Reply to reviewer 1

We would like to thank the reviewers for their constructive comments on our manuscript. Both
reviewers are concerned about the novelty of the methods employed and the results obtained in this
study. We therefore have to acknowledge that we were unable to explain the purpose of our study and
to highlight the novelty of our results. Before addressing the reviewer’s specific comments in detail, we
will therefore briefly mention the goals and the novelty of this work:

As mentioned in the introduction the three goals of this study were:

i) Modelling the annual mass balances of eight Scandinavian glaciers with long annual

mass balance series using a suite of statistical models using seasonally averaged climate data as input
variables. These models enable us to compare the relative importance of accumulation-season
precipitation and ablation-season temperature on annual mass balances of glaciers.

ii) Assessing temporal changes of relative importance of accumulation-season precipitation and
ablation-season temperature. These temporal changes are then compared to large-scale oceanic and
atmospheric modes, such as the Atlantic Multidecadal Oscillation (AMO) and the North Atlantic
Oscillation (NAO).

i) In a last step we compare the climate sensitivities of ablation-season temperature and accumulation-
season precipitation of statistical models to results from other modelling approaches, namely
temperature index models and physically based models. We then used the mass balance models and
climate projections for the years 2050 and 2100 to predict average annual mass balances for these
years.

The reviewers are very concerned about point iii). The projections were only a side product of this work,
and as the reviewers point out a rather poor one. We therefore removed this part of the manuscript.
As the reviewers point out, the glaciers studied in this study have all been studied previously, most of
them with more sophisticated models.

These studies have focused on two aspects of glacier mass balances:

i) Many studies have focused on sensitivities of mass balances to changes in temperature and
precipitation, i.e. on expected changes of net balances for given changes in temperature (in °C or K) and
precipitation (in % of a reference level).

The different units of temperature and precipitation make a direct comparison of the climate
sensitivities in term of relative importance difficult. For instance 1 K and 10% of the precipitation of a
reference period do most probably not cover the same proportion of the range of precipitation and
temperature data.

Considering data from Bergen for the period 1962 — 2010, the standard deviation (sd) of temperature
from May to September (T MJJAS) is 0.856 °C. 1°C is then 1.16*sd(T MJJAS). The average monthly
precipitation from October to April (P ONDJFMA) is 200 mm, the standard deviation is 52 mm. 1.16 *
sd(P ONDJFMA) is then 61 mm which corresponds to a precipitation change of 30%. In this case, climate
sensitivity to a 1°C change similar to a 30% precipitation change is indicative of equal relative
importance of T MJJAS and P ONDJFMA. The standard deviation of summer temperature and winter
precipitation is different for each station and for each point of a gridded data set.



In this study, we therefore want to estimate the relative importance of summer temperature and winter
precipitation, most importantly these relative importances are directly comparable, which is not the
case for climate sensitivities.

ii) Some studies have focused on the relative importance of summer (Bs) and winter balance (Bw) for
the annual balance (Ba) (e.g. Nesje et al. 2000, Andreassen et al. 2005, Mernild et al. 2014). Nesje et al.
(2000) used the correlation between Bs and Ba and Bw and Ba as estimators of relative importance,
whereas Andreassen et al. (2005) used the more direct measures of ratios of standard deviations of Bs
and Ba (sBs/sBa) and Bw and BA (sBw/sBa).

In this study, we use a combination of these two approaches: We want to estimate the relative
importance of climate variables (summer temperature and winter precipitation) for the annual balance.
Additionally, we are interested in changes of relative importance of summer temperature and winter
precipitation for the annual mass balance, and we test if the relative importances change when only
considering years characterised by certain states of climate indexes.

In this study, we propose a statistical framework in which we are able to automatically/ objectively
assign relative importance to variations in summer temperature and variations in winter precipitation.
Standardising all variables involved in a linear model (as outlined on page 389) enables the calculation of
relative importance of summer temperature and winter precipitation for net balances. Most importantly
these relative influences are then comparable. l.e. a higher absolute value of the relative importance of
summer temperature (the standardized partial regression coefficient to use some jargon) than of winter
precipitation means that summer temperature is more important.

We are interested in the relative importance of summer temperature and winter precipitation for the
entire measurement period, but we are also interested in changes of the relative importance of summer
temperature and winter precipitation through time. Therefore, we estimate the relative importance of
summer temperature and winter precipitation in 25-year moving windows (changed from 30-year
windows in the original manuscript).

As there is one main pattern of oceanic variability, the AMO and one main pattern of atmospheric
variability, the NAO, over the North Atlantic, we are interested to see if there are changes in relative
importance of summer temperature and winter precipitation for the net balance for the two states of
the AMO and the two states of the NAO. In addition to 25-year running windows, we therefore
estimated relative importance of summer temperature and winter precipitation in phases where we
expect above and below normal summer temperature (as expressed by the AMO) and in phases where
we expect above and below normal winter precipitation (as expressed by the NAO).

The results of the analyses in moving windows and the estimation of relative importance of summer
temperature and winter precipitation for different states of the NAO and the AMO are the main novelty
of this study. These results demonstrate changes of relative importance of summer temperature and
winter precipitation depending on the calibration period, and their association with large scale oceanic
and atmospheric patterns.

To our knowledge, such a thorough assessment of relative importance of summer temperature and
winter precipitation on net balances has never been presented for Scandinavian glaciers before. Hence,
we belief that the results presented in this study are indeed novel and interesting from a climatological
viewpoint.

