007 80ct 11(3) 1 - -

2008  120ct 12 (3) 1 - -

2009*  60ct 9(2) 1 14-15 Apr 207 (26) 2(-)
2010 29Sep 12(3) 1 10-11 Apr 415 (62) 12 (1)
2011 29Sep 13(3) 1 11 Apr 339 (39) 7
2012 20ct 15 2 3May 443 (63) 9(1)
2013 25Sep 14 (4) 2 18 Apr 679 (58) 10 (=)
2014 27Sep 14(5) 2 9 Apr 283 (38) 5

(*) Digital elevation model available

Table 2. Date, length, signal frequency (f), sampling rate (s), average trace spacing (d), and number of measured

traces per second (t) of the GPR measurements of snow accumulation distribution on Findelengletscher (FIN) and

Adlergletscher (ADL).
Year Date Length FIN ADL f S d t
2005 9May  8.1km™ 19km S500MHz 020ns 0.6m 10s~!
2010 11 April  10.6km) - 500MHz 0.20ns 1.0m 10s~!
2012  3May 450km® 35km 400MHz 024ns 0.3m 50s~!
2013 18 April  40.5km® 35km 400MHz 0.31ns 0.3m 50s~!
2014 9 April  50.1km® 4.6km 400MHz 0.32ns 04m 50s

(1) Arbitrary profile lines, (2) Regular 500 x 500 m grid lines

Daily air temperature and precipitation data were obtained from an automatic weather station at Zermatt,
located at 1638 m a.s.l., 6 km distance from the glacier tongue. Wind speed and direction were provided
by the station at Gornergrat (3129 m a.s.l., 4.7 km distance). Furthermore, daily precipitation, obtained

by interpolation of station data to a grid of about 2 km resolution, was available from the RhiresD dataset

(MeteoSwiss,, |2013)). These data were used in only one sensitivity test.

This is a provisional file, not the final typeset article
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3 METHODS
3.1 Glacier-wide mass change from geodetic surveys

The geodetic volume change of Findelengletscher was derived for the period 2005-2010 by differencing
two LiDAR DEMs (Joerg et al., 2012). The systematic and stochastic uncertainties of the DEMs were
assessed thoroughly by Joerg et al. (2012). Whereas the very high number of measurements on the glacier
surface rendered stochastic uncertainties negligible, systematic uncertainties influenced the calculated
volume change. Technology-related systematic errors identified by Joerg et al. (2012) canceled out as
they were similar in magnitude and direction in both LiDAR data sets. In the following, we (i) corrected
the volume change for fresh snow that was present during the LiDAR surveys, (i) converted volume to
mass change, while accounting for (iii) the mass of the fresh snow cover, (iv) the time difference between

geodetic and glaciological surveys, and (v) basal and internal mass balance components.

A systematic error in the glacier volume change arose from snowfall events that occurred before both
surveys. Distributed measurements of the fresh snow cover by means of snow probings and density pits
were used to correct the elevations of the LIDAR DEMs accordingly. In 2005, the in situ measurement
campaign took place twelve days before the LIDAR data was acquired. Consequently, the change in snow
depth between the two measuring dates had to be corrected as well. By using the available temperature
record to roughly estimate melting and compaction during that period, Joerg et al.|(2012) derived a mean
snow depth of 0.47 m at the survey date. In 2010, snow depth measurements were taken on the same day
as the LiDAR survey and linear regression of the probings with elevation yielded a mean snow depth of
0.20 m (Joerg et al., 2012). We estimated the related uncertainties in mean snow depth to be £0.24 m and
40.1 m, respectively. The difference in snow volume for the two surveys was subtracted from the total

glacier volume change.

To convert volume to mass change, we have evaluated changes in firn thickness and density over time
for Findelengletscher according to the method proposed by |[Huss| (2013). By forcing this model with
surface mass balance distribution over the last decades (Huss, 2010) and comparing calculated volume and
mass change over the 2005-2010 period, we find a bulk volume-to-mass conversion factor of 860 kg m 3.
The uncertainty in bulk density was estimated as +60kg m~3 (Huss, 2013). To subsequently compare
the geodetic with the direct glaciological mass balance, the fresh snow cover that was present at the

3 and

LiDAR survey dates was converted to mass using roughly estimated densities of 270 £ 50 kg m™
300 + 50 kgm~3 for 2005 and 2010, respectively. The time difference of 12 days to the glaciological
measurements in 2005 was accounted for by subtracting a mass change of —0.10 m w.e. (water equivalent)

in that period, derived by modeling as described below.

To allow for a direct comparison of geodetic and glaciological mass balance measurements, internal
and basal ablation and accumulation were subtracted from the total geodetic mass change. This involved
(i) internal accumulation by refreezing of meltwater or precipitation below the previous summer surface,

because refreezing within the annual accumulation layer was covered by the glaciological measurements;
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and (ii) basal ablation from the geothermal heat flux and heating by strain and basal friction. Refreezing
was assessed by using heat conduction in snow and firn to model end-of-winter temperature profiles (Pfeffer
et al.,|1991). The one-dimensional model was applied to each grid cell in the accumulation area and for
discrete layers of 0.1 m thickness. For the sake of simplicity, the available daily air temperature record was
used as input. To obtain the depth-dependent thermal conductivity for each grid cell, density was estimated
using a simple densification model (Herron and Langway, |1980), coupled with the mass balance model
described below. It was calibrated with a set of 19 firn cores from temperate and polythermal mountain
glaciers and ice caps in the European Alps, western and Arctic Canada, Central Asia, Patagonia, and
Svalbard (Huss, |2013). Because of the temperate nature of Findelengletscher we assumed that subfreezing
temperatures were entirely compensated for by refreezing. On the glacier-wide average, refreezing below
last year’s surface accounts for 0.007 m w.e. a~!. Basal ablation by the geothermal heat flux was calculated
using the latent heat of fusion and an estimate of the flux of 0.05 W m~2 (Medici and Rybach, [1995)).
Based on typical values for ice thickness, bedrock slope, and flow velocity of Findelengletscher, heating
from strain and basal friction was estimated by complete dissipation of the potential energy released
by gravitational ice flow. Together these internal and basal processes account for a mass balance of

—0.014mw.e.a 1.

