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ABSTRACT. This study evaluates sensitivities of glacier mass balance and runoff to both annual and
monthly perturbations in air temperature and precipitation at four highly glacierized catchments:
Engabreen in northern Norway and Alfotbreen, Nigardsbreen and Storbreen, which are aligned along a
west—east profile in southern Norway. The glacier mass-balance sensitivities to changes in annual air
temperature range from 1.74mw.e.K~" for Alfotbreen to 0.55 mw.e.K™' for Storbreen, the most
maritime and the most continental glaciers in this study, respectively. The runoff sensitivities of all
catchments are 20-25% per degree temperature change and 6-18% for a 30% precipitation change. A
seasonality of the sensitivities becomes apparent. With increasing continentality, the sensitivity of mass
balance and runoff to temperature perturbations during summer increases, and the sensitivity of annual
runoff to both temperature and precipitation perturbations is constricted towards changes during the
ablation period. Comparing sensitivities in northern and southern Norway, as well as the variability
across southern Norway, reveals that continentality influences sensitivities more than latitude does.
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INTRODUCTION

Retreating glacier tongues and shrinking glacier areas are
among the most obvious evidence of ongoing climate
change. Glaciers affect human activities in mountainous
regions, and through impacts on streamflow further down-
stream where glacier meltwater can be an important source
of hydropower, drinking water or irrigation systems. Despite
differences in local conditions and response times, glaciers
worldwide show an overall trend of retreat since 2000
(IPCC, 2013; WGMS, 2013). Ongoing climate change also
exerts a large impact on the runoff regime from glaciers. In
the Swiss Alps, increased runoff from highly glacierized
catchments between 1974 and 2004 is linked to increased
air temperatures rather than increased precipitation (Pellic-
ciotti and others, 2010). As glaciers are considerable water
reservoirs acting on different timescales (Jansson and others,
2003), long-term changes of glacierization impact water
resources and are important for hydroelectricity production
(Finger and others, 2012).

In Norway, 98% of electricity is generated by hydro-
power (Gebremedhin and De Oliveira Granheim, 2012) and
60% of the total glacier area is situated in catchments
regulated for hydropower (Andreassen and Winsvold,
2012). Many Norwegian glaciers are projected to retreat
significantly (e.g. Laumann and Nesje, 2009) or even to
disappear by the end of the 21st century (e.g. J6hannesson
and others, 2006a; Giesen and Oerlemans, 2010). Long-
term projections for western Norway indicate a rise in
summer temperature by ~2°C by the end of the 21st century
(Hanssen-Bauer and others, 2009). This will first result in a
distinct increase in glacier melt periods (e.g. Andreassen and
Oerlemans, 2009) and eventually in a reduction of the total
glacier area by ~34% by 2100 (Nesje and others, 2008).
Because of decreasing ice volumes, the runoff from glacier-
ized catchments is expected to increase by 25-50% within
the next few decades (J6hannesson and others, 2006b),

https://doi.org/10.3189/2015A0G70A004 Published online by Cambridge University Press

before the reduced glacier area leads to a reduction in
meltwater runoff.

Hydrological models are often calibrated exclusively
using runoff measurements. As the runoff of glacierized
catchments is linked to the glacier mass balance, both
glaciological and hydrological applications require a good
understanding of mass-balance variations. Runoff is the sum
of liquid precipitation and melt of snow and ice. Since errors
from calculating runoff from its individual components
could compensate each other, mass-balance modeling is a
prerequisite for more accurate calculation of streamflow
from glacierized catchments (e.g. Finger and others, 2011;
Schaefli and Huss, 2011). This is especially important in
high-mountain areas, where precipitation measurements are
sparse and difficult to extrapolate (e.g. Engelhardt and
others, 2012).