These results are especially interesting for palaeoclimatological studies, where at maximum seasonal
precipitation and temperature, or possibly only one of them is available. This study cautions against the
assumption of a constant relative importance of winter precipitation and summer temperature for net
balances and against the use of mass balance reconstructions for reconstructing the NAO-index.

In comparison to methods used by Nesje et al. (2000) and Andreassen et al (2005) we only need annual
mass balance, and not winter and summer balance to estimate relative importance of summer
temperature and winter precipitation.



We rewrote large portions of the manuscript to improve the explanations of methods used and to
emphasise the points made above. We also changed some analyses as follows:

We also replaced the analysis shown in Fig 3 (correlations of winter and summer balance with net
balance) with a direct measure of the relative importance of winter (Bw) and summer (Bs) balance on
the annual balance (Ba). Like Andreassen et al. (2005) we used the ratios of the standard deviations of
winter balance (sBw) and annual balance (sBa) and summer balance (sBs) and net balance (sBn) and
compared the entire measurement period with the two states of the NAO and if possible the two states
of the AMO.

We also modified most of the figures according to the reviewers’ suggestions.

Reply to reviewer 1:

Page 384, line 23: What about summer accumulation and winter melting? Throughout the entire paper
the authors only talk about winter accumulation and summer ablation. Of course, these components are
the most relevant ones, but for maritime glaciers considerable snow fall amounts can also occur during
summer in the higher regions, and the glacier tongues can experience melting over the winter season.
These problems are not discussed at all.

The influence of summer snow-fall and winter melt are indeed not accounted for with the methods used
in this study. The reviewer points out that these are minor effects compared to winter snow-fall and
summer melt, and suggests that winter melt and summer accumulation are particularly important for
maritime glaciers. Still, mass balances of maritime glaciers are very well modelled by the statistical
models and models explain more of the variance of net balance for maritime glaciers than for
continental glaciers. This clearly shows that winter melt and summer accumulation are (currently) not a
major problem for modelled mass balances.

We added a short discussion related to this problem.

Page 385, line 21: This sentence appears to be circular to me — or maybe too complicated
to get its essence. It occurs in similar form several times in the paper.

The sentence reads ‘When modelling the joint influence of ablation-season temperature and
accumulation-season precipitation on annual mass balance, statistical models allow for
assessing the individual influence of ablation-season temperature and accumulation season
precipitation on annual mass balance.’

This formulation was unclear and was changed to: When modelling the joint influence of summer
temperature and winter precipitation on annual mass balance, statistical models enable us to compare
the relative importance of summer temperature and winter precipitation on the annual mass balance.

Page 386, line 13: The uncertainty in the mass balance data is not addressed. At least for some of the
maritime glaciers, there is an indication that the glaciologically derived mass balances are significantly



more positive than mass balance based on long-term geodetic surveys. As the mass balance data are the
backbone of the study, more effort could be invested to discuss the uncertainty in the input data and
potential effects on the results.

The uncertainty in the mass balance measurements is estimated to between 0.2 and 0.4 mwe per year
(Andreassen et al. 2005). The effect of the uncertainties is determined by their nature. If the mass
balance measurements are mainly biased, then the estimates of the relative importance of summer
temperature and winter precipitation will change (if the measurements are biased in the way described
by reviewer 1, then the relative importance of temperature will increase). If the uncertainties are mainly
random, then they are affecting our models in a random way, i.e. estimates of relative importance may
change either way, and variance explained will change as well.

On the one hand, the unexpected changes of relative importance of winter and summer balance for net
balance as function of NAO-index for Aalfotbreen and Engabreen (decreased relative importance of
winter balance for years with above median NAO-Index) might suggest problems with the mass balance
data, on the other hand, arguing: as we do not get the expected results the data we used is poor is a
very dangerous line of argument.

We also added a paragraph discussing possible uncertainties.

Page 392, line 25: What is the objective of analysing positive and negative AMO phases separately? l.e.
what do the authors want to find out?

We hope that we could answer this question in the general part of this response. We are mainly
interested in the relative importance of winter precipitation and summer temperature for the net
balance. We suspect that the AMO has an influence on this relative importance, as the AMO expresses
changes in sea-surface temperatures. That is why we tested the differences between models including
years with exclusively AMO + and exclusively AMO-, respectively.

Section 2.2.6.: The first paragraph should rather be in the data section
This entire section was removed.

Page 387, line 15: Here and elsewhere. Why not simply “winter” balance and “summer” balance? The
use of “ablation-season mass balance” etc is relatively complicated and sometimes awkward.

As suggested by reviewer 1, we now use winter and summer instead of accumulation season and
ablation season

Figure 3: What is on the y-axis? The label is tiny. Better use text. Furthermore, | found the point cloud not
very intuitive. When printed in black-white the information is almost impossible to extract. Also the



experiments are difficult to understand from the caption. It might also be reasonable to reduce the
number of experiments shown.

We improved the readability following the reviewer’s suggestion. We kept the number of experiments
constant as we compare correlations for the entire measurement period and for years with above and
below median NAO-index.

- Figure 4: add (a), (b) etc to the panels. What is on the x- and y-axis? It would bemuch more intuitive
when writing “Summer temperature” and “winter precipitation” —

The labels of the y-axis are indeed unclear, these are the smooth terms of the additive model.

Figure 5: add (a), (b) etc. Shouldn’t this figure be flipped by 90 degrees?
Yes, this figure was arranged in this way by the editorial team.

