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Abstract

Seasonal glaciological mass balances have been measured on Storglaciaren without
interruption since 1945/46. In addition, aerial surveys have been carried out on a
decadal basis since the beginning of the observation program. Early studies used
the resulting aerial photographs to produce glaciological maps with which the in-situ
observations could be verified. However, these maps as well as the derived volume
changes are subject to errors which resulted in major differences between the derived
volumetric and the glaciological mass balance. As a consequence, the original pho-
tographs were re-processed using uniform photogrammetric methods, which resulted
in new volumetric mass balances for 1959-1969, 1969-1980, 1980-1990, and 1990—
1999. We compare these new volumetric mass balances with mass balances obtained
by standard glaciological methods including an uncertainty assessment considering all
related previous studies. The absolute differences between volumetric and the glacio-
logical mass balances are 0.9 mw.e. for the period of 1959—-1969 and 0.3 mw.e. or less
for the other survey periods. These deviations are slightly reduced when considering
corrections for systematic uncertainties due to differences in survey dates, reference
areas, and internal ablation, whereas internal accumulation systematically increases
the mismatch. However, the mean annual differences between glaciological and vol-
umetric mass balance are less than the uncertainty of the in-situ stake reading and,
hence, do not require an adjustment of the glaciological data series.

1 Introduction

Changes in glacier mass are a key element of glacier monitoring, providing important
information for assessing climatic changes, water resources, and sea level changes
(Kaser et al., 2006; Zemp et al., 2009). The available dataset of in-situ glacier mass
balance measurements covers the past six decades (Sect. 2). The majority of these
data series consists of just a few observation years. There are only 12 mass balance
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programs with continuous observations back to 1960 or earlier (Zemp et al., 2009),
including Storglaciaren with the longest record of glacier mass balance and one of the
densest observation networks. The homogenization of these observations is gaining
importance with increasing time length of the data series (e.g., Thibert et al., 2008;
Huss et al., 2009).

Annual glacier mass balance measurements based on the direct glaciological
method (cf. @strem and Brugman, 1991) are, hence, ideally combined with decadal
volume-change assessments from geodetic surveys in order to assess random and
systematic errors of both methods (Hoinkes, 1970; Haeberli, 1998; Fountain et al.,
1999). Storglaciaren has been surveyed by aerial photography about every decade
(Holmlund, 1996). Maps were constructed from these aerial photographs to determine
the glacier area needed for mass balance calculations (Holmlund et al., 2005, Tarfala
Research Station data) and to analyze the changes in surface topography (Holmlund,
1987, 1996). However, the comparison of volumetric mass balances derived from
these digitized topography maps (of 1959, 1969, 1980, 1990) with cumulative mass
balance measurements shows major discrepancies, with maximum differences of half
a meter per year (1969-1980), as already noted by Albrecht et al. (2000).

In order to overcome the problems related to the various existing maps and the meth-
ods used for deriving volume changes of Storglaciaren, we re-processed dia-positives
of the original aerial photographs of 1959, 1969, 1980, 1990, and 1999 based on a
consistent photogrammetric processing for all survey years. Details on the study site,
methodology, resulting digital elevation models (DEMs) and ortho-photos, and derived
changes in length, area, and volume are published in Koblet et al. (2010). In this paper,
we compare the new volumetric mass balances with the glaciological mass balances
for the periods of the aerial surveys. In addition, we summarize uncertainties related
to both methods under consideration of all related previous studies and conclude with
some recommendations for the mass balance monitoring program.
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2 Historical background of mass balance measurement

Early observations of point mass balance date back to the end of the 19th and be-
ginning of the 20th century, for example at Grosser Aletsch Gletscher (Aellen, 1996),
Clariden Firn (Kasser et al., 1986; Miiller and Kappenberger, 1991), Rhéne Gletscher
(Mercanton, 1916), and Silvretta Gletscher (Aellen, 1996; Huss et al., 2008) in Switzer-
land. In the 1920s and 1930s, short-term observations (up to one year) were carried at
various Nordic glaciers (e.g., Ahlmann 1929, 1935, 1939, 1942). After a detailed glacio-
meteorological observation program at Karsaglaciaren, northern Sweden, in the early
1940s (Wallén, 1948), Storglaciaren in the Kebnekaise massif, northern Sweden, was
chosen due to its relative accessibility and simple geometry for a long-term observa-
tion program (Schytt, 1947; Ahlmann, 1951). The mass balance work on Storglaciaren
started with winter-balance measurements in May 1946 (Karlén and Holmlund, 1996)
and still continues today. In North America, early mass balance work started in the
second half of the1940s as well (Meier, 1951; Pelto and Miller, 1990). Meanwhile,
mass balance observations have been carried out on more than 300 glaciers world-
wide (Cogley and Adams, 1998; Dyurgerov and Meier, 2005), of which about 230 data
series are available from the World Glacier Monitoring Service (WGMS, 2008).

3 Review of data and methods

A sound comparison of volumetric and glaciological mass balance data requires an
uncertainty assessment of the major potential sources of error, such as in-situ and
remote sensing methods applied, density assumptions, differences in survey dates
and reference areas, internal accumulation and ablation, superimposed ice, and flux
divergence. In this section, we aim at providing estimates for related uncertainties
based on new data and/or earlier related studies.
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3.1 Glaciological mass balances

Glacier surface mass balance at Storglaciaren is measured following the direct glacio-
logical method as described by @strem and Brugman (1991). Measurements of winter
and summer balances are carried out from late April to early May and around mid-
September, respectively. Between 1945 and 1965, winter balance was measured by
manual snow probing in fixed profiles across the glacier. Ablation was measured from a
network of stakes along the same profiles. Since 1966, winter balance measurements
have been made using a fixed szystem of probing points arranged in a 100x 100 m grid
covering the entire glacier (3km~; ~100 data points km_z). Snow density is determined
from a varying number of pits or by core drillings. In recent years a depth-density func-
tion was fitted to the latter data and used to calculate density for each of the snow depth
probings. Summer balance is measured from traditional stake readings. The obser-
vation network typically comprises 40-50 stakes distributed across the entire glacier
(~15 stakes km_z), and reaches up to 90 measurement points in some years. The
stake network is less dense in crevassed and steep areas such as the headwalls of
the glacier. Traditionally, the linear ablation gradient (cf. Haefeli, 1962) is used to ex-
trapolate ablation in these areas. The number of stake and snow depth measurements
has never been smaller than about half the modern values but have varied from year
to year, especially before 1966 (Jansson and Pettersson, 2007).