Glaciers are very sensitive to climate variations (Kaser
and others, 2006). Both seasonal mass balances of a glacier
and annual runoff from its catchment present large year-to-
year variabilities (e.g. Engelhardt and others, 2013), mainly
due to variability from glacier melt contribution to runoff
(e.g. Engelhardt and others, 2014). To explore the causes of
these variabilities, this study evaluates the seasonality of
glacier mass balance and runoff sensitivities to temperature
and precipitation changes of four glacier catchments in
Norway containing the glaciers Engabreen, Alfotbreen,
Nigardsbreen and Storbreen.

STUDY SITES AND DATA

The study was carried out on four highly glacierized
catchments in Norway, of which one (Engabreen catchment)
is situated in northern Norway and the other three
(Alfotbreen, Nigardsbreen and Storbreen catchments) are
situated along a west—east profile in southern Norway
(Fig. 1). From Alfotbreen to Storbreen, the climate becomes
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Fig. 1. Outline of Norway with the location of the four glacier
catchments used for this study.

more continental, indicated by the continentality index k,
defined by Conrad (1946) as

174
~ sin(®+10)

where A is the difference between the mean temperatures of
the warmest and coldest months, and @ is the latitude of
the location.

The continentality index increases from 6 to 20 between
the Alfotbreen and Storbreen catchments, with intermediate
values of 10 for the Nigardsbreen and Engabreen catch-
ments (Table 1). Since the three catchments in southern
Norway are at similar latitudes, the continentality index
depends solely on the temperature difference A. Using the
seNorge dataset (www.senorge.no), the variable A increases
between the Alfotbreen and Storbreen catchments from 11K
to 19K, whereas the catchment-averaged annual air
temperature T, decreases from +0.5°C to —5.0°C and the
annual precipitation sum P, decreases from 6.2m to 1.6m
(Table 1). At all catchments, precipitation shows a minimum
in spring and a maximum in autumn (Fig. 2). In the
Alfotbreen catchment, seasonality in precipitation is most
pronounced, with very high precipitation occurring from
September through January, which is associated with the

14, (1)

prevailing westerly winds during this period. From Novem-
ber through April, the mean precipitation sum in the
Alfotbreen catchment is more than three times higher than
in the Storbreen catchment (Fig. 2), although the two
catchments are located only ~130 km apart. The Engabreen
and Nigardsbreen catchments show climate settings that are
quite similar to each other and values that are between the
respective values of the other two catchments (Table 1).
The glaciers within the investigated catchments differ in
area and elevation range (Table 2). The degree of glacieriz-
ation of the catchments is 54-73%. On all four glaciers,
continuous direct glacier mass-balance measurements from
interpolated stake readings for winter and summer balances
have been performed for >40 years (e.g. Kjollmoen and
others, 2011). For the period of available mass-balance
measurements (which are slightly different for each glacier;
Table 2), mean seasonal mass balances for these glaciers
from interpolated stake measurements vary between +1.4
and +3.8mw.e. for the winter balances and -1.7 and
-3.6mw.e. for the summer balances. In line with the
increase in continentality, the largest and smallest mass
turnovers occur at Alfotbreen and Storbreen, respectively,
the westernmost and easternmost of the selected glaciers in
southern Norway. For the period of available measurements,
Storbreen is the only glacier that experienced a mass loss,
whereas the largest mass gain is observed at Engabreen.
However, the mass-balance record at Engabreen is most
likely too positive, as geodetic calculations indicate a glacier
in balance for the period 1985-2002 (Haug and others,
2009). Therefore, the Engabreen mass-balance record is
currently being homogenized and re-evaluated by the
Norwegian Water Resources and Energy Directorate (NVE).
For the study we used the gridded temperature and preci-
pitation data from seNorge. The data are based on station
measurements which are interpolated on a 1 km horizontal
grid for all of mainland Norway on a daily basis from 1957 to
the present (Mohr, 2008). Despite some weaknesses with the
inter- and extrapolation of precipitation in mountainous
regions, different evaluation studies (Mohr, 2009; Dyrrdal,
2010; Engelhardt and others, 2012; Saloranta, 2012) found
the gridded data of seNorge suitable for mass-balance
modeling especially due to their high spatial resolution.
Following Engelhardt and others (2014), the precipitation
data of seNorge were adjusted by using a precipitation
correction factor for each catchment. The factor was set in
order to comply with the catchment-wide water balance
consisting of precipitation, evaporation, runoff and accumu-
lated mass balance over the period of available runoff data.