- Figure 6: | really have troubles with this figure. The labels are tiny! Furthermore, even after re-reading
the text, the figure is difficult to understand. The approach of evaluation, the presentation of the results
and their interpretation (text) should be improved.

In Fig. 6, the changes of relative importance of summer temperature and winter precipitation through
time are indicated. Hence, this is one of the main figures of this manuscript. We tried to improve the
explanation of this figure.

Reply to reviewer 2.

Specific comments

P 385. The introduction needs to be rewritten. The authors uses the term physically based mass balance
models in contrast to statistical models. They here divide statistical models in i) temperature-index-
models and (ii) models that use seasonal and monthly mean T and P. This description in the introduction
is a bit unclear and division is not necessarily appropriate for the papers they refer to. There is a whole
range of mass balance models from sophisticated energy balance models to simplified temperature-
index models and regression models (e.g. see overview by Hock, 2005). Furthermore, mass balance
models can be for a point, a profile or they can be spatially distributed, and they may or may not be
coupled with a dynamical model. For example an energy balance model can be just for a point, whereas
a degree day model can

be coupled to a dynamical model. Moreover, temperature-index models also needs calibration.

C131P 385/386 Aims i-iii. What is the purpose of these aims? In particular iii) seems not to be a good
approach based on current knowledge (e.g. a model need to take into account the changes in ablation
and accumulation season as well as dynamical changes). Furthermore, why are these years chosen and
more importantly, what is the advantage of this approach compared to already published studies?



We tried to address these points in the replies to the reviewers’ general comments. But most
importantly: we are interested in relative importance of summer temperature and winter precipitation
for the annual balance and not in absolute importance (climate sensitivity).

We are interested in changes of relative importance through time and when only considering states of
certain climate indexes.

Could here or rather in the introduction mention other data sources, e.g. seNorge.no,
reanalysis data etc. In the discussion could be interesting to have a comparison of the
results using other data sources. e.g. that mass balance have been modelled for all of
Norway using temperature-index models (Engelhardt et al., 2013)

The direct comparison to results by Engelhardt et al. (2013) who used data from senorge.no is extremely
difficult. For Nigardsbreen and Storbreen (distance of about 50km) the predicted net balances have a
strong negative bias for Storbreen and a strong positive bias for Nigardsbreen. This might be caused by
model bias, or by biases in the climate data. We assume these are biases caused by the model and not
by the data, as opposite bias on a short distance of 50 km would be very surprising.

We also tested effects of using different station data. For instance, we used climate data from Lom
between 20 and 30 km to the north-east of the continental glaciers in southern Norway. Model
performance was reduced compared to models using meteo data from Bergen as input. Using data from
Sogndal (to the southwest of the three continental glaciers), but much closer than Bergen had no
systematic influence on the performance of statistical models (the performance remained unchanged
for one glacier, was slightly decreased for one glacier and was slightly increased for one glacier).

Additionally, for our models (except when calculating climate sensitivities), it is only important if there is
a linear relation between temperature and precipitation in Bergen and close to the glaciers, as the
climate data are standardized.

P 393. Line 9. Are the results then directly comparable when different (the most
parsimonious) models are used for each glacier?

In this study, we are first of all interested to compare the relative importance of summer temperature
and winter precipitation for the mass balances of individual glaciers. Hence we are not interested to
compare the models between glaciers. We are simply interested to see if for individual glaciers, the cost
of additional complexity (individual weights for temperature and precipitation, and for additive models,
the use of smooths instead of coefficients) is justified by increased variance explained. In this context, it
is only important that we always use the same model for one glacier but not between glaciers.

Chapter 3. Line 20->The cumulative mass balance records are not a result of this
paper and does not strictly belong here.



This is indeed true, however, not showing the data would make the presentation of results and their
discussion extremely difficult.

P 397 Line 5 This is the first time fig 5 is mentioned, but it ends abruptly with a new paragraph, rewrite.
Please explain a bit what you mean and what is new here compared to this rather well known results of
cumulative balances and mass surpluses for certain periods. Why just AMO and NAO, since there are
other indices too that has been studied? The chapter 4 discussion has one subheading for the last ~third
of the text, suggest to add 1-2 subheading(s) also for the first part.

In the new manuscript Figs 2, 5 and 6 have been merged. The temporal changes of relative importance
of summer temperature and winter precipitation (25-year windows) are now shown together the
cumulative mass balances.

Using 25-year running windows, we find changes in relative importance of summer temperature and
winter precipitation through time. Results are especially interesting for continental glaciers in southern
Norway. For 25-year windows centred before 1978, relative importance of summer temperature and
winter precipitation are equal, the relative importance of winter precipitation is higher in the following
25-year windows, and summer temperature gets more important than winter precipitation for 25-year
windows centred after 1990.

With the method employed in this study, we are able to directly assign relative importance to summer
temperature and winter precipitation in the 25-year moving windows. We are using the same mass
balance data as in previous studies, hence we do not expect to find completely different results. For
instance we do not expect to find increased relative importance of summer temperature in phases of
positive mass balances.

Besides the AMO and the NAO, other indexes for instance the Arctic Oscillation (AO) index could have
been used. The NAO and the AO are very similar concepts (Thompson and Wallace, 1998), the NAO-
index is traditionally based on pressure measurements of two meteorological stations (on Island and the
Azores or Lisbon), whereas the AO is the first PC of the surface level pressure field north of 20N. As NAO
and AO are strongly related (Peings and Magnusdottir, 2014, do mention NAO / northern annual model
simultaneously) it seems only reasonable to use either the NAO or the AO for comparison with glacier
mass balances (as the use of both would be redundant). We decided to use the NAO as the NAO-index is
only considering data from the North Atlantic region and not the entire area north of 20N. Additionally,
Li et al. (2013) find the NAO to be the dominant mode of atmospheric variability over the North Atlantic.