Until 1993/94, the accumulation and ablation measurements were inter-/extrapolated
manually by drawing contour lines. Areas between adjacent contour lines were inte-
grated using a planimeter and assigning a constant balance value to each of these
areas. Since 1994/95, the data have been interpolated on a 10 m resolution grid using
the commercial PC software SURFER from Golden Software Inc. and more recently a
MATLAB based toolbox implementing GSlib kriging (Deutch and Journel, 1998), apply-
ing the default parameter set of ordinary kriging (no nugget effect considered). Specific
winter and summer balances are then obtained from averaging all grid cell values.
In both the early and the new system, annual mass balance results from subtracting
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summer from winter balance.

Overviews on the Tarfala mass balance program and specifically on Storglaciaren
are given by Holmlund et al. (1996) and by Holmlund and Jansson (1999). The latter
provide details on winter and summer balance measurement, whereas descriptions of
inter-/extrapolation methods are found in Hock and Jensen (1999) and Jansson and
Pettersson (2007). In the (old) official dataset as published by Holmlund and Jans-
son (1999), there were considerable time lags between the mass balance data and
the reference area (from the most recent topographic map) used for calculating spe-
cific mass balances. This issue — inherent to all operational mass balance programs —
was addressed by Holmlund et al. (2005) by re-processing the data series (1945/46—
2002/03) based on refined topographic maps. The authors did not re-evaluate the field
data but digitized the old water equivalent contour maps, interpolated them onto a sur-
face grid (20x20 m), and recalculated the seasonal and annual mass balances based
on glacier areas (from the maps) corresponding to the years of the aerial surveys. Up
until present, Holmlund et al. (2005) has been used as the new official dataset and was
updated with Tarfala Research Station data, using the glacier area of the 1990 survey
as reference for the calculation of specific mass balances since 1985/86.

3.2 Volumetric mass balances

Recurring aerial surveys have been carried out since the very beginning of the mass
balance monitoring program at Storglaciaren. The resulting vertical photographs were
used to produce several glaciological maps which are described in detail by Holm-
lund (1996). Based on these maps, early volume change assessments were carried
out challenged by inaccuracies in maps and methodologies (Holmlund, 1987, 1996;
Albrecht et al., 2000). Koblet et al. (2010) re-analyzed dia-positives of the original
aerial photographs of 1959, 1969, 1980, 1990, and 1999 with standard photogram-
metric techniques. This resulted in a complete and consistent dataset of DEMs and
orthophotos of the glacier. Based on this new dataset, the authors computed changes
in length, area, and volume for the time periods between the aerial surveys. We now
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use these volume changes, including estimates for systematic and stochastic errors,
for comparison with the glaciological mass balances.

3.3 Uncertainty assessments

3.3.1 Glaciological mass balance: field measurements and interpolation
method

Jansson (1999) investigated uncertainties related to the in situ mass balance measure-
ments at Storglaciaren. Jansson empirically evaluated the influence of errors in snow
probing, snow density information, interpolation between observations, and extrapola-
tion to areas not probed, as well as effects on reduced probing networks on the glacier
mass balance results. Due to the dense observation network, the mass balance of
Storglaciaren is not very sensitive to errors in the investigated factors and can roughly
be estimated to an overall uncertainty of £0.1 mw.e. The re-analysis of the mass bal-
ance series by Holmlund et al. (2005) confirms this value for data after about 1960 and
shows some larger errors in the early data. Hock and Jensen (1999) demonstrate that
different parameter settings of the kriging interpolation method have a strong influence
on the spatial distribution pattern but little impact on the mean specific mass balances.
They estimate the error (on the latter) introduced by the interpolation method to about
+0.1mw.e.

The combined uncertainty cumulated over the survey periods is calculated following
the law of error propagation:

where jey @and oyig are the uncertainties of field measurements and interpolation
method, respectively, cumulated over n years of the survey periods. The resulting
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estimates for the stochastic errors of field measurements (i) and interpolation methods
(ii) are given in Table 2.

3.3.2 Volumetric mass balances: photogrammetry

A sound quantitative assessment of the photogrammetry-related uncertainties is nicely
demonstrated for Sarennes glacier, French Alps, by Thibert et al. (2008). Such a de-
tailed analysis would be difficult to conduct in our case, as not all parameters are known
for the early survey dates and because analogue and digital steps are combined in the
photogrammetric processing (cf. Koblet et al., 2010).

As a consequence, Koblet et al. (2010) use two different approaches to assess the
systematic and stochastic uncertainties of the volumetric mass balance. A set of 26
reference points located with a differential global-positioning system (dGPS) provides
an independent validation of the digital elevation models (DEMs) and corresponding
volume changes, whereas an analysis of elevation differences in non-glacierized terrain
allows quantifying the integrative errors of the photogrammetry. Note that the non-
glacierized terrain is assumed not to change between the surveys. Full details and
equations are given in Koblet et al. (2010). Table 3 summarizes the volumetric mass
balances as well as estimates of stochastic (iii, iv) and systematic (E, F) uncertainties
based on the two approaches.

3.3.3 Density assumptions

Density information is required in order to convert the change of a snow/firn/ice volume
into a mass change. Most studies assume a constant density profile in the accumula-
tion area and, hence, use glacier ice density for the conversion. This, however, may
only be valid under steady-state conditions and for glaciers with a constant accumu-
lation rate and no melting in that zone (Sorge, 1935; Bader, 1954). Using the density
of ice (917kg m'3) will likely overestimate mass changes during periods of changing
snow/firn layers and is thus regarded as a maximum estimate. As a minimum esti-
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mate we use a density of 825 kg m~3, which is calculated as the zonal average of firn

(700 kg m’s), firn and ice (800kg m'3), and ice (900kg m'3) areas on Storglaciaren
based on a map created from aerial and terrestrial photographs taken in August 1998
and September 1999 by Schneider and Jansson (2004). We hence use the average of
the two density assumptions (871 kg m'3) for the conversion of the volumetric changes
into water equivalent and the difference to maximum/minimum estimates (46 kg m'3)
as an uncertainty measure (Table 3, v).