3.2 Glacier-wide mass change from conventional glaciological methods

Point observations of annual ablation were converted to water equivalent using 900 kg m~ as the density
of ice. The measured densities were used for the accumulation measurements at snow pits. If multiple
readings for a snow pit were available, their mean value was taken. The standard deviation from repeat
measurements was 21 kg m 3. The mean density averaged over all years was 501 + 50kgm™ (n = 14).
To obtain winter mass balance, we interpolated density measurements of the individual season to convert
probed snow depth to water equivalent. During the 10-year period snow densities showed neither clear
spatial or altitudinal trends, nor a robust relation with snow depth. For this reason, the mean density within

elevation zones was used.

We applied three common approaches in order to estimate the glacier-wide surface mass balance of
Findelengletscher from the annual mass balance measurements: (1) The profile method is based on the
assumption that mass balance is a function of elevation alone. We fitted a linear model function to the
annual sets of measurements using generalized least squares. In order to derive mass balance at elevations
above the uppermost measurements, different elevational gradients were used. Aside from a continuation
of the linear model, a constant ceiling value and an inverted gradient were implemented (Escher-Vetter

et al., 2009). Application of the model functions to the glacier DEM then provided total mass changes.

(2) The contour line method is based on drawing contours of mass balance, while taking into account
the surface mass balance measurements, elevation, terrain characteristics, and expert knowledge such as
knowing the position of the snowline (Astrem and Brugman, 1991} Escher-Vetter et al., 2009). We drew

contours at 1 m w.e. intervals and mass balance was assumed to be constant within each band. Spatial
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integration over the surface provided the glacier-wide mass balance. For the balance year 2009/10, a total
of 18 repeat evaluations was available that was generated by students in a lab course. This was used to

assess a first order estimate of the uncertainty introduced by the manual drawing of contour lines.

(3) Alternatively, we used quadratic inverse distance weighting to interpolate the point observations to
the 25 x 25 m grid given by the DEMs.

3.3 Glacier-wide mass change from model-based extrapolation

We applied a mass balance modeling scheme to assimilate the full set of seasonal mass balance observa-
tions. The numerical model operates at daily time steps, accounting for accumulation and ablation, and
has been successfully applied previously to derive glacier mass balance (Huss et al., 2009; |Kronenberg
et al.,[2016). It is described in detail in Huss|(2010). The ablation routine is based on a temperature-index
approach that additionally accounts for variations in the potential incoming solar radiation (Hockl [1999).
Daily melt M is computed as

M= (fm+r-1T, T >0°C M

0, T <0°C

where fy is a melt factor (md~' K~1), T is air temperature, and I potential solar radiation. A radiation
factor » (m3 W~ d=1 K1) controls the relative importance of incoming solar radiation compared to the
temperature index. It was set separately for snow and ice to account for a different sensitivity to processes
that govern surface melt, e.g., due to a different surface albedo. Distributed temperature 7" was derived
from the daily mean air temperature measured in Zermatt, which was first extrapolated to the median
glacier elevation using monthly temperature gradients derived from surrounding meteorological stations
and was then distributed across the glacier surface using a lapse rate d7'/dz. Surface elevation was taken
from the most recent DEM of 2005, 2009, or 2010.

Measured precipitation /> was scaled by a correction factor cprec to account for systematic under-catch of
the station (e.g.,Neff], [1977) and its location at the valley bottom at 1638 m a.s.1.. A threshold of 7" = 1.5°C
with a linear transition range of the rain-snow fraction between 0.5 and 2.5 °C separated solid from liquid
precipitation (Hockl [1999). To derive accumulation, solid precipitation was distributed using a spatial snow
distribution multiplier Dgyow (Tarboton et al., |1995; Farinotti et al., [ 2010):

C(xo,t) = P(t) - Cprec Dgnow(0) , 2)

where C' is accumulation at location xg and time ¢. The sum of accumulation and melt provided the
evolution of the snow cover that was used to set the glacier surface type (ice / snow). In order to derive
realistic accumulation patterns, the interpolated snow depth distribution, normalized to a mean value of 1,
was used as the multiplier Dgpow. Thus measured snow depth was not a direct input variable to the model
but served as reference for the calibration of the precipitation correction. If Doy Was set accordingly,
point observations of winter mass balance were matched exactly, despite small amounts of melting during

the winter that alter modeled accumulation. In this study we ran the model using various realizations of
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snow accumulation distribution based on different sets of point observations (see below). For years with no
observations available (2006-2008) a mean normalized distribution was used, scaled by a non-calibrated

prescribed precipitation correction Cprec.

We aimed at calibrating the model with all available measurements to obtain a consistent and homogene-
ous time series of mass balance for the period 2004/05 to 2013/14. The parameter values to define were
JM> Tsnows Tices Cprec, and dT’/dz. In years with observations of snow accumulation, Cprec Was chosen so
that the modeled winter accumulation at the measurement locations matched the observations. Then fy,
Tsnow»> and rice were adjusted iteratively by minimizing the root-mean-square error (RMSE) with in-situ
observations of annual mass balance while keeping their proportions constant. However, a straightforward
calibration of the remaining parameters and proportions is difficult and not robust because the parameters
counteract each other. Most importantly, changes in the temperature lapse rate can be countered by a
different ratio of r¢yow and 7ice, While their absolute value could to some degree compensate for changes in
/M. Thus minimum RMSEs could be achieved with a variety of parameter combinations that can be outside
a physically reasonable range and yield different mass balance estimates. By additionally considering
surface characteristics at the stake locations and their distribution across the glacier, we manually adjusted
the following parameters on an annual basis in order to obtain an optimal fit to the in-situ mass balance
measurements: d7'/dz, the ratios rsow /Tice and 7ice/ fm, and Cprec 10 years without snow accumulation

