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Abstract

The geodetic method is widely used for assessing changes in the mass balance of
mountain glaciers. However, comparison of repeated digital elevation models only pro-
vides a glacier volume change that must be converted to a change in mass using
a density assumption. This study investigates this conversion factor based on a firn
compaction model applied to simplified glacier geometries with idealized climate forc-
ing, and two glaciers with long-term mass balance series. It is shown that the “density”
of geodetic volume change is not a constant factor and is systematically smaller than
ice density in most cases. This is explained by the accretion/removal of low-density
firn layers, and changes in the firn density profile with positive/negative mass balance.
Assuming a value of 850 + 60 kg m~° to convert volume change to mass change is ap-
propriate for a wide range of conditions. For short time intervals (< 3yr), periods with
limited volume change, and/or changing mass balance gradients, the conversion fac-
tor can however vary from 0-2000 kg m~ and beyond which requires caution when
interpreting glacier mass changes based on geodetic surveys.

1 Introduction

Determination of glacier mass balance via the comparison of two terrain elevation mod-
els obtained from air- or space-borne observation is one of the most popular, and most
accurate methods to monitor glacier mass change over periods of a few years to some
decades (e.g. Rignot et al., 2003; Bamber and Rivera, 2007; Cogley, 2009; Nuth et al.,
2010; Gardelle et al., 2012). Geodetic measurements of the glacier mass budget are
powerful as large and inaccessible areas can be covered and the integrated changes
of the whole glacier system are captured. However, the differencing of Digital Elevation
Models (DEMs) provides a change in glacier volume instead of a mass change that is
the relevant quantity for climate impact assessments (e.g. sea-level rise contribution,
mountain hydrology). In glaciological studies, observable volume change AV is usually
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converted to a mass change AM by assuming a conversion factor f,, as
AM =y, -AV. (1)

The robustness of f,,, in time and space is crucial for the accuracy of geodetic mass
balance determination, and has received little attention so far.

It can be shown that the factor f,}, is not constant in most cases, and is inherently
difficult to determine. A temporal change in glacier mass M is given by the change in
glacier volume V multiplied by its density p as
oM 9(pV)

7 2
ot ot @
Integrated with time this yields

AM = ApV + AV p, 3)

where p is the bulk density of the glacier including its firn coverage, and Ap is the
change in average glacier density over the time interval considered. In practice, the
exact individual quantification of Ap, o and V is however close to impossible. If we
write Eq. (3) as

ApV

AM = (=2
(AV

+p) AV = fpy - AV, (4)
the terms Ap, p and V can be lumped into the conversion factor 75, which allows direct
calculation of mass change from volume change. Nevertheless, it is evident from this
formulation that 75, will not be a straight-forward constant.

Most studies make basic assumptions on the conversion factor between volume
change and mass change and often rely on Sorge’s law (Bader, 1954) that prescribes
no changes in the vertical firn density profile over time. If Sorge’s law holds, Ap (Eq. 3)
equals zero, and f,, is about 900 kg m~, a number adopted in many previous as-
sessments of geodetic mass balance (e.g. Cox and March, 2004; Bauder et al., 2007;
221
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Schiefer et al., 2007; Paul and Haeberli, 2008; Cogley, 2009). A significant change in
volume however directly implies either positive or negative mass balance, and hence
a shift in the firn line, as well as a change in firn thickness and average density, thus
directly contradicting Sorge’s law. Based on a simple analysis of firn area changes,
Sapiano et al. (1998) estimated the average “density” of volume change as 850 kg m=°.
Several recent studies have adopted this value in order to account for the effect of in-
creasing or decreasing firn thickness on f,, (Huss et al., 2009; Zemp et al., 2010;
Fischer, 2010, 2011). Another approach is to use zonally variable conversion factors
(Moholdt et al., 2010; Gardelle et al., 2012; Kaeaeb et al., 2012). The uncertainty range
due to the density assumption is explored by either setting f5,, = 900 kg m~S for the en-
tire glacier, or 900 kg m~2 in the ablation area, and 500 to 600 kg m~2 in the firn zone
for converting volume changes to mass changes.