3.3.4 Survey dates

Comparison of glaciological with geodetic mass balance requires a melt correction
because the field and aerial surveys are not carried out on the same date. The corre-
sponding error depends on the time span between the two surveys, the season, and
the glacier mass turn over. The dates for the aerial surveys are based on information
from Lantmateriet and for 1980, 1990, and 1999, also labelled on the image frames.
Exact dates of the winter and summer balance field work are available for 1980 and
1990 from the WGMS database. Assumptions for the other dates of mass balance field
work are based on our own data (Table 1).

For the melt correction we apply a classical degree-day model that relates glacier
melt M, expressed in mm, during a period of n time intervals, At, to the sum of positive
air temperatures of each time interval, T*, during the same period:

n n
ZM:DDFZT*-M (2
i=1 i=1

The degree-day factor, DDF, is expressed in mm d™ 'K for At expressed in days

and temperature in °C (Braithwaite, 1995; Hock, 2003). We use the daily air tempera-

ture series from the Tarfala meteorological station (1138 ma.s.l.; Grudd and Schneider,

1996) — available since 1965 — to calculate positive degree-day sums at the balanced-

budget equilibrium line altitude (ELA,) of Storglaciaren. ELA, is derived from the linear
389

regression of ELA versus mass balance data (1946—2007), which intersects zero bal-
ance at 1451 ma.s.l. The degree-day factor is calculated from summer balances and
positive degree-day sums for every (aerial) survey year separately, with resulting val-
ues of 3.5, 3.6, and 3.8 mm d'K™". For 1959, positive degree-day sums are derived
from averaging the cumulative positive degree-day profiles of the years 1969, 1980,
1990, and 1999 as air temperature was only measured during daytime in the summer
months (JJA) prior to 1965.

The differences between field and aerial surveys range between 1 and 34 days,
resulting in a range of melt corrections between 0 and 0.21 mw.e. (see Table 1). For
the uncertainty assessment in Sect. 3.3, the melt corrections for the beginning and the
end of the survey periods are required in order to adjust the glaciological mass balance
to the dates of the aerial surveys (Table 2, A).

3.3.5 Reference areas

The calculation of “conventional” mass balances (Elsberg et al., 2001) actually requires
an update of glacier extent (and elevation) for every survey period. However, the re-
quired information is only available after the decadal geodetic surveys and hence a
lagged step-function of the real changes. Holmlund et al. (2005) addressed the time lag
by recalculating the mass balance series on the basis of time periods with (constant)
glacier extents centered on the years (1949, 1959, 1969, 1980, 1990) when the aerial
photos were taken. The geodetic volume changes (1959-1969, 1969-1980, 1980—
1990, 1990-1999) are calculated based on glacier extents by Koblet et al. (2010).
Their outlines are congruent in the accumulation area for all years with extents of the
glacier tongue based on the ortho-photos. In each period, the (larger) area of the first
survey year was used as a reference extent. As a consequence, the reference area
differs by up to 10% between the glaciological and the volumetric mass balances of a
year (Koblet et al., 2010).

In order to get a rough estimate of the uncertainty of the glaciological mass balance
to area differences and changes with time, the specific annual balances are multiplied
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by the glacier area of the “glaciological” dataset and divided by the extent in the “vol-
umetric” dataset. Thereby, the latter area is linearly interpolated between the aerial
surveys in order to avoid step changes. As a result, the absolute values of the cu-
mulated, glaciological mass balance decrease (Table 2, B) due to the generally larger
glacier areas as determined by Koblet et al. (2010).

3.3.6 Internal ablation and accumulation

Internal ablation due to ice motion, geothermal heat, and heat-conversion of gravita-
tional potential energy loss from water flow through and under the glacier are other
potential systematic biases not accounted for by standard measurements. The ice mo-
tion of the poly-thermal glacier (Pettersson et al., 2004) is considered to be small and
corresponding internal ablation, thus, to be negligible (cf. Hooke et al., 1989; Albrecht
et al., 2000). The contribution of basal melting by geothermal heat is estimated by
Ostling and Hooke (1986) as about 0.001 mw.e. The internal melting by released po-
tential energy in descending water is estimated on the order of 0.01 mw.e., using an
average drop of 200 m and a total annual discharge of 7x10°m® (Holmlund, 1987).
The cumulative error over the survey periods is calculated following the law of error
propagation (Table 2, C).

Internal accumulation as described by Trabant and Mayo (1985) is usually not ac-
counted for by traditional glaciological methods (Jstrem and Brugman, 1991). lts in-
fluence on mass balance may be small in magnitude or even negligible on temperate
glaciers, but if not accounted for can result in a systematic underestimation of the
mass balance. As a consequence, internal accumulation has to be considered for
a poly-thermal glacier such as Storglaciaren (Petterson et al., 2003). Schneider and
Jansson (2004) estimate the internal accumulation due to re-freezing of percolating
water in cold snow and firn and the freezing of water trapped by capillary action in
snow and firn by the winter cold. Based on measured temperature profiles as well
as physical characteristics and water content of firn, they obtained values for internal
accumulation of 0.04-0.06 mw.e., or 3-5% of the annual accumulation of the entire
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glacier. Hence, we can now estimate the underestimation of the glaciological mass
balance due to internal accumulation to 4% of the winter balances (Table 2, D).

3.3.7 Superimposed ice

Superimposed ice accumulates on the current summer surface by refreezing of rain or
melt-water produced during the current mass balance year. It forms above the previous
year’s surface and can be accounted for during standard stake readings (Schytt, 1949;
Jstrem and Brugman, 1991). In a typical year, Storglaciaren gets about 0.1 mw.e. of
superimposed ice formation in the ablation zone. The thickness can be substantial
larger at the glacier margins and at the glacier terminus. The total amount of superim-
posed ice remaining at the end of the ablation season depends on the elevation of the
snow line and is, hence, larger for positive balance years. The error of its determina-
tion is assumed to be covered with the uncertainty estimate for the field observations
(Sect. 3.3.1).