measurements.
3.4 Seasonal accumulation measurements from helicopter-borne GPR

Internal reflection horizons (IRH) in GPR data are induced at boundaries in dielectric material properties
(Ulriksen, 1982)). In the context of accumulation measurements, such changes are driven by contrasting
material densities between snow, firn, and ice (Plewes and Hubbard, 2001). To extract snow depth from
airborne GPR data we aimed at locating the IRHs corresponding to the snow surface, the snow-ice, or
the snow-firn boundary. To reduce noise and to improve the contrast of IRHs, numerous processing
techniques have been developed, many of which are inherited from different geophysical methods such
as seismic reflection surveys (Daniels| 2004). However, no universally valid processing scheme exists, as
the characteristics of GPR data strongly depend on the survey design and the properties of the subsurface
material (Ulriksen, [1982). Here we applied a scheme that was previously used to process airborne GPR
data in the context of snow depth measurements (Sold et al.,|2013)). The scheme consists of a frequency
bandpass filter, background removal, gain function, and spatial interpolation to match the mean trace
spacing and to account for variations in the flying speed of the helicopter. The IRH corresponding to the
snow surface could then be digitized semi-automatically using a phase-following tool in the processing
software (Reflexw, Sandmeier Scientific Software). In the ablation area the bottom of the snow pack was
represented by a pronounced change in density at the snow-ice boundary, generating a strong IRH. In the
accumulation area, however, the contrast in the densities of snow and underlying firn was smaller and

multiple layers of firn were detected (Sold et al., | 2015)). Thus a careful interpretation of the GPR data was
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required to avoid misinterpretation of IRHs. The bottom of the snow pack was digitized manually, as the

roughness of the underlying ice or firn surface impeded semi-automatic tracking.

The difference in GPR signal travel time between the IRH of the snow surface and the lower boundary
could not be extracted from about 10 % of total measured data, mostly due to crevasses. The travel time
was converted to depth using an empirical relation with dry-snow density (Frolov and Macheret, |1999)). In
line with the conventional glaciological measurements of winter mass balance, the elevation-zone based
extrapolation of snow density was used. While doing this, we assumed liquid water within the snow pack
to be negligible. This is supported by direct observations in the snow density pits and sporadic temperature
measurements at the pit walls in spring 2013 and 2014 that, aside from the uppermost centimeters, generally

revealed subfreezing snow temperatures with exception of the lowermost ~10 % of the glacier surface (see

Sec.[5.4).

3.5 Generalizing show accumulation distribution

We derived a set of snow accumulation grids from the available measurements to constrain accumulation
in the mass balance model. This involved annual grids for Dgyow (Eq. [2) obtained from (i) the conventional

annual snow probings in spring 2009-2014 and (ii) the GPR measurements in spring 2012-2014.

The snow probings taken during winter surveys were interpolated using inverse-distance weighting with
a search radius of 400 m. If the search radius contained less than three measurements, it was increased
stepwise until a sufficient number of points was reached. Small-scale variability was overlain using an index
based on curvature evaluated within a radius of 150 m around each grid cell. Cells with concave (convex)
surfaces were attributed higher (lower) accumulation using a linear relation with curvature. Furthermore,
snow depth was decreased linearly for steep slopes of between 40 and 60°, and was set at zero above the
latter threshold (Huss et al., 2008)). Though they were minimal across most of the glacier surface, these
adjustments were important for yielding realistic snow depths in regions prone to avalanching and wind

erosion.

The GPR measurements provided snow accumulation along linear profiles of about 500 m spacing. Along
the profiles, however, the spatial resolution was higher and an interpolation scheme should be able to utilize
this information to fill the gaps between profiles. Because snow accumulation reveals trends in the mean
accumulation, e.g., with elevation, and differences in the variability, such as through higher wind speeds
at higher elevations (Helfricht et al., 2014), it must be considered a non-stationary process. To take this
into account we applied geographically weighted regression (GWR) that allowed for spatial variations
in the influence of the explaining variables (Brunsdon et al., 1996} Fotheringham et al., [1998]). To avoid
effects of subgrid variability, GPR measurements were aggregated to a 25 m spacing beforehand. The
interpolation was applied after conversion from snow depth to water equivalent using the interpolated

measured densities. For a given location x(, the snow accumulation s was derived by multiple linear
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regression with independent variables c¢; so that

n
s(x0) = Bo(xo) + Y _ Bilwo) - ci(xo), 3)
i=1
where 7 is the number of independent variables. The regression coefficients 3y, ... ,, were estimated for each
location z( by least squares from the set of weighted GPR measurements. The weights were obtained from

a Gaussian weighting function as
w;(wo) = exp(—d(zo, z;)* - 17%), )

where 0 < w; < 1 are the weights of the j = 1, ..., m GPR measurements, d the distance function and [
a range parameter. Observations where d > V3.0-12 and, thus, w; < 0.05 were omitted. Elevation was
chosen as an independent variable in order to respect the general altitudinal trend. In addition, we tested
the interpolation performance using several terrain-based indices as a second independent variable. This
comprised (1) curvature, computed following (Zevenbergen and Thornel [1987). Different spatial ‘scales’
(25m, 50m, 75 m, 125 m, 250 m) of curvature were obtained by scaling of the 3 x 3 kernel (i.e. 25 m
scale) to the respective size on the 25 x 25m DEM grid. (2) A high-pass filter, implemented on the same
set of scales by subtracting the Gaussian-weighted (Eq. 4) kernel average from the DEM. (3) Winstral’s .S,
(Winstral et al., 2002) was derived with a maximum search radius of 1000 m for the main wind direction
(SE), measured at the Gornergrat weather station. (4) Positive and (5) negative openness (Yokoyama et al.,
2002) were calculated as the mean of 12 equally wide directional sectors and maximum distance of 1000 m.
Each terrain index was tested on the annual sets of measurements with different settings for the range
parameter [ of 500 m, 1000 m, 1500 m, 2000 m, 2500 m (Eq. . The smallest average RMSE to the snow
probings was found as 0.28 m w.e. for the regression setup with elevation and 125 m scale curvature and a
range parameter of [ = 1000 m. For the years where GPR measurements were performed along regular
grid lines (2012, 2013, and 2014) this configuration was applied to derive the annual snow accumulation
pattern. After normalizing the extrapolated accumulation distribution to an average value of 1 over the
glacier surface, the grids were used as Dgpow in Eq. 2L For the remaining years, the three-year mean of the
normalized annual grids was computed, which can be scaled by the independent cpec in the mass balance

evaluation scheme (Eq. 2).