Based on a non-steady firn densification model for the percolation zone of the Green-
land ice sheet, Reeh (2008) concludes that the “straight-forward translation of observed
short-term ice sheet surface-elevation variations into mass changes may be completely
misleading”. This is explained by the transient adaptations of the firn density profile in
response to temporally varying melt and accumulation rates. Helsen et al. (2008) show
that surface elevation changes in the interior of Antarctica are mainly due to firn density
variations and can not be interpreted as a mass change. These findings related to ice
sheet mass balance are also relevant regarding mountain glaciers; surface elevation
in the accumulation area, and hence glacier volume, is not coupled linearly to glacier
mass.

Assessing the robustness of the conversion factor f,, necessarily involves the appli-
cation of a model that links the mass of a glacier to its volume by quantifying the terms
of Eq. (3). In nature, particularly the direct measurement of mass change is prone to
uncertainties, whereas volume change can be determined quite accurately using pho-
togrammetry (e.g. Bauder et al., 2007; Nuth et al., 2010) or laser-scanning techniques
(e.g. Abermann et al., 2010). Glacier mass change is normally estimated with the di-
rect glaciological method by integrating surface-density corrected point measurements
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over the glacier area. Several studies show, however, that systematic differences be-
tween the glaciological and the geodetic method are difficult to interpret as they might
be explained by various poorly constrained sources of uncertainty (Zemp et al., 2010;
Fischer, 2011). At the mountain-range scale, glacier mass change can also be directly
measured with satellite-based observations using gravimetry (e.g. Jacob et al., 2012),
but the uncertainties are still considerable and the spatial resolution is too low for pro-
viding mass variations of individual glaciers.

To date, no study has connected geodetically measured volume variations of moun-
tain glaciers to their mass balance by taking into account firn compaction at a spatially
distributed scale. In order to investigate the value and the temporal robustness of the
conversion factor f,,, (Eq. 1), an empirical firn densification model coupled to idealized
surface mass balance forcing is applied to a range of simplified glacier geometries.
Further, the evolution of firn thickness and density since 1960 is simulated for two
glaciers in the Swiss Alps based on long-term mass balance observations, and the
changes in mass and volume are jointly discussed. This study provides recommen-
dations for the “density” of volume change f,, to be used in mass balance studies
based on the geodetic method, and demonstrates in which cases the assumption of
a straight-forward conversion factor fails.

2 Data and methods
2.1 Glacier geometry

fay is assessed at two stages: (1) for synthetic glacier geometries, and (2) in case
studies with field data for the 50-yr time series of Gries- and Silvrettagletscher, Swiss
Alps. This has the advantage that at stage 1, the response of glacier volume to a pre-
scribed idealized mass balance forcing can be discussed under controlled conditions,
depicting the dominant features, and at stage 2, these findings are put into the applied
context of a glacier monitoring program.
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A strongly simplified synthetic glacier geometry is defined at stage 1. The glacier is
a slab with a constant slope of 15°, a constant width and a given elevation range that is
varied between 300 m and 2000 m. For the whole modelling exercise, glacier geometry
is assumed to remain constant, i.e. a dynamic response of ice flow is not accounted
for.

Griesgletscher (4.97 km2) and Silvrettagletscher (2.79 km?, both in 2007) are typical
medium-sized alpine glaciers in the southern and eastern Swiss Alps (Fig. 1). A mass
balance monitoring program is maintained since 1960 on both glaciers (Glaciologi-
cal reports, 1960-2011). Annual mass balance is determined using the glaciological
method. Eight (Gries) and six (Silvretta) DEMs are available over the last five decades,
documenting changes in glacier area and volume (Bauder et al., 2007). Both mass
balance series were homogenized by Huss et al. (2009) and systematic differences
between the glaciological and geodetic method were corrected.