3.3.8 Flux divergence

According to the principal of mass conservation, the mass balance should be balanced
by the ice flux divergence and the thickness change, as long as integrated over the
entire glacier (Paterson, 1994) and was not treated separately in this study.

4 Results

The glaciological mass balance is cumulated over the aerial survey periods for com-

parison with the volumetric mass balance. The periods discussed are 1959-1969,

1969-1980, 1980-1990, 1990-1999, and cover 10, 11, 10, and 9 mass balance years,

respectively, as well as the full time range from the first to the last aerial survey (1959-

1999) with 40 observation years. Also, the uncertainties as addressed in Sect. 3.3 are

cumulated over these periods. The assessment of uncertainties includes estimates for
392
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both stochastic and systematic errors. Therefore the latter are of positive and negative
signs depending on whether they are to be added or subtracted from the glaciological
mass balance to fit the geodetic mass balance.

The cumulative glaciological mass balances of the first two periods are negative fol-
lowed by two periods of ice gain. The mass balance over the entire period covered is
also negative. Table 2 gives an overview of the cumulative mass balances between
the survey periods and the related stochastic and systematic uncertainties. The gen-
eral uncertainties for field measurements (i) and interpolation methods (ii) are both
estimated at +0.10mw.e.a™". Based on the law of error propagation, these two uncer-
tainties together cumulate to about +£0.45 and £0.90 mw.e. for the individual survey
periods and the entire time span, respectively. The differences in observation periods
(A) as covered by the field and aerial surveys require mass balance corrections be-
tween 0.02 and 0.21 mw.e. In all but the third period (i.e., 1980-1990), additional melt
was required to adjust the glaciological to the volumetric observation periods. The ad-
justment of the glaciological mass balance to the reference areas and corresponding
changes based on the glacier extent in the new orthophotos (B) lead to the systematic
decrease of the absolute values of the glaciological mass balance by between 0.01
and 0.17mw.e. The overestimation of the mass balance due to ignoring the internal
ablation (C) is estimated to be small, with values of about 0.01 mw.e. per year. Fol-
lowing the law of error propagation this results in corrections for the decadal and the
entire survey periods of 0.03 and 0.06 m w.e., respectively. The rough estimate of the
internal accumulation (D) shows an underestimation of the glaciological mass balance
by between 0.48 and 0.65 mw.e. for the four decadal periods and by 2.36 m w.e. for the
40 years between the first and the last aerial survey.

The volumetric mass balances, based on Koblet et al. (2010) and an assumed den-
sity of 871 kg m?, show the same trend in mass loss over the first two decades followed
by two decades of mass regain. The mass balances and corresponding systematic
and stochastic uncertainties are given in Table 3. The uncertainty related to the den-
sity assumption (v) varies between +0.03 and 0.27 mw.e. The two approaches based
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on independent dGPS points (E, iii) and on an analysis of the DEM changes in non-
glacierized terrain (F, iv) provide a rough idea of the systematic and stochastic uncer-
tainties related to the volume changes. Both show systematic uncertainties of several
decimetres and stochastic uncertainties of a few decimetres. They also show that the
uncertainties of the volume changes related to the DEM of 1980 are about twice as
large as the ones from the other periods.

5 Discussion

Based on the official glaciological mass balance series (Holmlund et al. (2005), Tarfala
Research Station data), Storglaciaren experienced a strong ice loss of about 13 mw.e.
from the initiation of measurements in 1945 to the first half of the 1970s, followed by
15 years of periodic mass balance variations within a range of about 2mw.e. Between
1988 and 1995, the glacier increased its mass by some 4 mw.e. and subsequently lost
6 mw.e. from 1995-2007. The volumetric mass balances by Koblet et al. (2010) based
on the available aerial photographs from 1959, 1969, 1980, 1990, and 1999 can only
roughly trace these variations to the decadal resolution. The cumulative changes (of
the glaciological mass balance) between 1959 and 1999 account for just 4 mw.e. ice
loss, of which 3mw.e. were already lost by 1969. As a consequence, the decadal
signal as derived from the photogrammetric surveys after 1969 is in the same order of
magnitude or even smaller than the sub-decadal variations of the glaciological mass
balances. The absolute glacier changes based on the photogrammetric surveys are
larger than the corresponding changes from the glaciological in-situ measurements in
three of the four decadal periods as well as over the entire observation period (1959-
1999).

The uncertainty assessment as described in Sects. 3 and 4 is an attempt to quantify
the major sources of potential errors to be addressed in order to compare the glacio-
logical with the volumetric mass balances. All estimates and assumptions taken to
address stochastic and systematic uncertainties comprise additional sources of po-
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tential errors. The melt correction due to the different observation dates in 1959, for
example, inherits the errors from the degree-day model (temperature data series, sum-
mer balance, melt factor, ELA,-determination) as well as from the determination of the
dates of the field survey (reporting) and of the aerial survey (shadow modelling). We
waive the attempt to quantify all these potential errors since a corresponding overall
value would represent a statistical exercise rather than a real-world uncertainty.

However, we apply the systematic uncertainties including corrections for (A) obser-
vation periods, (B) reference areas, (C) internal ablation, and (D) internal accumulation
to the “official” mass balance series (Holmlund et al. (2005), Tarfala Research Station
data) in order to produce a “best estimate” glaciological mass balance series to com-
pare with the volumetric mass balances by Koblet et al. (2010). In principle, this should
reduce the differences between the glaciological and the volumetric mass balance. In
fact, this is true when only the corrections (A), (B), and (C) are applied; but the sys-
tematic bias from the internal accumulation (D) even increases the deviations. This
effect becomes most prominent in Fig. 2, where the changes are cumulated with refer-
ence to the year of the first aerial survey (i.e., 1959). Based on the comparison of the
“best estimate” glaciological with the volumetric mass balance we conclude that either
the systematic error introduced by the internal accumulation, as estimated from the
study for the balance years 1997 and 1998 by Schneider and Jansson (2003), is over-
estimated significantly, one of the other directional uncertainties are underestimated,
or another systematic error is not yet accounted for. The systematic uncertainties of
the volumetric mass balance as derived from two different approaches (dGPS: E; non-
glacierized terrain: F) do not provide an explanation for these differences.