We now use four subheadings in the results and discussion sections.

P398 Line 18. Incorrect to write that glacier melt started in the early 2000s in Scandinavia. Some of the
continental glaciers have in general lost mass throughout since measurements began in 1940s or 1960s,
except for the period with transient mass surplus 1989-2005. That glaciers in the alps and Scandinavia
correlate differently to the NAO-index is not new, here more references to previously studies should be



added, e.g. Marzeion & Nesje (2012) and see also Rasmussen (2007) for more references. P400. Line 9.
Might is a weak Word here, it will. Line 24. Here you refer to previous studies, then use present tense.
Then you refer to your own results, a bit abrupt, rewrite.

This is indeed true, we meant to say that the transient mass loss after the transient positive mass gain
between 1989 and 1995 (not 2005, as stated by the reviewer) started in the early 2000s.

Regarding NAO and the Alps we added references to Marzeion and Nesje (2012) and Six et al. (2001).
P401. Line 4-5. | find this way of using references with your results confusing. Use ‘as
shown by’ or similar. Conclusion: should be rewritten to focus on the new outcomes of your study.

The conclusions were rewritten.

Table 2. The first sentence is repeated in the next sentence. Giesen is written with one
s.

Figure 1. The mid panel is cut in a strange way. It should be possible to show it in three full panels, using
the same orientation and a different location map than the left panel. The source of the P and T data
should be given, e.g. seNorge.no? It looks like three maps, not a location map with inserts (they are the
same size), thus, rewrite text. Figure 2. This is the same as Fig 5a. As this is not a result by the authors |
suggest to remove it here and add the data source to the figure text in 5a.

Figure 3. The first two sentences are nearly identical. Change Bn to Ba as Ba is standard term shortening
for annual balance now in common use (Cogley et al., 2011). Bn is usually used as shortening for net
balance.

Changed.
Figure 4. could specify the confidence bounds in figure text.

Figure 5. See comment to Figure 2. a)-d) are missing from the figure. c) Jones et al., 1997 are referred to,
but data spans to 2010, could add an updated ref or write Jones et al., 1997 with updates.

Was changed.
Figure 6. Very small font compared to other figs.
Font was increased

Figure 7. Annual balance = Ba



Changed.
Figure 8. Not sure if it is worthwhile to show this result due to the limitations of the
model. See previous comments.

This result was removed.
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Changes in the Manuscript:

- We removed the part dealing with projections of future mass balances

- The number of Figures was reduced from eight to five.

- We removed the analysis comparing correlations between Bw and Ba and Bs and Ba and
replaced this part by comparing standard deviation ratios (sBw/sBa and sBs/sBa) as they are
more direct and more useful measures of the relative importance of summer and winter
balance for annual balances.

- The entire manuscript except the methods section was rewritten following the reviewers
suggestions. We therefore do not attach a manuscript with track changes.

- Unfortunately, we could not include a discussion of the publication by Mernild et al. (2014). We
were unable to reproduce their results and therefore think that they used methods differing
from the methods described in their paper. We asked S. Mernild for clarification but, did not get
answers containing more than an acknowledgment of receipt of our inquiry. As we do not know
what Mernild et al. (2014) did in their paper, we are not able to discuss their results. (Please
contact the editor for further clarifications of this issue).
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Abstract

Glacier mass balances are mainly influenced by winter precipitation and summer temperature.
We used simple statistical models to assess the relative importance of summer temperature
and winter precipitation for annual balances of eight glaciers in Scandinavia. Winter
precipitation is more important for maritime glaciers, whereas summer temperature is more
important for annual balances of continental glaciers. Most importantly relative importances
of summer temperature and winter precipitation were not stable in time. For instance, winter
precipitation was more important than summer temperature for all glaciers in the 25-year
period 1972 — 1996, whereas the relative importance of summer temperature was increasing
towards the present. Between 1963 and 1996 the Atlantic Multidecadal Oscillation (AMO)
index was consistently negative and the North Atlantic Oscillation (NAO) Index was
consistently positive between 1987 and 1995, both being favourable for glacier growth.
Winter precipitation was more important than summer temperature for annual balances when
only considering subsets of years with high NAO-index and negative AMO-index,
respectively, whereas the importance of summer temperature was increased analysing subsets
of years with low NAO-index and positive AMO-index, respectively. Hence, the relative
importance of precipitation and temperature for mass balances was probably influenced by the
state of the AMO and the NAO, as these two indexes are associated with changes in summer

temperature (AMO) and winter precipitation (NAO).
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1 Introduction