2.2 Firn densification

The processes of firn densification have been extensively studied for conditions be-
low freezing level (e.g. Herron and Langway, 1980; Arthern and Wingham, 1998; Li
and Zwally, 2004; Reeh, 2008; Ligtenberg et al., 2011). There are few modelling ap-
proaches however for temperate firn (e.g. Vimeux et al., 2009), and compaction rates
can be higher by one order of magnitude compared to cold firn (Kawashima and Ya-
mada, 1996; Cuffey and Paterson, 2010). The processes governing firn densification
(pressure, aging) are active for both temperate and cold conditions thus allowing a sim-
ilar description. For mountain glaciers, also refreezing of liquid water in the pore space
can accelerate firn densification (Schneider and Jansson, 2004). Even in the case of
temperate glaciers refreezing can be significant as winter temperatures tend to sea-
sonally cool the uppermost firn layers below 0°C. Physical modelling of the refreezing
rate requires the description of heat conduction and data on the surface temperature
forcing (e.g. Reijmer and Hock, 2008; Ligtenberg et al., 2011).
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Here, the classical firn densification model by Herron and Langway (1980) developed
for the Greenland ice sheet (HL-model) modified for the temperate firn of mountain
glaciers is employed. The model is suitable for non-steady conditions as described by
Reeh (2008), and calculates the density oy, (o, t) of the firn layer deposited at time
after a time span of { yr as

Prirn(tos 1) = Pice = (Pice = Prin,0) - €XP(=C - 1) + 174, (%)

where o is the density of ice, o5, o the density of new firn, and r; accounts for den-
sification due to refreezing of melt water. A value of p;,, = 900 kg m~2 is assumed as

representative for alpine glaciers, and oy, o is set to 520 kg m~2. According to Herron
and Langway (1980), the parameter c is defined as

c = ki(b-pice/Pw) 2, (6)

with a term k; that is constant for temperate conditions and is used to tune simulated
to observed firn densification (see below). b is the annual accumulation rate in m wa-
ter equivalent (w.e.) and p,, the density of water. In order to keep the model simple
(not requiring climate data input) and location-independent, firn densification due to re-
freezing is roughly approximated by assuming end-of-winter firn temperatures linearly
decreasing from —-5°C at the surface to 0°C at a depth of 5m. For each layer, r is
obtained by prescribing complete latent heat exchange; total refreezing r; after tyr is
calculated as r; = r;_4 + r. After pore close-off at 830 kg m~2, a linear densification rate
with age of 10kg m~2a~" is assumed until ice density is reached.

Density measurements from 13 mountain glacier firn cores were compiled for cali-
brating the firn compaction model. Firn cores reach depths of 10-22m and are avail-
able for the European Alps (Ambach and Eisner, 1966; Oerter et al., 1982), Western
Canada (Sharp, 1951), Central Asia (Kreutz et al., 2001; He et al., 2002), Patagonia
(Matsuoka and Naruse, 1999; Shiraiwa et al., 2002), and Svalbard (Palli et al., 2002).
Most cores originate from temperate firn, but some glaciers are also polythermal. The
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most detailed records that resolve the density of annual layers are provided by a 20 m
deep firn pit on Kesselwandferner, Austria (Ambach and Eisner, 1966). All other firn
density data were averaged in 1 m steps resulting in a representative density-depth re-
lation supported by data from mountain glaciers in different regions. The standard de-
viation of observed density is 48—82 kg m~2 over depths of 1-18 m. The data of Kessel-
wandferner indicate slightly higher densities compared to the 12-core average profile
but pore close-off is reached at the same depth (Fig. 2).