At first glance, the comparison of the different data series as cumulative changes
from 1959 might look unsatisfactory. The best agreements with the volumetric mass
balances by Koblet et al. (2010) are the “old” glaciological series by Holmlund and
Jansson (1999), followed by the “official” one (Holmlund et al. (2005), Tarfala Research
Station data), and finally the “best estimate” (incl. all systematic corrections A, B, C,
D) of the present study. The systematic uncertainties of the volumetric mass balance
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by Koblet et al. (2010; E, F) cannot provide a final answer to these questions but
show that the “official” glaciological series is within the range of uncertainty, whereas
the “best estimate” is not. However, the mean annual deviations from the “official”
glaciological mass balance series (Holmlund et al. (2005), Tarfala Research Station
data) are all below 0.1 mw.e. This holds for all the four observation periods as well as
over the entire period of 1959—-1999 (Table 4). The only two exceptions are the values
for the first and third decade of the volumetric mass balance including the systematic
corrections from the non-glacierized terrain (F). The mean annual deviations are then
within, or even smaller than the estimated uncertainty of a single stake or snow pit
reading (cf. Thibert et al., 2008; Huss et al., 2009).

Over the past decades, it has become a standard procedure to check the (annual)
glaciological with (decadal) volumetric mass balance methods, which utilizing tech-
niques such as topographic map comparison (e.g., Andreassen, 1999; Conway et al.,
1999; Kuhn et al., 1999; Hagg et al., 2004, Ostrem and Haakensen, 1999), photogram-
metry (e.g., Krimmel, 1999; Cox and March, 2005; Thibert et al., 2008; Haug et al.,
2009; Huss et al., 2009), global positioning systems (e.g., Hagen et al., 1999; Miller
and Pelto, 1999), or laser altimetry (e.g., Conway et al., 1999; Echelmeyer et al., 1996;
Sapiano et al., 1998; Geist and Stotter, 2007), the latter three without direct compari-
son). It has become evident that a sound validation ideally is based on consistent data
and procedures, and includes a sound assessment of stochastic and systematic uncer-
tainties. In cases of major deviations between the results of the different methods, it is
recommended that the (annual) glaciological data series be adjusted to the (decadal)
volumetric changes (cf. Thibert et al., 2008; Huss et al., 2009). In the case of Stor-
glaciaren, the glaciological mass balance series agrees well with the new volumetric
data by Koblet et al. (2010) and, hence, an adjustment is not required.
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6 Conclusions

Storglaciaren has a continuous glacier mass balance record back to 1945/46 with a net-
work density of about 100 observations per square kilometer for winter balance and 15
observations per square kilometer for summer balance. It is hence the longest glacier
mass balance record with probably the greatest observation density available from the
WGMS. As recommended by international monitoring standards, regular aerial surveys
have been carried out on a decadal base since the beginning in order to validate the
glaciological in-situ measurements with results from the geodetic method. For the first
time, dia-positives of the original aerial photographs of 1959, 1969, 1980, 1990, and
1999 were used by Koblet et al. (2010) to directly produce volumetric mass balances
based on uniform photogrammetric methods. In the present study we compared these
volumetric with the “official” glaciological mass balances including a sound analysis of
potential uncertainties.

The volumetric mass balances are in good agreement with the glaciological data.
The absolute differences between volumetric and the glaciological mass balances are
0.9mw.e. in the first and 0.3 mw.e. or less in the other three decadal survey periods.
These deviations can be reduced by applying corrections for systematic uncertainties
in the glaciological mass balance such as differences in survey dates and reference
areas or accounting for internal ablation. In contrast, accounting for internal accumu-
lation based on the study by Schneider and Jansson (2004) systematically increases
the mismatch. This suggests that either the effect of the internal accumulation is over-
estimated or that there is another systematic error not yet considered. However, the
mean annual differences between such a “best estimate” glaciological mass balance,
which corrects the “official” series by all directional uncertainties, and the volumetric
mass balance are less than 0.1 mw.e. and as such are within the order of magnitude
of the stake reading error.

From the present study we conclude that the new volumetric mass balances fit well
overall with the glaciological ones and confirm the excellent quality of this data series.
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There is, then, no need for an adjustment of the glaciological data series. Further inves-
tigations should address the better quantification of systematic error sources, such as
internal accumulation, as well as the issue of the (changing) reference areas used for
mass balance calculations. It is not surprising that the cumulative glaciological mass
balance variations based on the very dense observation network of Storglaciaren fit
well with the decadal volumetric data. Nevertheless, the present study shows the im-
portance of systematic and ideally uniform data processing as well as a sound uncer-
tainty assessment in order to detect — and if necessary correct — systematic errors in
the measurements.

Acknowledgements. We are indebted to all the investigators and field assistants involved in the
long-term monitoring of Storglaciaren and also thank the staff of the Tarfala Research Station
for their hospitality during field seasons. We thank Betsy Armstrong for polishing the English.
The present study was supported by the Universities of Zurich and Stockholm, and by the
GLACIAS project (SNF-NO. 200021-116354).

References

Ahlmann, H. W.: Projet d’un programme de recherché glaciaire, Geogr. Ann., 2(3—4), 313-320,
1929.

Ahlmann, H. W.: Scientific results of the Norwegian-Swedish Spitsbergen Expedition 1934.
Part V. The Fourteenth of July Glacier, Geogr. Ann., 17, 167-218, 1935.

Ahlmann, H. W.: Scientific results of the Swedish-Icelandic investigations 1936-37-38. Chapter
VII. The regime of Hoffellsjokull, Geogr. Ann., 21, 177-188, 1939.

Ahlmann, H. W.: Studies on north-east Greenland. Part Ill. Accumulation and ablation on the
Froya glacier; its regime in 1938-39 and 1939-40, Geogr. Ann., 24(1-2), 1-50, 1942.