Table 1. Overview of the studied catchments with name of the containing glacier, catchment area, degree of glacierization, mean annual air
temperature, T,, mean annual precipitation sum, P,, difference between the mean temperatures of the warmest and coldest months, A,
latitude, ®, index of continentality, k, and mean runoff for the period of available measurements. The climate data are based on the seNorge

dataset and averaged for the study period (1961-2012)

Catchment Area Glacierization Ta P, A i) k Mean runoff Period of runoff
measurements
km? % °C m K ° m3s~!
Engabreen 53.3 73 -1.9 4.4 14.0 66.7 10.4 6.31 1998-2012
Alfotbreen 8.3 54 0.5 6.2 11.3 61.8 6.2 1.47 1994-2012
Nigardsbreen 65.3 72 2.1 3.4 13.5 61.7 10.1 6.64 1962-2012
Storbreen 8.3 62 -5.0 1.6 18.9 61.6 19.9 0.66 2010-2012
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Fig. 2. Climographs for the four studied catchments (averaged seNorge data for the period 1961-2012).

METHODS

The mass-balance and runoff model used in this study is a
conceptual model that calculates snow accumulation, melt
and runoff at a 1 km horizontal resolution. To account for the
glacier area at the glacier margins, gridpoints which repre-
sent areas that are only partly covered by ice were weighted
depending on the glacier ratio of the representing grid area.
With this technique, the seasonal mass balance of even the
smaller glaciers was modeled in good agreement with the
measurements (Engelhardt and others, 2014). The model was
run on a daily basis using the gridded data from seNorge. The
transition from rain to snow was determined by a threshold
temperature (T;) which was surrounded by an interval of 2 K
where the precipitation linearly shifts from rain to snow.
Daily melt rates of snow or ice Mgow/ice (MMd™") were
obtained from a distributed temperature-index approach
including potential solar radiation (e.g. Hock, 1999).

For T, (seNorge air temperature) > Ty (threshold tempera-
ture for melt), daily melt is calculated as

Msnow/ice = (@ + Csnow/icel)(Tsn - TO)/ (2)

where © is the melt factor, Ciowsice are the radiation
coefficients for snow and ice, and / is the potential clear-sky
solar radiation (kWm™2). Model parameters for each
catchment are given in Table 3.

The model calculates the reference surface glacier mass
balance (Elsberg and others, 2001). The glacier area on
which the calculations were based is the same area for
which the available glacier mass-balance measurements
have been performed (e.g. Kjollmoen and others, 2011). For
Nigardsbreen, for example, this reference area was 47.8 km?
from 1984 to 2008 and was updated to 47.2 km? in 2009,
when a new glacier outline was available (Kjgllmoen and
others, 2010). Glacier area changes during the model period

Table 2. Overview of the glaciers within the studied catchments with area, associated mapping year, glacier elevation range, equilibrium-
line altitude (ELA) and seasonal mass balances (Bw, Bs) for the period of available measurements (data based on Kjollmoen and others,

2010)
Glacier Area Mapping year Elevation ELA Bw Bs Beginning of mass-balance
measurements
km? ma.s.l. ma.s.l. mw.e. mw.e.