As an alternative to the regression approach presented here and in order to assess the sensitivity of mass
balance evaluation schemes to the interpolation method, we used inverse-distance weighting to derive a
smooth and topographically independent grid of snow accumulation. As before, Eq. 4 with [ = 1000 m
was used for the computation of weights and a mean normalized distribution grid was generated for years

in which no extensive GPR measurements were available.
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4 RESULTS
4.1 Glacier-wide mass balance

The geodetic mass change for the period 2005-2010 revealed a pronounced mass loss of —2.86 £
0.25mw.e. and —1.62 + 0.19m w.e. for Findelengletscher and Adlergletscher, respectively. Note that
these results varied slightly from Joerg et al. (2012) because of differences in the glacier outlines used for
calculating glacier-wide averages. The reported uncertainty accounts for snow cover that was present during
the Lidar surveys in 2005 and 2010, and for the density used to convert volume to mass change. For all
values reported below, the estimated basal and internal balances were subtracted from the total mass change
in order to allow for comparison with measurements of surface mass balance. For Findelengletscher and
Adlergletscher, this yielded a mean annual surface mass balance of —0.59mw.e.a~ ! and —0.34 mw.e.a~!

for the mass balance years 2005/06 to 2009/10.

The point measurements of annual mass balance (Fig.[2) showed a clear trend with altitude that was used to
extrapolate the measurements to the entire glacier (profile method). Linear regression with elevation for each
year performed excellently with a mean of R = 0.97 4+ 0.02 (p < 0.01) (Fig. . For 2005/06 to 2009/10,
corresponding to the period covered by the geodetic surveys, mean mass balance is +0.39 m w.e.a™!.
Maximum balances at highest elevations of more than +7 m w.e. a~! (2008/09) are likely unrealistic, but
cannot be verified as no direct observations are available. The elevational trends are dominated by ablation
and, hence, by the temperature lapse rate. Accumulation processes, by contrast, do not necessarily follow
these altitudinal trends and are underrepresented in the regression. This can be accounted for by using
cut-off values or inverting the elevational trend above a threshold elevation (Escher-Vetter et al., 2009).
Here we assumed (i) constant mass balance or (ii) decreasing balance at elevations above 3460 m a.s 1., i.e.,
the elevation of the uppermost point observation (Fig. 3). By affecting 28 % of the glacier surface, this
yielded average mass balances of (i) +0.06 mw.e.a~! and (ii) —0.08 m w.e. a~!, which is substantially

more positive than the geodetic method (Fig. @).

The contour line method takes into account expert knowledge to achieve reasonable patterns of mass
balance. The resulting glacier-wide surface mass balance of —0.36 m w.e. a~! (2005/06 to 2009/10) agrees
better with the geodetic mass change than the profile method, but likewise shows a positive bias. The set of
18 repeat evaluations for the 2009/10 balance year (Section[3.2)) yielded a standard deviation of 0.17 m w.e.,

which can be considered a rough estimate for the uncertainty arising from subjectivity in the interpretation.

Attempts to use spatial interpolation approaches that do not explicitly take into account the elevational
trend in mass balance observations did not generate reasonable results. Quadratic inverse distance weighting
converges to the mean value for large distances from observations, and thus generated positive mass balance
only in the immediate vicinity of the sparse accumulation measurements. Because this method yielded an

1

unrealistically strong negative mass balance of —1.64 mw.e.a™ "~ on average for the period covered by the

geodetic mass change, the results are not discussed in further detail.
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Figure 3. Elevation distribution of mass balance measurements on Findelengletscher in 2012 (red dots) and all
other years (gray dots). Red lines show model functions of elevation used for the profile method and (a) linear, (b)
constant, and (c) inverted gradients above 3460 m a.s.l.. Gray horizontal bars show the area-elevation distribution of

Findelengletscher.

Table 3. Average of calibrated model parameters over the 10-year study period. The standard deviation is given.

Parameter Value Unit
M 0.44 £+ 0.15 10-3md-1°C-1!
Tice 324 +0.34 100°m3W-14d-tec—1?
T'snow 1.80 &+ 0.31 10 °m3W-1d-leC-!
Cprec 3.97 £ 1.05 _
% —5.7 £ 0.6 10-3°Cm-!

The mass balance model (Sec. was calibrated as described above, using the complete set of seasonal
glaciological measurements and the snow accumulation data from GPR (Table [3). The mean RMSE with
annual point mass balance observations over the 10-year period was 0.41 m w.e., ranging from 0.27 to
0.60 m w.e. for individual years. Starting at the date of the annual measurements, the model computed
the daily evolution of mass balance for each 25 x 25m grid cell (Fig. [5)). This also allowed for temporal

homogenization of the results to, e.g., the hydrological year.

The model generated plausible maps of glacier surface mass balance distribution by taking into account the
major processes that govern spatial variation in snow and ice ablation, including an adequate representation

of snow accumulation distribution based on the GPR snow measurements (Fig. @a). Below 3500 m a.s.1.
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Figure 4. Cumulative mass balance of Findelengletscher 2004—2014 obtained from the profile method (green), with
a linear gradient for the entire glacier surface, constant accumulation above 3460 m a.s.1., and an inverted elevational
trend above the same elevation; (violet) the contour method, (red) the model-based extrapolation scheme; (black) the
geodetic mass change that is given as reference. Note that the geodetic mass change covers the period 2005-2010
and, for visualization, balance series were aligned by the 2005 data points. Results from the inverse distance
weighted interpolation (IDW) of observations are not shown because they are outside the plot range (—12.2 m w.e.
for 2005-2014).
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Figure 5. Calculated daily evolution of glacier-wide mass balance for all years analyzed. Dots show the dates of
measurements (Table I, and vertical stippled lines mark the summer and winter seasons according to the hydrologic

year.

mass balance increases more or less linearly with elevation, but does not show a clear trend at higher
altitudes (Fig. [6b). The spatial pattern of mass balance was rather consistent over the 10-year period, with
the largest deviations from the annual mean balance occurring in the upper accumulation area and on the
glacier tongue. For 84 % of the glacier area, the range was less than 1 m w.e. a~!, while it was more than

2mw.e.a" ! for 2% of the area.