Ahlmann, H. W.: Scientific investigations in the Kebnekajse Massif, northern Sweden. I. Gen-
eral outline of the investigations in 1946-51, Geogr. Ann., 24(1-2), 90-94, 1951.

Aellen, M.: Glacier mass balance studies in the Swiss Alps, Z. Gletscherkd. Glazialgeol., 31(1—
2), 159-168, 1996.

Albrecht, O., Jansson, P., and Blatter, H.: Modelling glacier response to measured mass bal-
ance forcing, Ann. Glaciol., 31, 91-96, 2000.

398



10

15

20

25

30

10

15

20

25

30

Andreassen, L. M.: Comparing traditional mass balance measurements with long-term volume
change extracted from topographic maps: a case study of Storbreen glacier in Jotunheimen,
Norway, for the period 1940-1997, Geogr. Ann., 81A(4), 467—-476, 1999.

Bader, H.: Sorge’s law of densification of snow on high polar glaciers, J. Glaciol., 2(15), 319—
323, 1954.

Braithwaite, R. J.: Positive degree-day factors for ablation on the Greenland ice sheet studied
by energy-balance modeling, J. Glaciol., 41(137), 153—-160, 1995.

Cogley, J. G. and Adams, W. P.: Mass balance of glaciers other than the ice sheets, J. Glaciol.,
44(147), 315-325, 1998.

Conway, H., Rasmussen, L. A., and Marshall, H.-P.: Annual mass balance of Blue Glacier,
USA: 1955-97, Geogr. Ann., 81A(4), 509-520, 1999.

Cox, L. H. and March, R. S.: Comparison of geodetic and glaciological mass balance tech-
nigues, Gulkana Glacier, Alaska, USA, J. Glaciol., 50(170), 363-370, 2004.

Deutch, C. and Journel, A.: GSLIB: Geostatistical Software Library and User’'s Guide, Oxford
University Press, New York, 369, 1998.

Dyurgerov, M. B. and Meier, M. F.: Glaciers and the changing Earth system: a 2004 snapshot,
Institute of Arctic and Alpine Research (INSTAAR) Occasional Paper, Boulder, 58, 117 pp.,
2005.

Elsberg, D. H., Harrison, W. D., Echelmeyer, K. A., and Krimmel, R. M.: Quantifying the effects
of climate and surface change on glacier mass balance, J. Glaciol., 47(159), 649-658, 2001.

Fountain, A. G., Jansson, P, Kaser, G., and Dyurgerov, M.: Summary of the workshop on
methods of mass balance measurements and modelling, Tarfala, Sweden, 10—-12 August,
1998, Geogr. Ann., 81A(4), 461-465, 1999.

Geist, T. and Stétter, J.: Documentation of glacier surface elevation change with multi-temporal
airborne laser scanner data — case study: Hintereisferner and Kesselwandferner, Tyrol, Aus-
tria, Z. Gletscherk. Glazialgeol., 41, 77—106, 2007.

Grudd, H. and Schneider, T.: Air temperature at Tarfala Research Station 1946-1995, Geogr.
Ann., 78, 115-120, online available at: http://www.ink.su.se/pub/jsp/polopoly.jsp?d=6787\
&a=23702 (last access: 2009), 1996.

Haeberli, W.: Historical evolution and operational aspects of worldwide glacier monitoring, in:
Into the Second Century of World Glacier Monitoring — Prospects and Strategies, edited by:
Haeberli, W., Hoelzle, M., and Suter, S., UNESCO publishing, Paris, 35-51, 1998.

Haefeli, R.: The ablation gradient and the retreat of a glacier tongue, Union Géodésique et

399

Géophysique Internationale, Association Internationale d’Hydrologie Scientifique. Commis-
sions des Neiges et Glaces, Colloque d’Obergurgle, 49-59, 1962.

Hagg, W. J., Braun, L. N., Uvarov, V. N., and Makarevich, K. G.: A comparison of three methods
of mass balance determination in the Tuyuksu glacier region, Tien Shan, Central Asia, J.
Glaciol., 50(171), 505-510, 2004.

Hagen, J. O., Melvold, K., Eiken, T., Isaksson, E., and Lefauconnier, B.: Mass balance methods
on Kongsvegen, Svalbard. Geogr. Ann., 81A(4), 593-601, 1999.

Haug, T., Rolstad, C., Elvehgy, H., Jackson, M., and Maalen-Johansen, |.: Geodetic mass
balance of the western Svartisen ice cap, Norway, in the periods 1968-1985 and 1985—
2002, Ann. Glaciol., 50(50), 119—125, 2009.

Hock, R.: Temperature index melt modelling in mountain areas, J. Hydrol., 282, 104-115,
2003.

Hock, R. and Jensen, H.: Application of kriging interpolation for glacier mass balance compu-
tations, Geogr. Ann., 81A, 611-619, 1999.

Hoinkes, H.: Methoden und Mé&glichkeiten von Massenhaushaltsstudien auf Gletschern:
Ergebnisse der Messreihe Hintereisferner (Otztaler Alpen) 1953-1968, Z. Gletscherkd.
Glazialgeol., 6(1-2), 37-90, 1970.

Holmlund, P.: Mass balance of Storglaciaren during the 20th century, Geogr. Ann., 69A(3—4),
439-447, 1987.

Holmlund, P.: Maps of Storglaciaren and their use in glacier monitoring studies, Geogr. Ann.
78A(2-3), 193-196, 1996.

Holmlund, P., Karlén, W., and Grudd, H.: Fifty years of mass balance and glacier front obser-
vations at the Tarfala Research Station, Geogr. Ann., 78A(2-3), 105-114, 1996.

Holmlund, P. and Jansson, P.: The Tarfala mass balance programme, Geogr. Ann., 81A(4),
621-631, 1999.

Holmlund, P., Jansson, P., and Pettersson, R.: A re-analysis of the 58 year mass balance record
of Storglaciaren, Sweden, Ann. Glaciol., 42, 389-394, 2005.