Application of the original HL-model for a location with mean annual accumulation
rates equal to those observed by Ambach and Eisner (1966) results in significantly
too slow firn compaction (Fig. 2). The modified model version includes a term for re-
freezing r; (Eq. 5), and the parameter k4 = 0.110m™%%a7%® (Eqg. 6) is optimized to
match density profiles obtained from the firn cores. Densification rates with depth and
age observed in different regions worldwide agree well with density calculated with
the calibrated HL-model indicating that this empirical approach is able to capture firn
compaction for a wide range of mountain glaciers (Fig. 2).

2.3 Mass balance forcing

In order to force the firn compaction model for the simplified glacier geometries, four
experiments of idealized changes in surface mass balance were defined (Fig. 3). Each
experiment consists of two scenarios, with a positive and a negative shift in Equilibrium
Line Altitude (ELA), respectively. Before applying a change in mass balance, the model
is run for a 50-yr spin-up phase with a balanced mass budget which allows convergence
of the firn density profile to an equilibrium.

Surface mass balance distribution is prescribed by two linear elevation gradients
db/dz. For the ablation area db/dz = 0.008a "' is assumed, and db/dz = 0.004a™"
is chosen for the accumulation area. These values correspond to typically observed
mass balance gradients on mid-latitude mountain glaciers (e.g. WGMS, 2008). In Ex-
periment |, an immediate shift of the ELA by +100/-100 m is applied after model spin-
up and is maintained for 50 yr. Experiment Il prescribes a linear increase/decrease in
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the spatial distribution is changed. Whereas the first scenario assumes a 50 % increase
in mass balance gradients both in the ablation and the accumulation area, the second
scenario is characterized by reduced gradients. Experiment |V yields a shift in ELA
(similar to Experiment 1) but superimposes a natural year-to-year variability in mass
balance (Fig. 3).

Surface mass balance forcing for the case studies on Gries- and Silvrettagletscher
is provided by gridded maps of the annual mass balance distribution based on the ex-
trapolation of the in-situ measurements for the period 1961-2007, and 1959-2007, re-
spectively (Huss et al., 2009). The glacier geometry is updated annually taking into ac-
count surface lowering and glacier retreat based on direct observations. Both glaciers
showed a balanced mass budget between the beginning of the measurements and
the 1980s, and strong mass loss afterwards (Huss et al., 2009). Over the two-decadal
period 1987-2007, the mean annual balance was B,; = —1.15mw.e. for Gries, and
B,y = —0.66 mw.e. for Silvretta with the ELA above the highest point of the accumula-
tion area in several years causing a substantial degradation of the firn coverage (Fig. 1).

For both the synthetic glaciers and the case studies, mass change AM is calculated
by integrating surface mass balance over the glacierized area. Volume change AV is
obtained from the integration of firn layer thickness changes provided by the densifica-
tion model over the entire firn column. For the ablation area, ice density is assumed to
be constant at p,;, = 900 kg m~2. Thus, Eq. (1) can be solved and the conversion factor
fay between volume change and mass change be calculated for arbitrary periods of
one year to several decades.
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3 Results
3.1 fay for idealized glaciers

For each of the four experiments (Fig. 3), the combined model for surface mass balance
forcing and firn compaction is run, providing annual series of the change in glacier
mass and volume. Figure 4 shows the conversion factor f,,, for observation periods of
geodetic volume change that start with the step change in climate forcing and increase
in length from 1 to 50 yr.

fay converges towards 900 kg m™> after some decades for all experiments. When the
firn density profile is allowed sufficient time to adapt, the cumulative volume loss in the
ablation area (with p,,,) tends to dominate the changes in the firn area. For periods
shorter than about two decades — a time interval which is typically covered by geodetic
surveys — f,, can, however, be significantly lower than 900 kg m™> (Experiment 1), both
in the case of positive and negative volume change (Fig. 4a, Table 1). Firn layers with
a density smaller than p,., are added/removed which tends to make the glacier volume
change larger than implied by the first order approximation of f5, = pic, irrespective
of the sign of mass balance change. This is also evident from Eq. (4) providing details
on the components of f5,,. For example, a reduction in firn coverage associated with
a negative volume change (AV < 0) leads to an increase in bulk glacier density (Ap >
0), and thus a value of f5,, smaller than average glacier density p.