The mass balance of Adlergletscher was evaluated in the same way as for Findelengletscher, but starting

with the later onset of measurements in 2005. Both time series revealed a negative balance for the study
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Table 4. Annual (b), winter (by,) and summer (bs) surface mass balance, equilibrium line altitude (ELA), and
accumulation area ratio (AAR) of Findelengletscher and Adlergletscher derived by model-based extrapolation of

seasonal observations in 2005 to 2014.

Findelengletscher Adlergletscher
B By, By ELA AAR B By, By ELA AAR
Year mw.e. mw.e. mw.e. ma.s.l % mw.e. mw.e. mw.e ma.s.l %

2004/05 —0.50 0.94 —1.44 3275 55 — — — — —
2005/06 —0.80 0.99 -1.79 3295 52 —0.60 0.55 —-1.15 3515 36
2006/07 —0.30 0.41 -0.71 3225 63 —0.14 0.35 -0.49 3395 %)
2007/08 —0.75 0.66 —1.40 3335 46 —0.40 0.49 —0.89 3465 41
2008/09 —0.22 1.48 —-1.70 3255 60 —0.23 1.13 —1.35 3415 48
2009/10 —0.54 0.79 —1.34 3275 %) —0.42 0.53 —0.95 3465 42
2010/11 —0.85 0.89 —-1.74 3365 42 —0.52 0.61 —1.14 3465 42
2011/12 —0.66 1.32 —-1.97 3315 48 -0.79 1.03 —1.82 3525 28
2012/13 0.18 0.93 —0.75 3215 65 0.15 0.78 —0.63 3385 60
2013/14 0.16 1.26 —1.10 3195 67 0.23 0.98 —0.74 3395 64

period prior to 2012 and a slight mass gain in 2013 and 2014 (Fig.[7). This is in line with the annual in-situ
observations that yielded increased winter accumulation for these two years (Fig. 2)). For Findelengletscher,

annual mass balance was —0.52m w.e. a~ !

on average for the period covered by the geodetic mass change
(Fig. . Mean winter and summer balance was +0.87mw.e.a~ " and —1.39m w.e. a~!, respectively.
Adlergletscher had a lower winter balance of 4+0.62mw.c.a~! but a less negative summer balance
(—0.96m w.e. a~!). This resulted in a mean mass balance of Adlergletscher for 2005/06 to 2009/10 of

—0.35mw.e.a" !, substantially less negative than for Findelengletscher (Table .
4.2 Snow accumulation distribution

Snow accumulation distribution showed a clear overall elevational trend with maximum values in the
northern and south-western accumulation area (Fig. [8ja). Higher variability in accumulation was found at
higher elevations. The mean normalized accumulation distribution for 2012-2014 was used to compute the
winter mass balance for the years with no available GPR surveys. Over the three-year period, the general
accumulation patterns were similar. For 86 % of the glacier area, the range in accumulation was less than
25 % of the average normalized accumulation pattern in 2012-2014 (Fig. [9). In contrast, considerable
differences exist in the small-scale pattern for some areas, in particular at high elevations: for 1 % of the

area, the range was over 100 % of the average normalized accumulation.

For the years where extensive GPR surveys were available, the snow accumulation distribution was
derived using GWR interpolation with elevation and 125 m-scale curvature as independent variables. The

correlation of snow depth with elevation was positive for low and mid-elevations on the glacier, but changed

This is a provisional file, not the final typeset article 16



Sold et al. Mass balance re-analysis of Findelengletscher

2013/14
2012/13
J 1 2011712
[ ] 2010/11
3400

2009/10

2008/09

Elevation (m a.s.l.)
(]
N
(=]
o

2007/08

2006/07
Modeled mass
balance 2012

aEaE

-6 -4 -2 0 2

2005/06

)
n
&
=1
=3

2004/05

-8 -6 -4 -2 (] 2
1km Mass balance (m w.e. a™")

Figure 6. (a) Map of glacier surface mass balance 2011/12 derived from model-based extrapolation of observations;
dots show the locations of the respective point balance observations; gray lines are 100 m elevation contours. (b)
Vertical gradients in annual glacier mass balance derived from model-based extrapolation in 2004/05 to 2013/14.

Gray horizontal bars show the area-elevation distribution of Findelengletscher.
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Figure 7. Evaluation of summer (red), winter (blue), and annual (black) mass balance of (a) Findelengletscher and
(b) Adlergletscher based on the model-based extrapolation approach. Unfilled bars indicate mass balances that were

not constrained by observations of winter snow accumulation.

sign at high elevations in the accumulation area (—0.70 < r < 0.50, Fig.[8b). For curvature, correlations
were generally lower (|| < 0.60) and showed considerable spatial variations. While the higher variability
of accumulation at high elevations was reproduced, correlations shifted to counter-intuitive positive values
for several smaller areas near the glacier margin (Fig. [8c). The mean performance of the interpolation
scheme over the entire glacier area was R? = 0.37 + 0.12.
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Figure 8. (a) Snow accumulation distribution on 4 May 2012 derived from the GPR measurements by GWR
interpolation. Correlations of snow depth with (b) elevation and (c) curvature (125 m scale). Gray lines in (b) and (c)

are 100 m elevation contours.