Hooke, L. R., Calla, P., Holmlund, P,, Nilsson, M., and Stroeven, A.: A 3 year record of seasonal
variation in surface velocity, Storglaciaren, Sweden, J. Glaciol., 35(120), 235-247, 1989.

Huss, M., Bauder, A., Funk, M., and Hock, R.: Determination of the seasonal mass
balance of four Alpine glaciers since 1865, J. Geophys. Res., 113(F1), F01015,
doi:10.1029/2007JF000803, 2008.

Huss, M., Bauder, A., and Funk, M.: Homogenization of long-term mass balance time series,

400



10

15

20

25

30

10

15

20

25

30

Ann. Glaciol., 50(50), 198-206, 2009.

Jansson, P.: Effect of uncertainties in measured variables on the calculated mass balance of
Storglaciaren, Geogr. Ann., 81A, 633-642, 1999.

Jansson, P. and Pettersson, R.: Spatial and temporal characteristics of a long vmass balance
record, Storglaciaren, Sweden, Arct., Ant. Alp. Res., 39(3), 432-437, 2007.

Karlén, W. and Holmlund, P.: Tarfala Research Station, 50 years of activity, Geogr. Ann., 78A(1—
2), p. 101, 1996.

Kaser, G., Cogley, J. G., Dyurgerov, M. B., Meier, M. F., and Ohmura, A.: Mass balance of
glaciers and ice caps: consensus estimates for 1961-2004, Geophys. Res. Lett., 33(19),
L19501, doi:10.1029/2006GL027511, 2006.

Kasser, P, Aellen, M., und Siegenthaler, H.: Die Gletscher der Schweizer Alpen 1977/78 und
1978/79. 99. und 100. Bericht, Jahrbuch der GK/SNG, 288 pp., 1986.

Koblet, T., Gartner-Roer, I., Zemp, M., Jansson, P.,, Thee, P, Haeberli, W., and Homlund, P.:
Determination of length, area, and volume changes at Storglacidren, Sweden, from multi-
temporal aerial images (1959—1999), The Cryosphere Discuss., 4, 347-379, 2010,
http://www.the-cryosphere.net/4/347/2010/.

Krimmel, R. M.: Analysis of difference between direct and geodetic mass balance measure-
ments at South Cascade Glacier, Washington, Geogr. Ann., 81A(4), 653—-658, 1999.

Kuhn, M., Dreiseitl, E., Hofinger, S., Markl, G., Span, N., and Kaser, G.: Measurements and
models of the mass balance of Hintereisferner, Geogr. Ann., 81A(4), 659-670, 1999.

Meier, M. F.: Glaciers of the Gannett Peak-Fremont Peak Area, Wyoming, M.Sc. thesis, State
University of lowa, USA, 159 pp., 1951.

Meeus, J.: Astronomical algorithms, 2nd edition, Willmann-Bell, Richmond, 477 pp., 1999.

Mercanton, P. L. (ed.): Vermessungen am Rhonegletscher/Mensuration au glacier du Rhéne:
1874-1915, Neue Denkschr. Schweiz. Naturforsch. Ges., 52, 1916.

Miller, M. M. and Pelto, M. S.: Mass balance measurements on the Lemon Creek Glacier,
Juneau Icefield, Alaska 1953-1998, Geogr. Ann., 81A(4), 671-681, 1999.

Muller, H. und Kappenberger, G.: Claridenfirn — Messungen 1914-1984, Zlricher Geogr. Schr.,

40,79 pp., 1991.

Ostling, M. and Hooke, R. LeB.: Water storage in Storglaciaren, Kebnekaise, Sweden, Geogr.
Ann., 68A(4), 279-290, 1986.

Jstrem, G. and Brugman, M.: Glacier mass balance measurements. A manual for field and
office work, Saskatoon, Sask., Environment Canada, National Hydrology Research Institute,

401

NHRI Science Report, 4, 1991.

@strem, G. and Haakensen, G.: Map comparison or traditional mass-balance measurements:
which method is better?, Geogr. Ann., 81A, 703-711, 1999.

Paterson, W. S. B.: The physics of glaciers, 3rd edition, Pergamon Press, Oxford, 480 pp.,
1994.

Pelto, M. S. and Miller, M. M.: Mass balance of the Taku Glacier, Alaska from 1946 to 1986,
Northwest Science, 64(3), 121-130, 1990.

Pettersson, R., Jansson, P., and Blatter, H.: Spatial variability in water content at the cold-
temperate transition surface of the polythermal Storglaciaren, Sweden, J. Geophys. Res.,
109, F02009, doi:10.1029/2003JF000110, 2004.

Pettersson, R., Jansson, P., and Holmlund, P.: Cold surface layer thinning on Storglaciaren,
Sweden, observed by repeat ground penetrating radar surveys, J. Geophys. Res., 108,
F16004, doi:10.1029/2003JF000024, 2003.

Schneider, T. and Jansson, P.: Internal accumulation in firn and its significance for the mass
balance of Storglaciaren, Sweden, J. Glaciol., 50(168), 25-34, 2004.

Schytt, V.: Glaciologiska arbete i Kebnekaise, Ymer, 67(1), 18—42, 1947.

Schytt, V.: Re-freezing melt-water on the surface glacier ice, Geogr. Ann., 31, 222-227, 1949.

Sorge, E.: Glaziologische Untersuchungen in Eismitte, in: Wissenschaftliche Ergebnisse der
Deutschen Groenland-Expedition Alfred Wegener 1929 und 1930/31, Leipzig, F. A. Brock-
haus, 3, 270 pp., 1935.

Thibert, E., Blanc, R., Vincent, C., and Eckert, N.: Glaciological and volumetric mass bal-
ance measurements: error analysis over 51 years for Glacier de Sarennes, French Alps, J.
Glaciol., 54 186), 522—-532, 2008.

Trabant, D. C. and Mayo, L. R.: Estimation and effects of internal accumulation on five glaciers
in Alaska, Ann. Glaciol., 6, 113-117, 1985.

Wallén, C. C.: Glacial-meteorological investigations on the Karsa Glacier in Swedish Lappland,
Geogr. Ann., 30(3-4), 451-672, 1948.