Engabreen 38.7 2008 89-1574 1096 29 -2.3 1970
Alfotbreen 4.5 1997 903-1382 1168 3.8 -3.6 1963
Nigardsbreen 47.2 2009 315-1957 1508 2.4 -2.0 1962

Storbreen 5.1 2009 1400-2102 1777 1.4 -1.7 1949
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Table 3. Parameter sets and model performance for the catchment areas. Model performance is expressed by the coefficients of variation
(root-mean-square error divided by the average) between modeled and measured seasonal mass balances, and the Nash-Sutcliffe
coefficient, which is calculated using modeled and measured daily runoff values

Parameter Description Engabreen Alfotbreen Nigardsbreen Storbreen Unit
catchment catchment catchment catchment

To Melt threshold temperature -0.6 0.2 -0.2 -0.3 °C

Ts Snow threshold temperature 1.7 2.5 1.3 1.4 °C

Csnow Radiation coefficient for snow 4.8 43 3.8 3.6 mmK-'d-" kw1 m?

Cice Radiation coefficient for ice 7.5 7.1 7.0 5.6 mmK='d=" kW~ m?

) Melt factor 2.8 3.9 2.9 2.6 mmK~"d™!

Cy Coefficient of variation 0.16 0.18 0.16 0.15 -

E Nash-Sutcliffe coefficient 0.80 0.76 0.85 0.88 -

were not larger than 6% of the respective glacier area. To
account even for such small area changes in the model, the
glacier melt contribution of the gridpoint representing the
lowest glacier altitude was changed by adjusting the glacier
ratio of this gridpoint. For the area outside the glacier
outline, the model calculates daily values for snow accumu-
lation, snowmelt and runoff.

The parameters of the used mass-balance and runoff
model were taken from Engelhardt and others (2014), where
the model parameters were adjusted for each catchment by
minimizing the root-mean-square error (rmse) between
measured and modeled seasonal glacier mass balances
and maximizing the Nash-Sutcliffe coefficient between
modeled and measured daily runoff values. The model
performance of that study is reported in Table 3, where the
coefficient of variation ¢, (rmse value divided by the
average) is provided to better compare model performance
between the sites. Additional information, such as parameter
space of all model parameters and a detailed uncertainty
analysis of this parameter set, can be found in Engelhardt
and others (2014).

The climate sensitivity of a glacier catchment can be
expressed in changes of mean annual mass balance (mass-
balance sensitivity §) or mean annual runoff (runoff
sensitivity R) in response to temperature and precipitation
changes. Following Oerlemans and others (1998), the
sensitivities of the annual glacier mass balance B, to
variations in temperature and precipitation (3r and (p) were
defined as

| Ba(+1K) — By(—1K) |
2 / 3)
| Ba(+30%) — Ba(—30%) |
. .

Br(1K) =

Bp(30%) =

In the same way, we defined the sensitivities of the seasonal
glacier mass balances (winter balance fw and summer
balance () and sensitivity of the mean annual runoff (R) to
climate forcing. The seasonal mass balances were deter-
mined between the days when the glacier-wide mass
reached its maximum in spring and its minimum in autumn.

The sensitivities represent the so-called static sensitivities
since they do not account for dynamic responses of the
glacier (e.g. area changes due to mass-balance variations).
Model parameters such as threshold temperatures or melt
coefficients (Table 3) were kept constant. Changes in
precipitation patterns would very likely be accompanied
by different meteorological conditions (e.g. cloud cover or
wind speed) and thus affect several terms in the energy
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balance, although air temperature remains unchanged.
Therefore, the climate sensitivities represent idealized val-
ues to (relatively) small perturbations.

To calculate the climate sensitivities of the four studied
glaciers, the temperature and precipitation values of the
model period (1957-2012) were changed and the impacts
on the seasonal mass balances (for the glacier areas) and the
mean annual runoff (for the whole catchments) were
evaluated for the study period (1961-2012). In two different
experiments, the input changes were performed first for
annual values, and secondly for monthly values individually
for each month, since monthly perturbations in temperature
and precipitation reveal seasonalities of the climate-mass-
balance and climate-runoff relations. The range for these
variations was +3 K for temperature and +30% for precipi-
tation values. Although many previous studies have used
perturbations of monthly precipitation of 10% (e.g. De Woul
and Hock, 2005; Andreassen and others, 2006), a value of
30% was chosen for this study since it has about the same
impact on annual mass balance as a 1 K temperature change
(see, e.g., Andreassen and Oerlemans, 2009).