For a linearly increasing/decreasing mass balance (Experiment 1l), 5, shows a sim-
ilar evolution as for Experiment | with densities of volume change between 730 and
830 kg m™2 for observation period lengths of 2-20 yr (Table 1). The response of glacier
volume shows some delay as no stabilization in climate forcing is prescribed (Fig. 3). It
is remarkable that already with a minor change in mass balance, as in the first year after
the spin-up phase (AELA =5m), f,, significantly diverges from 900 kg m=3 (Fig. 4b).
This indicates that assuming validity of Sorge’s law for estimating the factor to convert
volume change to mass change is not even feasible for a small shift in mass balance
forcing.
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Experiment Il highlights a particular case that yields surprising results. If mass bal-
ance gradients both in the ablation and the accumulation area show a significant in-
crease/decrease together with a relatively small change in glacier-wide mass balance,
fay can assume values significantly larger than the density of water (Fig. 4c, Table 1).
Absolute glacier volume changes are thus smaller than the associated mass changes
in m® w.e. For the case of increasing gradients (Experiment Ill+), volume loss with p;.e
is enhanced in the ablation zone, whereas the firn volume with a low average density
grows in the accumulation area, partly compensating for the ice melt below the ELA.
Strongly changing mass balance gradients are a rather particular response of glaciers
to climate change, but may occur with rapidly rising air temperatures simultaneous to
a precipitation increase as it has recently been observed in Arctic regions (e.g. Abdalati
et al., 2005).

“Densities” of glacier volume change higher than 900 kg m~2 seem to be unphysical
at first glance. However, the conversion factor 75, does not necessarily correspond to
the physical properties of a density (see also Eq. 4). For example, a glacier volume
change (AV # 0) can occur without any change in mass (AM = 0) purely due to com-
paction of the firn layers. Conversely, mass balance can be negative (AM # 0) with no
change in total volume (AV = 0) if melt increases in the ablation area, compensated
in terms of volume by higher accumulation in the firn zone. According to Eq. (1) it is
evident that in these special cases, f,, can theoretically be located in the range [0, oo],
but can even be negative if the signs of mass change and volume change are opposite.

Experiment IV is based on a variable mass balance forcing and thus most closely
represents real conditions (Fig. 3). Average f,, over 200 model runs of different ran-
dom variability shows a similar evolution as for Experiment I. The conversion factor
increases gradually from about 780kg m~ towards ice density with increasing ob-
servation period length (Table 1). For individual series of variable mass balance forc-
ing, a strongly fluctuating signal is found however, in particular for observation period
lengths of < 3yr (Fig. 4d). The interplay of years with positive and negative mass bal-
ance leads to a complex pattern of the firn densification dynamics in which anomalous
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accumulation can impact on compaction rates for several years after deposition. If an-
nual or multi-annual mass change is close to zero, already small changes in the firn
density profile can induce diverging responses of glacier volume and mass, and hence
a conversion factor f,,, that is highly variable and difficult to estimate.

The dependence of 5, on glacier size was analyzed by running the model for glacier
elevation ranges of 300—2000 m. In general, the conversion factor shows similar trends
for small and large glaciers although some spread is evident (Fig. 4). Whereas for
scenarios with negative glacier mass balance, the elevation range has little influence on
fay (around £10kg m'3), the effect is more pronounced for an increase in ice volume.
Glaciers with a limited elevation range in particular can show values of f,,, smaller by
up to 70kg m™3 compared to large glaciers. This is due to the higher percentage of the
area of small glaciers that is affected by a given shift in the ELA. Elevation range is
more influential for Experiment Ill; f5,, of small glaciers is below p,., (Fig. 4c) because
they do not reach a critical size of the accumulation area.