Glaciers respond to climate change because their mass balance and extent are mainly a result
of variations in winter accumulation and summer ablation. Over time, glacier changes exhibit
some of the clearest evidence of variations in the earth’s climate system. As a result, glaciers
are a key indicator of global, regional and local climate change (IPCC, 2007, 2013). Glaciers
integrate changes in accumulation as well as changes in ablation. Past (e.g. Nesje, 2009),
present (e.g. Andreassen and Oerlemans, 2009) and future (e.g. Giesen and Oerlemans, 2011)
of Scandinavian has been studied extensively. The accumulation on Scandinavian glaciers is
mainly a result of winter precipitation (as snow) and wind redistribution of snow, whereas
glacier ablation is more complex and depends on the total energy available for melt.
Accumulation and ablation processes have been extensively studied by means of mass
balance models of varying complexity (e.g. Andreassen et al., 2006; Andreassen and
Oerlemans, 2009; Engelhardt et al. 2013; Giesen and Oerlemans, 2010; Hock et al. 2007,
Laumann and Nesje, 2009a, 2009b, 2014; Oerlemans, 1992, 1997; Rasmussen and Conway
2005; Rasmussen et al. 2007; Schuler et al. 2005). Most of these studies have focused on
calculating sensitivities of winter balances, summer balances and annual balances to changes
in temperature and precipitation. Many studies provided projections of future mass balances
based on climate projections (e.g. Giesen and Oerlemans, 2011). Climate sensitivities are
absolute influences of temperature and precipitation changes on mass balances. They are,
however, measured in different units and are therefore difficult to compare directly (A m w.e
for changes in K and in % of precipitation). It is possible to directly deduce from climate
sensitivities that changes in temperature are more important for continental glaciers than for
maritime glaciers in southern Norway, as a larger change in precipitation is needed to
counterbalance a temperature change of 1 K. But it is not possible to directly assess if
temperature or precipitation are more important for the annual balances of one glacier.
Relative and thereby directly comparable sensitivities of annual balances to changes in

temperature and precipitation are therefore not obtained from climate sensitivities.

Further studies have explicitly assessed the relative importance of winter balance and summer
balance for annual balance by correlating the summer and winter balances with annual
balance (Nesje et al. 2000). Nesje et al. (2000) showed that the correlation between winter
balance and annual balance is higher than the correlation between summer balance and annual

balance for maritime glaciers and vice versa for continental glaciers. Mernild et al. (2014)
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replicated this analysis using data from 1970 to 2009. Andreassen et al. (2005) used ratios of
standard deviations of winter balances (sBw) to standard deviations of annual balances (sBa,
sBw/sBa) and standard deviations of summer balances (sBs) to standard deviations of annual
balances (sBs/sBa) to assess the relative importance of summer and winter balance for the
annual balance. These ratios are direct measures of the relative importance of summer balance
and winter balance for annual balances. Hence absolute influences of temperature and
precipitation on annual balances as well as relative influences of winter and summer balance
on annual balances have been assessed. In this study, we combine these two approaches and
focus on determining relative and thereby directly comparable importances of winter

precipitation and summer temperature for annual balances of glaciers in Scandinavia.

Assessing the relative importance of seasonally averaged summer temperature and winter
precipitation for annual balances and possible changes in time, is especially interesting in
light of palaeoclimatological interpretation of glacier records. In palaeoclimatology, at best
summer temperature, winter precipitation and annual balance reconstructions are available.
Attempts have been made to reconstruct winter precipitation based on glacier reconstructions

and independent summer temperature reconstructions (e.g. Bakke et al. 2005).

There are well-known transient phases of positive annual balances (e.g. 1987 — 1995, e.g.
Nesje et al. 2000). It is therefore interesting to assess if the relative importance of summer
temperature and winter precipitation for annual balance changes through time. Until now,
attempts of quantifying temporal changes of summer balance and winter balance on annual
balance have been constrained to calculating running means of summer and winter balances
and comparing the absolute values of these running means (e.g. Engelhardt et al. 2013).
However, a direct assessment of temporal changes of the relative importance of summer
temperature and winter precipitation for annual balances is still missing. Cumulative annual
balances show clear patterns of consistently positive mass balances and thereafter consistently
negative mass balances (e.g. Nesje et al. 2000, Fig. 3). We therefore hypothesise that the
relative importance of summer temperature and winter precipitation for annual balances is not
stable in time and that there is a large-scale forcing mechanism causing these changes. These
forcings could either be of atmospheric or oceanic origin. It is for instance well known that
increased amounts of winter precipitation in Scandinavia are associated with stronger zonal
moisture advection that is due to pressure differences between Iceland and the Azores (e.g.

Wanner et al. 2001). These pressure differences are summarized by the North Atlantic



~N o o A W DN P

o

10
11
12
13
14
15
16
17
18

19

20

21

22
23
24
25
26
27
28
29
30

Oscillation (NAO) Index. In addition to the atmosphere, systematic changes in ocean
temperatures may also influence the relative importance of summer temperature and winter
precipitation for annual balances of glaciers in Scandinavia. The Atlantic Multidecadal
Oscillation (AMO) is a pattern of changing sea-surface temperatures in the North Atlantic
(e.g. Schlesinger and Ramankutty, 1994). Changing sea surface temperatures might result in
changing temperatures over land and thereby also alter the relative importance of summer

temperature and winter precipitation for annual balances.

In this study, we focus on assessing the relative importance of winter precipitation and
summer temperature for annual mass balances, temporal changes of these influences and on
possible influences of large scale atmospheric and oceanic patterns on these temporal
changes. The aims of this study are therefore threefold: i) model the annual mass balances of
eight Scandinavian glaciers with long annual mass balance series using a suite of statistical
models using seasonally averaged climate data as input variables. These models enable us to
compare the relative importance of winter precipitation and summer temperature for annual
mass balances of glaciers; ii) assessing temporal changes of relative importances of winter
precipitation and summer temperature. iii) Compare these temporal changes to large-scale
oceanic and atmospheric modes, such as the Atlantic Multidecadal Oscillation (AMO) and the
North Atlantic Oscillation (NAO).