5 DISCUSSION
5.1 Uncertainties in mass balance evaluations

We follow previous studies to estimate the uncertainties inherent to the evaluation of glacier-wide surface
mass balance (Thibert et al., 2008; Huss et al., 2009} Zemp et al., 2013)). Point balance measurements are
prone to errors in stake readings and the subsequent mass conversion. We roughly estimate the combined

random uncertainty to be 0.1 m w.e. and 0.3 m w.e. per reading in the ablation and accumulation areas,
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Figure 9. Temporal variability of the snow accumulation pattern shown as the range of the relative deviation (in %)
from the normalized snow accumulation distribution averaged over 2012-2014. Gray dots show GPR measurements

of the same period.

respectively (Huss et al., 2009). Assuming the errors to be independent for the measurement network
on Findelengletscher, the uncertainty in the mean of all point balances reduces to an annual average of
0.04 m w.e.. Errors due to changes in glacier extent (Koblet et al.,|2010) are minimized by updating the

glacier outlines on an annual basis.

To obtain glacier-wide surface mass balance using the profile method, an uncertainty estimate was derived
from the one-sigma confidence intervals of the regression coefficients. This yielded an average uncertainty
of 0.11 mw.e. a~!, depending on the number of observations in the annual subsets. Note that this does not

include potential gross errors related to the balance gradient assumed in the accumulation zone.

Uncertainty in the contour line method is owed mainly to subjectivity in interpretation and manual drawing
of contours, and was assessed through 18 independent evaluations of the 2009/10 point observations by
different observers. The standard deviation in glacier-wide mass balance was 0.17mw.e.a™!, and is

assumed to be of similar magnitude for the remaining years.

The uncertainty in the model-based extrapolation of mass balance was estimated by altering the model
parameters which are not directly constrained by observations. The intervals were prescribed as —0.7 <
dT'/dz < —0.5 - 1073°Cm~! for the temperature lapse rate, 0.5 < rsow/Tice < 0.8 as the ratio of the
radiation factors, and a value of 1.2 < ric./fm < 12.0- 10~2m? W~ to describe the relative importance of
Tice to the melt factor fy (Eq.[I). The setup of varying ratios was chosen instead of altering absolute values
in order to obtain realistic parameter combinations. For n = 73 model runs, the parameters were varied
uniformly within the specified intervals and the resulting standard deviation of 0.13m w.e. a~! provided

an estimate of the uncertainty in the model-based extrapolation of point balance observations.
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5.2 Re-analysis of mass balance series

We have re-analyzed a mass balance series using a set of different evaluation schemes. All schemes
make use of the glaciological point balance observations to derive glacier-wide mass balance, while only
the model-based extrapolation also integrates measurements of winter mass balance. The approaches are
compared to the geodetic mass balance, which serves as a reference for the period 2005-2010. As described
above, to allow for a direct comparison, internal and basal balance components were subtracted from the
geodetic mass change. We follow Zemp et al. (2013) to examine the consistency of the mass balance series

with the geodetic mass change. They calculate the reduced discrepancy  as

Bi - B €0
b = 5)

£/ 02-2 + Ugeod ’
where B; and Byeoq are the cumulative mass balances for the period 2005/06 to 2009/10 calculated with
the respective evaluation scheme (7) and the geodetic mass balance, respectively, and o; and ogeoq are the
random errors. Based on the independence of the error sources, o; is the combined error of the evaluation
scheme itself and the error in point balance observations. Thus § can be assumed to follow a normal
distribution with unit variance (Zemp et al., 2013)). This allows testing for a significant difference between
the cumulative balances as the alternative hypothesis. If ¢ is within the the 95 % confidence interval
(0] < 1.96) the null hypothesis is not rejected and the two time series can be assumed to agree within their

uncertainty bounds.

The profile method, in its simplest form, linearly extrapolates the strong elevational trend of observations
in the ablation area to the entire glacier surface (Fig. [3), which leads to a pronounced glacier mass
gain. More realistic values were obtained when altering the gradient at higher elevations (Escher- Vetter
et al., 2009). Although a constant and an inverted elevational gradient above 3460 m a.s.l. generate a
lower mass balance, all three approaches to implementing the profile method reveal a substantial positive
deviation from the geodetic mass change of +0.96 m w.e. a~! (linear), +0.64 m w.e. a~! (constant above
3460ma.s.l.), and +0.49 mw.e. a~! (inverted). These differences and the uncertainties reported above
yield 6.54 < ¢ < 12.86 with p < 0.01 and, thus, significant deviations from the geodetic mass change for
all three implementations of the profile method.

The contour line method results in a mass balance time series that reflects the observed volume change.

However, compared to the geodetic mass change, the balance series is 0.21 m w.e. a™!

more positive (Fig.
H)). With the uncertainty obtained from repeat evaluations and errors in point balances, this deviation is

significant with 6 = 6.19 and p < 0.01.

For the presented model-based evaluation approach, the deviation from the geodetic mass balance
for the period 2005/06 to 2009/10 is 0.04mw.e.a~!' and —0.04 m w.e. a~! for Findelengletscher and
Adlergletscher, respectively. For Findelengletscher, the balances and uncertainties reported above yield
d = 0.48, which is within the 95 % confidence interval and corresponds to p = 0.63. Thus the null

hypothesis is not rejected and the two time series can be assumed to agree within their uncertainty bounds.
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This similarly holds true for Adlergletscher. For both glaciers, a further conciliation, such as a subsequent
calibration of the glaciological series (e.g., Hagg et al., 2004; Huss et al., 2009), is not required. We
conclude that, in contrast to the profile or contour line method, the model-based extrapolation reliably
reproduces the annual surface mass balance. This can be attributed to the adequate representation of the
accumulation distribution by assimilation of all available data in the model. In this context, the ability to
integrate end-of-winter measurements of snow accumulation is particularly advantageous, as they can be
obtained more efficiently than observations of annual accumulation and ablation at the end of summer, and
they contain considerable information on spatial mass balance variability. The mass balance time series

presented in Fig. [/|is, thus, reported as being the optimal result of the re-analyzed measurement series.