RESULTS
Mass-balance sensitivity

As expected, annual glacier mass balance was negatively
correlated with changes in mean annual air temperature and
positively correlated with changes in mean annual precipi-
tation sums (Fig. 3). However, at higher temperatures,
sensitivity to temperature changes increases, whereas
sensitivity to precipitation changes decreases. Differences
between the four glaciers occur in the magnitude of these
correlations and the range of how much precipitation
change would be necessary in order to compensate the
effect of a temperature increase or decrease on the glacier
mass balance. For Engabreen, the effect of a 1K change in
annual air temperature would be more than compensated
by the effect of a 30% change in annual precipitation sum,
whereas for the other three glaciers such a precipitation
increase would not be sufficient to compensate the effect of
a 1K temperature increase (Table 4).

Alfotbreen, the most maritime glacier in the study, shows
the largest mass-balance sensitivity to both temperature and
precipitation changes of all four studied glaciers. At
1.74mw.e.K~', the mass-balance sensitivity of Alfotbreen
to temperature change is about twice as large as for
Engabreen and Nigardsbreen, and more than three times as
large as for Storbreen (Table 4). Though less pronounced, the
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Fig. 3. Sensitivity of annual mass balance (mw.e.) to changes in annual temperature and precipitation.

mass-balance sensitivity to precipitation change is also
largest at Alfotbreen. However, considering not the absolute

but the relative seasonal mass-balance sensitivities,

Alfot-

breen differs from the other glaciers only for the summer

balances (Table 4).

Analysis of monthly mass-balance sensitivities reveals
that November and April are the months when Alfotbreen
shows largest winter mass-balance sensitivity to precipi-
tation change among the studied glaciers (Fig. 4). In the
other months, sensitivity of winter mass balance to precipi-
tation change is similar in the four studied glaciers. The
sensitivity of annual mass balance to a temperature rise is
highest at Alfotbreen for all months. The most striking
difference between Alfotbreen and the other glaciers is the
extremely high winter mass-balance sensitivity to tempera-
ture changes for the period September through January

(Fig. 4), with the highest sensitivity in September.

Monthly mass-balance sensitivities for Engabreen and
Nigardsbreen are quite similar (Fig. 4). However, for tem-
perature changes in May to October, Engabreen shows a
higher mass-balance sensitivity than Nigardsbreen. For June
to August, the higher mass-balance sensitivity at Engabreen is
due to higher sensitivity of the summer mass balance, and in
May, September and October, due to higher sensitivity of the
winter mass balance to temperature changes. In September
and October, Engabreen shows the highest mass-balance
sensitivity to precipitation changes of all the studied glaciers.

Storbreen has the lowest mass-balance sensitivity of the
four glaciers for both temperature and precipitation changes.
At this glacier, the sensitivity to monthly changes reveals no
changes in glacier mass balance due to temperature
variation between November and March. In addition, the
mass-balance sensitivity to a temperature rise in summer is
smaller than for the other studied glaciers, and the sensitivity

Table 4. Absolute seasonal and annual mass-balance sensitivities (8w, s, On; mw.e.) and relative changes (%) of the seasonal mass
balances for the studied glaciers using perturbations in mean annual air temperature (index 1) and precipitation sum (index p)

Glacier Bw,r (1K) Bs1 (1K) Bn, (1K) Bw.,p (30%) Bs.p (30%) Bn,p (30%)
mw.e.K™! % mw.e. K™! % mw.e.K”" mw.e. K™ % mw.e.K™! % mw.e. K™
Engabreen 0.30 10 0.62 27 0.92 0.94 33 0.12 5 1.06
Alfotbreen 0.83 23 0.91 26 1.74 1.25 34 0.14 4 1.39
Nigardsbreen 0.25 11 0.61 30 0.86 0.73 31 0.07 4 0.80
Storbreen 0.07 5 0.48 28 0.55 0.42 31 0.08 4 0.50
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Fig. 4. Sensitivity of winter mass balances (fw) and summer mass balances (3s) to increases in monthly temperature (T,,) by 1K and

increases in monthly precipitation (Py,) by 30%.

to precipitation varies less throughout the year than at the

other glaciers.