3.2 Application to long-term series

oy is computed based on a spatially distributed run of the firn compaction model using
each years’ observed mass balance distribution for Gries- and Silvrettagletscher after
the spin-up phase. Calculated firn thickness locally reaches 20 m and shows a pattern
related to the spatial variability of surface accumulation rates (Fig. 1). In response
to a series of very negative mass balance years after the late 1980s (Glaciological
reports, 1960-2011), the thickness of the firn coverage has strongly decreased on
Silvretta, and it has almost disappeared on Gries.

Comparison of observed mass balance and calculated volume change for individual
years indicates that the annual conversion factor shows a strong variability (Fig. 5a, b).
While annual values of 7, range between about —500 and 6500 kg m~> for mass
balances B, of -0.2 to +0.2mw.e. a”!, the spread in f,, rapidly reduces with in-

creasing magnitude of mass change being 790 + 75kgm™° for | B, |>1mw.e.a™'. The
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observation of poorly constrained conversion factors for annual periods of a fluctuating
signal corresponds to the results of Experiment IV (Fig. 4d), and indicates that deter-
mining glacier mass balance from short-term (i.e. one to a few years) geodetic surveys
might be prone to errors due to an uncertain conversion of volume change to mass
change.

fay Was evaluated for periods of between 4 and 14 yr covered by DEMs that have
been used for determining geodetic mass balances (Bauder et al., 2007; Huss et al.,
2009). The results confirm the above findings. For periods with significant mass loss
(i.e. all periods after the mid-1980s), f,, is in the range 777-892 kg m™3 (Fig. 5¢, d).
With ongoing climate change, the firn coverage of small to medium-sized mountain
glaciers might completely disappear, resulting in a 75, converging to ice density. From
the 1960s to the early 1980s, with mean mass balances close to zero, much more
variable values are found for decadal periods. Reduced “densities” of volume change
prevailing during these decades are explained by increased accumulation rates leading
to the build-up of thick low-density firn layers, and thus relatively large volume changes
compared to the almost balanced mass budget.

fay is 878 kg m™> for Gries, and 866 kgm™ for Silvretta for the entire 5-decadal ob-
servation period. Considering the components of f,, (Eq. 4), these numbers seem
to be reasonable given a bulk glacier density p of slightly below 900 kg m™° (volume-
weighted average of mean firn and ice densities), and the changes in glacier density
Ap and volume AV over time.

The suitability of using separate conversion factors for volume changes in the ac-
cumulation and the ablation area (e.g. Moholdt et al., 2010; Kaeaeb et al., 2012) was
assessed by evaluating zonal surface elevation changes between two DEMs. Geodetic
mass change was then calculated using a “density” of volume change of 600 kg m=°
in the firn area, and 900 kg m~2 below. Resulting changes in overall mass and volume
were compared providing fay ,ong for all decadal periods (Fig. 5¢, d). This relatively
simple approach that avoids assuming a constant volume-mass conversion factor over
time is able to reproduce some of the decadal variability in 75, found with the firn
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compaction model. It does, however, not take into account that changes in the firn den-
sity profile might not be revealed as variations in surface elevation, and hence does not
capture the total effect.