Although the presented approaches for deriving glacier-wide surface mass balance show a large spread in
the cumulative mass change over the 10-year period (Fig. §), they reveal considerable agreement in the
temporal variability of mass balance. Using the model-based extrapolation as reference for a correlation
analysis, the contour method reveals r = 0.85. For the profile method with the linear model function,
correlation is = 0.86. Highest correlation of » = 0.93 was found for the interpolation of observations by

inverse-distance weighting (p < 0.01 for all given correlations).
5.3 The benefits of extensive snow accumulation measurements

In this study, airborne GPR surveys provided abundant accumulation measurements. The good agreement
of the model-based extrapolation approach with the geodetic mass change (Fig. [I0) indicates that the
accumulation distributions derived from interpolation of GPR measurements are appropriate. However,
extensive GPR measurements are seldom available. We therefore examined the benefits obtained from the
GPR measurements by evaluating the mass balance using a variety of scenarios on snow accumulation data
availability. These were the cases where (a) no snow accumulation observations were conducted; and (b)
where only the conventional winter mass balance measurements from snow probings and density pits were
available. Because GPR measurements were conducted for three years and the mean normalized accumula-
tion pattern was applied in the remaining years, we also tested scenarios (c) where this universal pattern
was derived from one individual GPR survey only. An additional scenario (d) aimed at investigating the

effect of using different interpolation schemes to derive distributed accumulation from GPR measurements
(Sec.5.4).

If no winter mass balance measurements were available (Scenario a), the precipitation correction Cprec
could not be calibrated and an alternative Dgpoy had to be defined (Eq. [2)). In this case, the model only
used the annual mass balance measurements for calibration and fell back on prescribed values for the

precipitation correction and an altitudinal precipitation gradient. Then Dgpoy Was calculated as

Dsnow(fEO) = Oprec * (Z($O) - Zmed) ) (6)

where gprec describes the relative change in precipitation with elevation, z(x¢) the elevation at location (),
and zeq the glacier median elevation. To examine whether accumulation could be estimated adequately
from daily gridded precipitation data, cprec and gprec Were adopted from 24 grid points of the RhiresD
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Figure 10. Cumulative mass balance of Findelengletscher for 2004/05 to 2013/2014 obtained from different model
setups of snow accumulation: (red) using the GWR-interpolated GPR measurements (baseline scenario) as in Fig.
M} (gray) range resulting from using the individual GPR measurements of one year for the entire period; (green)
using inverse-distance weighting (IDW) for interpolation of GPR measurements; (blue) with conventional winter
balance measurements by means of snow probings and density pits; and (orange) with no observations of winter
mass balance available and the application of an altitudinal precipitation gradient and fixed precipitation correction
instead. The geodetic mass change (black) is given and covers the 2005-2010 period. For visualization, balance

series were aligned by the 2005 data points.

dataset in the vicinity of Findelengletscher (cprec = 2.04, gprec = 4.24 - 1074 m™1). This provided a rough
estimate of accumulation and yielded a mean mass balance of —0.82mw.e. a~! for 2005/06 to 2009/10.
This value was considerably more negative as compared with the geodetic reference or the baseline scenario
of using the GPR-derived snow accumulation (Fig. [I0). Furthermore, this weak representation of the snow
accumulation pattern reduced the ability of the model to reproduce the in-situ observations of mass balance.
The mean RMSE with annual point balance observations increased significantly to 0.79 m w.e. with respect

to the baseline scenario (p < 0.01, paired t-test).

If conventional snow probings were available (Scenario b) an arbitrary setting of the precipitation
correction and gradient could be avoided. Accumulation was then obtained for every grid cell using the
default interpolation scheme based on an inverse-distance approach. However, no winter mass balance
measurements were available for the years 2006-2008 and so the mean normalized distribution from
the probings in the remaining years was used. The resulting mean mass balance for 2005/06 to 2009/10
deviated from the geodetic reference by +0.08 m w.e. a~ ! (Fig. . The use of snow probings yielded a
better model performance than the precipitation gradient Scenario (a). The RMSE relating to annual point

mass balances of 0.42 m w.e. was significantly lower (p < 0.01, paired t-test). No considerable difference
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in the RMSEs was found compared to the scenario with GPR-based snow accumulation distribution because
snow probings were taken at most of the mass balance stake locations used for the computation of RMSEs
(p = 0.39, paired t-test). In order to assess the benefit of the extensive winter mass balance measurements
by means of helicopter-borne GPR (baseline scenario) over the set of conventional observations from
probings (Scenario b), a cross-validation of the two datasets was performed: Each GPR dataset from 2012
to 2014 was split in a training and validation set. To account for the neither uniform nor random distribution
of GPR observations, they were split by the direction of profile lines into a meridional and a zonal subset
of about equal size. Interpolation by GWR was performed on each training subset as described above.
The interpolated training sets were then compared to the observations in the validation sets. On average
for the three years, RMSE was 0.30 m w.e. of snow accumulation when the zonal subsets were used for
validation, and 0.31 m w.e. for the opposite choice. Then the interpolated sets of snow probings were used
as the training sets. Average RMSE with the validation sets was 0.31 m w.e. and 0.34 m w.e. for the zonal
and meridional validation sets, respectively. This could be attributed to the reduced spatial coverage of the

glacier by the available probings as opposed to the subsets of GPR measurements.