Runoff sensitivity

A 1K increase in mean annual air temperature leads to a 20—
25% increase in the annual runoff sum from the catchments
(Fig. 5). However, a temperature decrease in the same range
only reduces the runoff by 14-23% (Table 5). This
asymmetry in temperature sensitivity is strongest for the
Nigardsbreen catchment, where a 3 K temperature increase

is modeled to almost double the runoff.

Whereas a 30% precipitation increase would approxi-
mately compensate a 1K temperature increase for the
annual mass balances, the combination of such temperature
and precipitation changes would lead to a 31-38% increase

Table 5. Mean modelled runoff, absolute (m?s~") and relative (%)
runoff sensitivities (R) for the studied catchments (1961-2012) using
perturbations in mean annual air temperature (index 1) and precipi-

tation sum (index p)

Catchment Mean runoff Rr (1K) Rp (30%)
m3s~! m3s~! % m3s~! %
Engabreen 5.67 1.39 24 0.35 6
Alfotbreen 1.42 0.24 17 0.25 18
Nigardsbreen 5.89 1.24 21 0.71 12
Storbreen 0.49 0.10 19 0.05 10
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in annual runoff from the catchments (Fig. 5). A precipitation
decrease in the catchments can be compensated by
enhanced meltwater release from the glacier storage,
accomplished by a temperature increase. To compensate
for a 30% precipitation decrease, the necessary temperature
increase in the Alfotbreen catchment is 1K, but only ~0.5K
in the Nigardsbreen and Storbreen catchments. For the
Engabreen catchment, a 0.35K temperature increase is
enough to compensate a 30% precipitation decrease.
Whereas a 30% precipitation change leads to a runoff
change of ~10% at the Nigardsbreen and Storbreen
catchments, this impact is about twice as large at Alfotbreen,
where the rain contribution to runoff is much higher than at
the other two catchments (Engelhardt and others, 2014).
The runoff sensitivities to monthly perturbations of air
temperature (by +1K) and precipitation sum (by —30%) are,
in terms of seasonality, similar to the mass-balance
sensitivities (Fig. 6). Runoff is least sensitive to temperature
changes in March, when temperatures in the Alfotbreen
catchment are still low (Fig. 2). Due to low temperatures, for
the Storbreen catchment a 1 K temperature increase between
November and March has no influence on the annual runoff
sum. For the Alfotbreen catchment, the runoff sensitivities to
temperature changes are fairly constant from May to January,
whereas the Nigardsbreen and Storbreen catchments show a
clear maximum in the runoff sensitivity to a temperature rise
in June to September. For the Alfotbreen catchment, runoff is
most sensitive to a precipitation decrease for the period
August to December, when both precipitation and the
relative contribution of rain to runoff are high. The
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Fig. 5. Sensitivity of annual runoff (%) to changes in annual temperature and precipitation.

compensation of a 1K warming with a 30% decrease in
precipitation for the Alfotbreen catchment as seen for annual
mean values is also visible for such changes in most months.
However, in late winter/early spring it is mostly precipitation
changes, and in spring/early summer mainly temperature
changes, that affect annual runoff. In the Nigardsbreen
catchment, precipitation changes in summer and early fall
have the largest impact on annual runoff. In the Storbreen
catchment, sensitivity to precipitation changes is narrowed
down to the three summer months.