WGMS: Global Glacier Changes: facts and figures, edited by: Zemp, M., Roer, I., Kaab, A.,
Hoelzle, M., Paul, F., and Haeberli, W., UNEP, World Glacier Monitoring Service, Zurich,
Switzerland, 88 pp., 2008.

Zemp, M., Hoelzle, M., and Haeberli, W.: Six decades of glacier mass balance observations -
a review of the worldwide monitoring network, Ann. Glaciol., 50, 101-111, 2009.

402



Table 1. Aerial and field survey dates, positive degree day sums (PDDS), and related melt
corrections. For details see text.

aerial survey field survey PDDS melt
end end summer summer between factor correction
date winter summer balance [mw.e.] survey [K] surveys [K] [mw.e. K"] [mw.e.]
23 Sep 1959 15 Mai 1959 15 Sep 1959 1.80 501.5 7.3 0.0036 0.026
14 Sep 1969 15 Mai 1969 15 Sep 1969 1.93 531.2 0.0 0.0036 0.000
18 Aug 1980 27 Mai 1980 21 Sep 1980 2.16 607.5 59.2 0.0036 0.210
4Sep 1990 24 Mai 1990 10 Sep 1990 1.65 429.3 16.6 0.0038 0.064
9 Sep 1999 5Mai 1999 15 Sep 1999 1.52 434.0 27.2 0.0035 0.095
403

Table 2. Glaciological mass balances and related stochastic and systematic (A-D) uncertain-
ties. All values are cumulated over the corresponding observation period with units in meter
water equivalent (mw.e.). Note that the observation periods refer to the start and end year of
the corresponding first and last field surveys, respectively, e.g., the period 1959-1999 covers
the hydrological years from 1959/60 to 1998/99.

observation cumulative glac. field interpolation ~ survey  reference internal internal
period mass balance  measurements (i) method (i) dates (A) areas (B) ablation (C) accumulation (D)
1959-1969 -3.110 +0.316 +0.316 -0.026 +0.048 -0.032 +0.484
1969-1980 -2.540 +0.332 +0.332 -0.210 +0.133 -0.033 +0.642
1980-1990 1.000 +0.316 +0.316 +0.146 -0.007 -0.032 +0.646
1990-1999 0.720 +0.300 +0.300 -0.031 -0.001 -0.030 +0.588
1959-1999 -3.930 +0.632 +0.632 -0.119 +0.173 -0.063 +2.360
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Table 3. Volumetric mass balances and related stochastic and systematic (E, F) uncertainties.
All values are cumulated over the corresponding observation period with units in meter water
equivalent (mw.e.). Note that the observation periods refer to the years of the corresponding
aerial surveys.

observation volumetric dGPS dGPS non-glacierized non-glacierized density
period mass balance systematic (E) stochastic (iii) systematic (F) stochastic (iv)  assumption (v)
1959-1969 -3.983 +0.300 +0.360 -0.650 +0.310 +0.210
1969-1980 -2.877 +0.780 +0.890 +0.380 +0.420 +0.152
1980-1990 1.315 -0.740 +0.880 +1.990 +0.340 +0.069
1990-1999 0.590 -0.430 +0.240 -0.700 +0.170 +0.031
1959-1999 —4.954 -0.100 +0.340 +0.760 +0.220 +0.268
405

Table 4. “Official” glaciological mass balance (Holmlund et al. (2005), Tarfala Research Station
data) in comparison with other glaciological (glac.) and volumetric (vol.) mass balance (mb)
series of Storglaciaren. The table shows cumulative mass balances of the “official” glaciological
data series for the observation periods and corresponding mean annual differences of the other
series. Note that the observation periods refer to the start and end year of the corresponding
first and last field surveys, respectively, e.g., the period 1959—-1999 covers the hydrological
years from 1959/60 to 1998/99.

glac.mb by Holmlund  glac.mb by Holmlund  glac.mb this study, glac.mb this study, vol.mb by Koblet  vol.mb by Koblet vol.mb by Koblet

et al. (2005), Tarfala and Jansson (1999) "best estimate”, "best estimate”, etal. (2010) etal. (2010), corr. E et al. (2010), corr. F

Time Research Station data corr. A/B/C corr. A/B/C/D

obs. period mw.e. mwe.a”' mwe.a”' mwe. a’' mwe.a”’' mwe.a”' mwe.a"'
1959-1969 -3.110 -0.047 -0.001 +0.048 -0.087 -0.057 -0.152
1969-1980 -2.540 -0.037 -0.010 +0.048 -0.031 +0.040 +0.004
1980-1990 1.000 +0.014 +0.011 +0.075 +0.032 -0.043 +0.231
1990-1999 0.720 -0.003 -0.007 +0.058 -0.014 -0.062 -0.092
1959-1999 -3.930 -0.019 0.000 +0.059 -0.026 -0.028 -0.007
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Fig. 1. Observation network on Storglaciaren in 2006/07. Snow observations and ablation
stakes are used for the determination of the winter and summer mass balance, respectively.
Glacier outlines from the 1990 map (Holmlund, 1996). Map coordinates are in the Swedish
coordinate system RT 90 2.5 gon V.
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Fig. 2. Cumulative glaciological and volumetric mass balance series of Storglaciaren. The
“official” glaciological mass balance series (Holmlund et al. (2005), Tarfala Research Station
data) is compared to the new volumetric mass balance data by Koblet et al. (2010; 1959—
1969, 1969-1980, 1980-1990, 1990-1999). In addition, two glaciological mass balance series
are shown which are based on the “official” one but corrected for directional uncertainties in-
cluding/excluding internal accumulation (for details see text) as well as the old “official” series
by Holmlund and Jansson (1999). Additional volumetric mass balances—all derived from digi-
tized contour maps—are plotted based on Holmlund (1987; changes as calculated from maps
and adjusted to the glaciological data by Holmlund and Jansson, 1999), and based on Holm-
lund (1996) and Albrecht et al. (2000). In order to have a common reference point, all changes
are relative to the value of 1959 of the “official” glaciological data series (Holmlund et al. (2005),
Tarfala Research Station data; —-7.2mw.e.).
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