To estimate the distribution in years when only probings or no in-situ observations were available, a
mean accumulation pattern was computed from the GPR accumulation measurements of three years. This
approach is sensitive to potential variations in the accumulation pattern that are driven by interaction of
precipitation, wind, and topography (Deems et al., 2008 |Schirmer and Lehning, 2011; van Pelt et al.,|[2014)).
For Findelengletscher, the data basis does not allow for a full assessment of the uncertainties introduced by
this simplification. Instead, in Scenario (c), we used the three measured accumulation patterns individually
to obtain the accumulation distribution for the entire 10-year period in order to quantify the effect of
variations in the accumulation patterns on the glacier-wide mass balance. The resulting time series deviated
from the baseline scenario by —0.03 to +-0.01 m w.e. a~! (Fig. . The 10-year mean model performance
in reproducing annual point balance observations (RMSE) ranged from 0.40 to 0.45 m w.e. for the three
realizations of accumulation distribution. However, for the three years in which the respective GPR
surveys were conducted, the annual RMSE increased marginally (< 0.01 m w.e.). Thus the effect of using
accumulation patterns derived for individual seasons is minimal, and the use of the mean accumulation

pattern, in the case of Findelengletscher, was not likely to introduce major uncertainties.
5.4 Uncertainties in GPR-derived snow accumulation distribution

Travel time of the GPR signal from the snow surface to the snow—ice or snow—firn boundary was
converted to depth using an empirical relation with snow density (Frolov and Macheret, |1999) that is also
used to convert snow depth to water equivalent. Thus uncertainties in the density measurements and their
extrapolation affect the GPR-derived snow depth and the mass balance computations. The GPR signal
velocity can be altered further by liquid water present within the snow cover (Schmid et al., 2014). As
compared to dry snow, a hypothetical volumetric water content of 5 % reduces the GPR signal velocity by
about 20 % (Frolov and Macheret, 1999). In this study, the GPR surveys were conducted in spring when

air temperatures were still low and little melting had occurred. Sporadic measurements of temperature
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were conducted in the snow pits during the winter mass balance campaigns in 2013 and 2014. While they
reveal subfreezing temperatures for most of the glacier area, the uppermost decimeters of the snow pack
were isothermal on the lower glacier tongue. Thus the presence of liquid water has a potential effect on
the GPR-derived snow depth at lower altitudes. A comparison at elevations below 3000 m a.s.l. provides
evidence of a potential overestimation of the GPR signal velocity for the survey on 3 May 2012. The mean
measured snow accumulation by GPR was 0.88 £+ 0.23mw.e. (n = 174) and, thus, significantly higher
(p < 0.01) than 0.70 £0.28 mw.e. (n = 54) by snow probings. However, in 2013 and 2014, when surveys
were conducted earlier in the season, no clear deviation was found (p = 0.70, p = 0.60) and thus the effect

on the re-analyzed mass balance time series is likely to be small.

To assess the effect of using different interpolation schemes to derive the accumulation grid from the
GPR measurements, the 10-year analysis was run in Scenario (d) where the snow accumulation distribution
grid was derived by inverse-distance weighting. A Gaussian weighting curve with a range parameter of
[ = 1000 m (Eq. 4) was used, generating a smooth distribution. As for the baseline setup with GWR
interpolated, GPR-derived snow accumulation, the mean grid of 2012-2014 was used in the remaining
years. This had a very limited effect on the resulting mass balance (Fig. [I0). RMSEs did not differ
significantly from the baseline setup (p = 0.12, paired t-test). This also held true if the annual smooth
snow accumulation distribution in 2012-2014 was also replaced by the mean grid. Thus the evaluation
scheme was rather insensitive to whether the small-scale distribution of snow accumulation was resolved.
As shown above, the limited spatial coverage of the glacier by the set of snow probings, in contrast, led to a
poor representation of snow depth in unmeasured areas and a considerable deviation in the model-derived

mass balance.

6 CONCLUSIONS

We presented a mass balance time series re-analysis of Findelengletscher and Adlergletscher using a variety
of interpolation approaches. Glaciological point measurements of annual mass balance were evaluated
using the profile method and the contour line method. Compared to the geodetic mass balance over a
five-year period, the profile method yielded mass balances that were too positive by 0.49-0.96 m w.e.a ™,
depending on the elevational gradient used at highest elevations. The contour method agreed more with the
geodetic reference, but still deviated considerably (4+-0.21 m w.e. a~!). We attribute this bias to the sparsity
of observations at high elevations. From the given set of measurement locations, the evaluation schemes
were not capable of adequately estimating accumulation in unmeasured areas. This held true also for a
simple spatial interpolation by inverse-distance weighting which tended to underestimate accumulation for

large areas and to generate a time series that deviated strongly from the geodetic reference.

For both glaciers, extensive winter accumulation measurements were available from snow probings and
helicopter-borne GPR. In order to assimilate the complete set of seasonal observations, these measurements
were used to constrain a distributed mass balance model. For the 10-year period, this model-based mass

balance extrapolation yielded a substantial cumulative mass loss at Findelengletscher of —4.34 m w.e..
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Adlergletscher, located in a drier setting than Findelengletscher, revealed a mass balance that was, on

average, 0.12mw.e. a~ !

more positive. For both glaciers, the model-based evaluation was within the error
bounds of the geodetic mass change. By comparing different scenarios on the availability of winter accumu-
lation measurements, it was shown that this excellent agreement was owed to an adequate representation of
winter accumulation distribution. If no measurements of snow accumulation is available, accumulation is
often estimated by applying altitudinal precipitation gradients. In the case of Findelengletscher, such a sim-
plified description of accumulation yielded a considerably different mass balance series (—0.24m w.e. a™!
difference) along with the significantly reduced ability of the model to reproduce annual point balance

observations.

If the model-based extrapolation was run using the accumulation patterns derived from observations by

snow probings and density pits, the balance series was 0.08 m w.c.a ™!

more positive than the geodetic
method. Although it provided a substantial improvement over using no winter accumulation data, the
calculated mass balance was outside the uncertainty range of the geodetic method. Hence, for all presented
evaluation approaches, the model-based extrapolation with winter accumulation measurements from

helicopter-borne GPR was the only setup that matched the geodetic mass change.

In this study, helicopter-borne GPR measurements in spring 2012 to 2014 provided a mean normalized
accumulation distribution that was applied to the years where no extensive accumulation observations were
available. It was shown that the general pattern of accumulation was consistent for the short period of three
years. Future investigations and a larger data basis are necessary to quantify the uncertainty introduced by
this simplification. However, the presented results indicate that extensive snow accumulation measurements
are beneficial to mass balance evaluations even when they were not obtained for the complete study period.
The re-analyzed mass balance series of Findelengletscher and Adlergletscher provide a reference for future
studies. Thus it is essential to continue this monitoring program, along with additional geodetic surveys

and measurements of winter accumulation.
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