DISCUSSION

Although a simple melt-index model has been applied in this
study, the calculated mass-balance sensitivities correspond
well with results of similar studies with different model ap-
proaches and for different glaciers in Norway (e.g. De Woul
and Hock, 2005; Rasmussen and Conway, 2005; Schuler and
others, 2005; Andreassen and Oerlemans, 2009).

Generally, the glacier mass balance is affected by tem-
perature changes during the ablation period and by precipi-
tation changes during the accumulation period. However,
temperature also affects the winter balance through the
snow/rain threshold temperature Ts. Higher temperatures
shorten the accumulation period and therefore reduce the
amount of precipitation falling as snow. This effect is most
pronounced in late spring and early fall, when temperatures
on the glaciers are close to freezing point and precipitations
frequently shift between rain and snow. For glaciers in a more
continental setting, the effect of monthly mean temperature
changes during winter months is negligible.
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High temperatures at Alfotbreen throughout the year not
only yield the highest melt efficiency compared to the other
glaciers, but also the highest mass-balance sensitivity to both
annual and monthly temperature changes. The negligible
mass-balance sensitivities to temperature changes at Stor-
breen during winter (November to March) are due to low air
temperatures that remain below freezing point even with 1K
higher monthly temperatures. In the Engabreen and Nigards-
breen catchments, winter temperatures are low enough that
an increase in air temperature has little effect on the snow/
rain ratio, whereas at the most maritime catchment of
Alfotbreen, winter temperatures are often close to freezing
point. The high sensitivity of winter balance to temperature
changes at Alfotbreen between September and January can
be explained by the high precipitation values and relatively
high air temperatures during this period (Fig. 2). The
temperatures are close to the melting point and the snow/
rain threshold temperature. In addition to stronger melt, small
temperature increases will have a considerable effect on the
snow/rain ratio of the large precipitation sum and thus on the
winter balance. Consequently, at Alfotbreen, the annual
mass-balance sensitivity to a temperature rise in a single
month is highest, when temperature is changed in Septem-
ber. In this month, temperature variations influence both
summer and winter mass balances. The high mass-balance
sensitivity to temperature changes at Alfotbreen is also found
for maritime glaciers in other parts of the world (e.g. Ras-
mussen and Conway, 2004; Rasmussen and others, 2007).

Mass-balance sensitivity to annual temperature changes
is not linear. As shown by Oerlemans and Fortuin (1992),
increased melt at higher temperature values is mainly the
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Fig. 6. Sensitivity of annual runoff (%) to an increase in monthly temperature (T,) by 1K and a decrease in monthly precipitation (Pp)

by 30%.

result of changes in melt-season duration, and to a lesser
extent due to a shift of precipitation from snow to rain.
However, with increasing temperature perturbations, the
calculated sensitivity values are less reliable, as dynamic
adjustments of the glaciers would strongly alter sensitivity
values. The results of this study are based on a model using a
degree-day approach. Such a model becomes increasingly
unreliable when simulating the effect of large temperature
changes (Gardner and Sharp, 2009), since the empirical
model parameters are adjusted to unchanged temperature
and precipitation conditions.

Although the Engabreen and Nigardsbreen catchments
are located in different climatic settings in terms of latitude
and distance to the coast (Fig. 1), both glaciers show similar
temperature and precipitation sensitivities. Engabreen’s
slightly higher mass-balance sensitivities to temperature
changes during the summer months can be explained by the
high daily solar radiation values during summer at this
latitude, which enhance the melt potential (Eqn (2)).

The influence of precipitation changes on the summer
balance is generally small. However, fresh snow from cold
weather events on a glacier almost shuts down melt due to
the high albedo (Brock and others, 2000; Oerlemans and
Klok, 2004). Summer mass balances are also affected by an
increase in winter precipitation through prolongation of the
snowmelt period and delaying the onset of the more
efficient melt of firn or ice.