2 Data and Methods

2.1 Data

We modelled the mass balances of eight glaciers in Scandinavia, Alfotoreen (ALF),
Rembesdalskdaka (REM), Nigardsbreen (NIG), Storbreen (STO), Hellstugubreen (HEL),
Grasubreen (GR) in southern Norway and Engabreen (ENG) and Storglaciaren (STORGL) in
northern Norway and northern Sweden, respectively (Fig. 1). Storglaciaren has the longest
annual mass balance time series, beginning in 1946 and Engabreen has the shortest time
series, initiated in 1970. For all glaciers, data until 2010 was considered. Glacier mass balance
data are available at www.nve.no/bre (Kjgllmoen, 2011; Andreassen and Winsvold, 2012)
and bolin.su.se/data/tarfala. For all glaciers, winter balances, summer balances and annual

balances are available. Uncertainties of mass balance measurements and their possible sources
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are thoroughly discussed in Andreassen et al. (2005) and are estimated to between +0.2 and

+0.4 m w.e. per year.

Cumulative mass balance changes are shown in Figure 3. The three maritime glaciers
Alfotbreen (ALF), Rembesdalsskéka (REM), and Nigardsbreen (NIG) in southern Norway
and the maritime glacier Engabreen (ENG) in northern Norway show positive cumulative net
balances between the initiation of the measurements and 2010 (Fig. 3). Mass balances are
especially positive during the first half of the 1990s. The continental glaciers Storbreen
(STO), Hellstugubreen (HEL), and Grasubreen (GR) in southern Norway and the continental
glacier Storglacidaren (STORGL) in northern Sweden experienced negative cumulative mass
balances between the start of the measurements and 2010. For these glaciers the mass balance
loss was reduced in the first half of the 1990s.

We used meteorological data from the meteorological station Bergen-Florida to model mass
balances in southern Norway. We decided to exclusively use precipitation data from Bergen-
Florida for all glaciers in southern Norway since Bergen-Florida records the large synoptic
weather systems and is not affected by local topographic effects that are affecting
meteorological stations in the deep and narrow valleys closer to the glaciers studied (e.g.
Nesje 2005). For glaciers in northern Scandinavia, we used meteorological data from the
coastal station Glomfjord available from the beginning of the mass balance series. The
temperature measurements are continuous, but the precipitation series ends in 2003. We
extended the precipitation series with data from the nearby Bodeg meteorological station. The
precipitation data from Bodg was scaled to the data from Glomfjord in the period of overlap
(1953 - 2003) of the two data series.

2.2 Methods

To directly quantify the relative importances of summer temperature and winter precipitation
on annual balances, we used a suite of three statistical models with increasing complexity and

number of parameters that needed to be estimated:
1) Linear models using a climate index as independent variable
i) Linear models using summer temperature and winter precipitation as independent variables

iii) Additive models using summer temperature and winter precipitation as independent

variables
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If the variance explained by two models was not significantly different, we favoured the

simpler model, as it was more parsimonious.

As glaciers are mainly sensitive to summer temperatures and winter precipitation, models
were calculated using one summer temperature and one winter precipitation as independent
variables. We tested the influences of two summer temperatures, namely temperatures from
May to September (T MJJAS) and temperatures from June to August (T JJA), and two winter
precipitation variables, precipitation October to April (P ONDJFMA) and precipitation from
November to March (P NDJFM) on annual glacier mass balances. This resulted in a total of
four possible combinations of input variables. We chose the combination that resulted in

lowest Akaike information criterion (AIC).

2.2.1 Climate indices

The simplest way of modelling the influence of (winter) precipitation and (summer)
temperature on glacier mass balances is to generate a climate index, where winter
precipitation and summer temperature are equally weighted (Imhof et al., 2012; Nesje, 2005),
i.e. they are assigned the same relative importance for the annual balance. This was achieved
by standardising summer temperature and winter precipitation and subtracting standardised
summer temperature from standardised winter precipitation, as the two variables have

opposed influences.

(SHE

y=a+b-z 2)

Where z is the climate index, P winter precipitation, T summer temperature, s are standard
deviations, bars denote means, y is the annual mass balance and a and b are regression

coefficients.

2.2.2 Linear models

Annual mass balances were modelled using linear models with one (summer) temperature and

one (winter) precipitation variable as independent variables. In a first step, we tested

6
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interactions between (summer) temperature and (winter) precipitation and quadratic terms for
significance. F-tests indicated that neither interaction terms, nor quadratic terms were
significant (p< 0.05).

The linear regression equation
y=a+b-x+b, X, ®)

is interpreted as follows: if X, is kept constant and x; is changed by one unit, y changes by b;
units (e.g. Legendre and Legendre 2012). Hence the regression coefficients of unscaled
variables are also the climate sensitivity of this variable. Usually, x; and x, are measured in
different units hampering the comparison of the influence of the two variables on y. This
problem is, however, solved by standardising all the variables. The effect of standardisation is

two-fold:
1) The intercept of the regression model is zero, and more importantly

1) The standard regression coefficients are now comparable and are a ‘means of assessing the
relative importance of each explanatory variable xj included in the regression model: the
variables with the highest standard regression coefficient (in absolute values) are those that
contribute the most to the estimated y values’ (Legendre and Legendre, 2012). In our case,
using standardised annual balances, standardised winter precipitation and standardised
summer temperature, the standard regression coefficients for winter precipitation and summer
temperature are directly comparable and indicate the relative importance of summer

temperature and winter precipitation for the annual mass balance.