4 Discussion

Although Figs. 4 and 5 suggest that values of 75, may be erratic being beyond the phys-
ical ranges of snow or ice density, these results do not challenge the usefulness of the
geodetic method but indicate that caution is required in some cases when interpreting
the results. It has been shown that calculated conversion factors outside of a range of
roughly 750-950 kg m™ occur in connection with (i) short observation periods (1-3yr),
(i) small volume changes, (iii) strong changes in the mass balance gradients, or a com-
bination of these factors. In practice, (i) can be circumvented by conducting geodetic
surveys over sufficiently long time periods. About 5—-10yr seem to be appropriate to
significantly reduce the uncertainties inherent to DEM production, and the density as-
sumption (see also Thibert et al., 2008; Huss et al., 2009; Zemp et al., 2010). For
case (ii), highly variable f,,, result in relatively small absolute errors in calculated mass
change as they occur in connection to an almost balanced mass budget (Fig. 5). Signif-
icant changes in mass balance gradients (iii) with a limited magnitude of glacier mass
loss/gain (Fig. 3c) are related to a major shift in climatic conditions. This particular case
needs to be carefully addressed if there are hints that these constraints are met. By
accounting for the three above restrictions in the application of the geodetic method,
problems arising from an uncertain conversion factor can be tackled and be reduced
to an acceptable level.

Sensitivity tests were performed to investigate the robustness of calculated f,,, on
simplifications in the modelling of glacier volume change. The model was run with
idealized mass balance forcing for all experiments (Fig. 3) first using alternative glacier
geometries, and second, by modifying the parameters and the formulation of the firn
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compaction model. Differences in the computed conversion factor were then compared
to the “reference” results (see Fig. 4, Table 1).

Two additional synthetic glaciers were defined for analyzing the dependence of f,,
on glacier geometry: (1) the glacier with a constant width has a slope of 8° below half of
its elevation range, and is steep (35°) in its upper reaches; and (2) it is inclined by 35°
in the ablation area, and 8° in the accumulation area. The area-elevation distribution of
the glacier has a minor influence on f,,. Slightly higher average values were found for
a glacier exhibiting a steep firn zone (+2 kg m~3, excluding Experiment Ill), and lower
fpy are present for the glacier geometry with a steep ablation area (-16 kg m‘3).

Assessing the performance and the suitability of the HL-model for mountain glaciers
is difficult due to the paucity of direct field evidence (the parameters of Eq. (5) are poorly
constrained). To test the impact of the approach to model firn compaction on calculated
fay, @ simple linear firn density change with age was considered and calibrated with
observations (Fig. 2). Assuming a constant densification rate of 35 kg m=a”’ yields re-
sults for 75, that are lower by 8 kg m~2 on average (excluding Experiment Ill) compared
to the reference. For example, 75, = 836 kg m~3 (Experiment 1) is found for a 10-yr ob-
servation period (versus 844 kg m™° for the calibrated HL-model).

The sensitivity of f5,, on the climate regime, i.e. the surface mass balance distribution
and characteristic compaction rates, was analyzed (i) by reducing balance gradients by
a factor 2, corresponding to more continental conditions, and (ii) by applying the un-
calibrated HL-model (Fig. 2). The approach to model f,, is relatively insensitive even
to these major changes in firn compaction. For reduced mass balance gradients, the
average conversion factor is 11 kg m~ below the reference results (excluding Experi-
ment |l1), the uncalibrated HL-model yields an average f,, that is 21 kg m~> lower. This
reduction in the conversion factor is due to slower firn compaction, and hence a longer
time lag in the response of the firn density profile to changed mass balance forcing.

The sensitivity tests indicate that calculated 7,/ is robust regarding glacier geometry,
the approach to model firn densification, and the climatic regime (continental/maritime)
although the simplified setting of the experiments cannot account for all influential
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processes present in nature. For example, densification due to refreezing is only mod-
elled crudely. The conversion factor for most sensitivity tests is slightly below the ref-
erence results, but shows the same temporal trends and remains in the range of 700—
900 kgm™2. Calculated average fay for Experiment Il is higher, in contrast, for some
sensitivity runs as they generally yield lower compaction rates thus exaggerating the
firn volume response to a given mass balance forcing.