Anderson and Mackintosh (2012) show that mass balance
of maritime glaciers is mainly sensitive to precipitation
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changes, but also to topographic characteristics (e.g. debris
cover and topography). Thus, the asymmetric runoff sensitiv-
ities to temperature (Fig. 5), which are more pronounced at
Engabreen and Nigardsbreen than at the other two catch-
ments, may be explained by the hypsometry of the glaciers,
which cover >50% of the respective catchment areas. At
Engabreen and Nigardsbreen, a rise in the average equi-
librium-line altitude (ELA) by 200 m, compared to the 1970-
2012 average, would reach the elevation of the main plateaus
at both glaciers and lead to a doubling of the ablation area.
Mass-balance measurements reveal that at all four studied
glaciers, the ELA for the period 2001-10 was on average
~100m higher than for the period 1970-2000 (Kjellmoen
and others, 2011). For the same periods the seNorge data
show an increase in mean summer temperature by ~1 K. For
the period 2001-10, annual runoff from the Nigardsbreen
catchment was ~20% higher than for 1971-2000 (Engel-
hardt and others, 2014), although the mean annual precipi-
tation sum in the catchment decreased by ~10%.

The elevation range between the average ELA and the
maximum glacier elevation at Alfotbreen is 214 m (Table 2),
much smaller than for Engabreen or Nigardsbreen, where it is
more than twice as large. Thus, at Alfotbreen, a further rise in
the ELA would surpass the maximum glacier elevation faster
than at the other glaciers. This would cause the loss of most
of the accumulation area and a fast shrinkage of the glacier
area. For Hardangerjokulen, an ice cap in southern Norway
with an elevation range <800m, Giesen and Oerlemans
(2010) showed that the annual mass balance is projected to
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become negative at all elevations and the glacier will
disappear by the end of the 21st century assuming a 3K
linear temperature increase during this period.

Long-term forecasts for western Norway project a rise in
summer temperature by ~2°C by the end of the 21st century
(Nesje and others, 2008). For glaciers in a more continental
climate setting like Storbreen, such an increase will double
the period of potential glacier melt (Andreassen and
Oerlemans, 2009). At all glaciers in Norway, such a
temperature change would probably lead to a dramatic
decrease in annual glacier mass balance and increase in
runoff, before reduced glacier areas lead to a reduction in
runoff, especially in late summer.

CONCLUSION

It was found that the sensitivities of both glacier mass balance
and catchment runoff to temperature and precipitation
changes show distinct seasonalities. Mass-balance sensitiv-
ities are generally smallest at Storbreen, the most continental
glacier in this study, whereas Alfotbreen, the most maritime,
shows notably large mass-balance sensitivities to precipi-
tation variations in October to January. Engabreen and
Nigardsbreen show similar mass-balance sensitivities, with
those of Engabreen being slightly the larger.

Although catchment size and degree of glacierization are
similar for the Alfotbreen and Storbreen catchments, the
difference in climatic conditions yields large differences not
only in mass-balance sensitivities but also in runoff
sensitivities to changes in temperature and precipitation.
Whereas runoff sensitivities to monthly temperature or
precipitation changes from the Alfotbreen catchment are
high throughout the year, for the Nigardsbreen and
Storbreen catchments they become concentrated towards
the summer. In addition, from Alfotbreen to Storbreen,
runoff becomes more sensitive to temperature changes and
less sensitive to precipitation changes. The Nigardsbreen
catchment, located between these two catchments, shows
intermediate runoff sensitivities, similar to those in the
Engabreen catchment. However, due to its geometry and
large glacier size, runoff from the Nigardsbreen catchment is
likely to show the largest relative increase as the ongoing
temperature rise continues.

Although the Norwegian mainland has a large north—
south extent, the increasing continentality from west to east
in southern Norway yields larger differences in mass-
balance and runoff sensitivities to changes in temperature
or precipitation than between northern and southern Nor-
way. The calculated glacier mass-balance sensitivities as
well as the runoff sensitivities may assist in analyzing
impacts of both observed and projected annual and
seasonal temperature and precipitation changes in Norway.
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