For standardized variables, calculus with
B(X"-X)"(X"-Y) (4)

as starting point (Legendre and Legendre, 2012), where X is a matrix of independent
variables, Y is the dependent variable and B is a vector of coefficients linking X and Y in the

regression equation proofs that the standard regression coefficients are estimated as:

b1 _ r-xly Nk rx2y (5)

1— rlexz

Foy —Fao T
_ X2y x1x2
b, =————F—

x1ly
6
1-r%axe ©)
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Where b; and b, are the standard regression coefficients of the first and second independent
variable, respectively, ryy is the correlation between the first independent and the dependent
variable, ryy is the correlation between the second independent variable and the dependent

variable and ryix. is the correlation between the two independent variables.

Hence the standard regression coefficients, which are the relative importance of (in our case)
winter precipitation and summer temperature for annual balance only depends on the

correlations among winter precipitation, summer temperature and annual balance

The difference between linear models and the climate index is that winter precipitation and
summer temperature are individually weighted when using linear models, whereas the two
independent variables are equally weighted when employing the climate index. Hence, the
relative importances of summer temperature and winter precipitation are allowed to be
different using linear models, whereas they are artificially kept similar using climate index

models. Linear models were compared to models based on climate indices using F-tests.

In contrast to p-values and confidence bounds, Bayesian credible intervals are simple to
interpret. We used the simplest possible Bayesian model, namely setting a uniform prior for
the two standard regression coefficients for winter precipitation and summer temperature.
This results in posterior distributions for the parameter estimates that are proportional to the
maximum likelihood estimates of the parameter values. Bayesian credible intervals are simple
to interpret and indicate the parameter space within which a parameter is found with a certain
probability. In this study, we interpreted the relative importance of summer temperature and
winter precipitation as different, when the median of the posterior distribution of one
parameter was outside the 2.5 and 97.5 percentiles of the posterior distribution of the other

parameter.

2.2.3 Additive models

In contrast to linear models, where coefficients link independent and dependent variables, this

linking is achieved by a smoothing curve in additive models

y:a""fl(xi)"' fz(xz) (7)
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(Zuur et al., 2009; Fig. 2). We used cubic regressions splines with three knots as smoothing
terms. The number of knots was kept low to ensure monotony of the smoothing terms. The

additive models were compared to linear models and climate index models by F- tests.

With the three statistical models proposed, we assume that errors in mass balance
measurements are random and that climate data are error free. If the errors in mass balance
measurements contain a systematic component, the estimates of relative importance of
summer temperature and winter precipitation for annual balance are biased. If annual balances
are systematically overestimated, the relative importance of summer temperature for annual

balance is systematically underestimated.

2.2.4 Cross-Validation and analysis in running windows

All the models were tested by calculating leave-one-out cross-validation (jack-knifing, e.g.
Efron and Gong, 1983) and h-block cross-validation (Burman et al., 1994) where h-samples
are left out on either side of the sample to be predicted. In this study we set h to 2. H-block
cross-validation is a powerful method to test effects of temporal autocorrelation in time-
series. However, preliminary autocorrelation calculations revealed no significant (p<0.05)
AR(1) autocorrelation coefficients. We calculated cross-validated mean absolute deviations

and coefficients of determination.

After calculating models for the entire observation period, we wanted to assess if the relative
importance of summer temperature and winter precipitation changed through time and if these
changes were consistent among the glaciers. For this purpose, we ran models in 25-year
moving windows. The significance of changes in variance explained was again tested with F-

Tests. According to these tests, additive models were never superior to linear models.

2.2.5 Comparison to climate modes

Preliminary analysis in running windows showed changes of relative importance of summer
temperature and winter precipitation for annual balances that were consistent for all glaciers
in southern Norway. We therefore assessed if these results were influenced by two large scale
patterns of oceanic and atmospheric variability over the north Atlantic realm The North

Atlantic Oscillation (NAO), an atmospheric pattern with an approximately decadal cyclicity

9
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(Hurrell et al., 2001; Wanner et al., 2001) and the Atlantic Multidecadal Oscillation (AMO), a
pattern in sea-surface temperature that is linked to changes in thermohaline ocean circulation
with a cyclicity of 65 -70 years (Schlesinger and Ramankutty, 1994; Trenberth and Shea,
2006). The NAO mainly influences the strength and tracks of the westerlies and thereby the

amount of winter precipitation in north-western Europe.

Nesje et al. (2000) and Marzeion and Nesje (2012) found strong and significant (p < 0.05)
correlations between NAO-index and annual mass balances of glaciers in southern Norway,
with correlations decreasing with increasing distance to the coast. For northern Norway,
Marzeion and Nesje found not significant or significantly negative (p < 0.05) correlations
between NAO-index and annual mass balances. In this study, we adopt a different approach to
assess the influence of the NAO on annual mass balances. We wanted to assess if the relative
importance of summer temperature and winter precipitation were depending on the NAO.
Most of the glacier mass balance series investigated were shorter than 50 years. We therefore
investigated the effects of changes in NAO by dividing the time series into two subsets with
NAO-indices above and below the median of the NAO-index for the period in which mass
balance measurements were available. We then estimated the relative importance of summer
temperature and winter precipitation for the annual mass balance for these two subsets. We
also wanted to assess if there were differences between the correlations between the NAO-
index and winter mass balances and annual balances for years with above and below median
NAO-index. We also used the ratio of the standard deviation of the winter balance to the
standard deviation of the annual balance (sBw/sBa) and the ratio of the standard deviation of
the winter balance to the standard deviation of the annual balance (sBs/sBa) (e.g. Andreassen
et al. (2005)) to see if these ratios were different for mass balance data of years with above

and below median NAO-index.