Besides the process of firn compaction that was explicitly modelled in this study,
other effects can also influence the “density” of glacier volume change. Fischer (2011)
describes the impact of opening and closure of crevasses on geodetic volume change
in detail. If many crevasses are present, the bulk density of the entire ice body de-
creases. Changes in crevasse frequency over time might lead to a bias in the conver-
sion of volume to mass. The importance of this effect also depends on the timing (snow
coverage) and the spatial resolution of the geodetic survey. Although this process might
affect 1/, its magnitude is difficult to quantify and needs to be addressed for each case
individually.

5 Conclusions

The factor for converting glacier volume change to mass change is difficult to esti-
mate and shows a considerable variability that affects the accuracy of the widely used
geodetic method for the determination of glacier mass balance. Using an empirical firn
compaction model adapted for mountain glaciers, the “density” of volume change was
assessed for synthetic model glaciers with idealized climate forcing, and for two long-
term glacier monitoring programs. The conversion factor £, is, in most cases, below
the ice density which is used in numerous studies for calculating mass balance from
geodetic volume change. The effect is relatively small yielding a typical overestimate of
mass change of 1-10 %, but it is systematic, and thus needs to be accounted for. For
observation periods of some years to several decades featuring significant changes in
glacier volume, the density of volume change often lies in the range of 800-890 kg m'3,
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both for positive and negative mass balances. For the particular case of strong changes
in mass balance gradients together with limited mass gain/loss, f5, can however also
be systematically higher than the ice density. If short time intervals (1-3yr) in a fluctu-
ating mass balance signal are considered, and/or the volume changes over the obser-
vation period are small, 75, can show an erratic behavior and may assume values of

0—-2000 kgm ™ and beyond.

The findings of this study are in line with the simple assessment of f,, by Sapiano
et al. (1998) but highlights the strong variability, the underlying processes and the prob-
lems inherent to assuming a constant factor to convert geodetic volume change and
mass change. For most cases, f;, = 850 + 60 kg m~2 is recommended. However, the
conversion factor can strongly diverge from this mean value for particular conditions,
and the density assumption might represent a significant component of uncertainty in
geodetically determined mass balances.
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Table 1. Calculated conversion factor f,, (in kg m's) for all experiments (Fig. 3) and different
lengths of the observation period (in years) after a change in mass balance. Scenarios with

a positive (+) and a negative (-) shift in ELA are shown.

2a 5a 10a 20a 40a
Experiment |+ 774 813 844 870 884
Experiment |- 739 785 824 858 878
Experiment |1+ 732 762 796 835 867
Experiment I1- 730 756 787 820 848
Experiment lll+ 1680 1333 1112 995 945
Experiment lll- 1543 1229 1065 975 935
ExperimentIV+ 808 816 844 870 885
ExperimentIV- 755 792 829 860 879
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Fig. 3. Four experiments of surface mass balance forcing. Time series of glacier-wide mass
balance (left), and mass balance distribution with elevation (right) are shown for each experi-
ment. An experiment consists of two scenarios with a positive (red) and a negative (blue) shift

in equilibrium line altitude.
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Fig. 4. Calculated conversion factor f,, for observation period lengths increasing from 1 to 50 yr
after a change in mass balance (Fig. 3). Thin lines refer to model runs using different glacier
size (elevation ranges 300—2000 m), solid lines show the mean of all experiment simulations
for a positive/negative shift in the ELA. In (d) the variability of 200 model runs is expressed
as their average +2 standard deviations (shaded areas). Selected series of f,, for individual
model runs are shown.
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Fig. 5. Annual series of observed mass change and calculated volume change between 1990
and 2005 for (a) Griesgletscher and (b) Silvrettagletscher. The conversion factor f,, for each
year’s volume change is shown by bars. Note that for bars beyond the plotted range, values
are stated. (c,d) 75, for Gries and Silvretta over period lengths of 4-14 yr corresponding to the
dates of DEMs, and period mean mass balances. Blue lines show 7y, ,,,, €stimated assuming
zonally separated “densities” of volume change (see e.g. Moholdt et al., 2010).
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