Considering the period 1946 — 2010, the average monthly November through April
precipitation in Bergen was 230 mm for the years with above median NAO-index and 170
mm in the years with below median NAO-index, which is significantly lower (p < 0.05).

The longest mass balance series started in 1946. The AMO was generally positive from ca.
1930 to 1962 and from 1997 to the present, whereas it was negative between 1963 and 1996.
In the negative subset of the AMO, the correlation between the NAO-index and extended
winter precipitation in Bergen was r = 0.82 (p < 0.05), whereas it was r = 0.56 (p < 0.05) for

the years with predominantly positive AMO-index. The average November through April

10
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precipitation in Bergen was not differing between the two subsets (200mm/month). The
average May through September temperature from Bergen-Florida for the positive AMO
subset was 14.4°C, whereas it was 12.6°C in the negative AMO subset. Average T MJJAS for
the period 1949 — 1962 was 13.8°C, which is as well significantly (p < 0.05) higher than the
average temperature in the negative AMO subset. As summer temperatures in Bergen were
significantly (p < 0.05) higher in the positive AMO subset, we wanted to test if this altered the
relative importance of summer temperature and winter precipitation for annual balances. This
analysis was only carried out for the two long data series starting in 1946 and 1949. The data
series were divided into two subsets of years of predominantly positive (1946/1949 — 1962,
1997 — 2010) and negative (1963 — 1996) AMO. We also estimated the ratios sBw/sBa and
sBs/sBa (e.g. Andreassen et al. 2005) with AMO+ and AMO-.

All calculations were done in R (R Core Team 2014) and its add-on packages Imodel2
(Legendre, 2014), and mgcv (Wood, 2014).

3 Results

3.1 Model performance

The employed statistical models explained large proportions of the variance of annual mass
balances (Table 1). For the maritime glaciers, the models explained more than 70% of the
variance. The variance explained for continental glaciers varied between 50% and 70%. Table
1 shows input variables, model types, variance explained by the most parsimonious models
and standard regression coefficients of linear models (i.e. the relative importance of summer
temperature and winter precipitation) and their Bayesian credible intervals. Cross-validated r?
using leave-one-out cross-validation and h-block cross-validation were comparable to
apparent r>. The only exception was Alfotbreen, where an additive model was most
parsimonious. Cross-validated r> was reduced by 0.1, i.e. the variance explained was reduced
by 10% and linear models had higher r* under cross-validation. Cross-validated mean
absolute deviations were also lowest for the models chosen, except for Alfotbreen where

again linear models yielded lowest mean absolute deviations.

11
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3.2 Relative importance of summer temperature and winter precipitation for

the annual mass balance

For Storbreen, Engabreen and Storglaciéren, the statistical models using climate indices as
input variables were most parsimonious. These are the only glaciers where standard
regression coefficients of linear models were not different. Hence, linear models were also
assigning about similar weights to summer temperature and winter precipitation for these
three glaciers. For the maritime glaciers Rembesdalsskaka and Nigardsbreen, linear models
indicated a higher relative importance of winter precipitation than of summer temperature,
whereas for the continental glaciers Hellstugubreen and Grasubreen, the relative importance
of summer temperature was higher than the relative importance of winter precipitation. For
the maritime Alfotbreen, an additive model was explaining significantly (p< 0.05) more of the
total variance than a linear model. The smooth terms of summer temperature and winter
precipitation are shown in Figure 2. The slope of the smooth for temperature was flatter than
the slope of a linear model for below average temperatures and steeper than the slope of a
linear model for above average temperatures. Hence the expected sensitivity of the annual
mass balance for a change of 1°C increased with increasing temperatures. In contrast, the
slope of the smooth for precipitation was steeper than the slope of a linear model for below
average precipitation values and was flatter than the slope of a linear model for above average
precipitation levels. The expected sensitivity of the annual mass balance for a change in

precipitation decreased with increasing precipitation.

3.3 Temporal changes in the relative importance of summer temperature and

winter precipitation

Temporal changes of relative importance of summer temperature and winter precipitation are
shown in Fig. 3b-i. The relative importance of winter precipitation, as indicated by standard
regression coefficients of winter precipitation in 25-year running windows, was lowest at the
end of the observation period. The relative importance of summer temperature, as indicated
by standard regression coefficients of summer temperature in 25-year running windows,

increased towards the end of the observation period (Fig. 3b-i).

Winter precipitation was more important than summer temperature for the annual balance of

continental glaciers in southern Norway (STO, HEL, and GR) for the 25-year windows

12
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centred between 1977 and 1985. For STO, the period of higher relative importance of winter
precipitation than relative importance of summer temperature was extended up to the 25-year
window centred around 1990 (Fig 3e). For the maritime glaciers in southern Norway, the
Bayesian credible intervals of the standard regression coefficients (relative importances) were
not overlapping for 25-year windows centred before 1990, but were overlapping for the last

five running windows.

Storbreen indicated about equal importance of winter precipitation and summer temperature
for 25-year windows ending prior to 1990 (Fig. 3e). The relative importance of summer
temperature was higher than the relative importance of winter precipitation for 25-year

windows ending in the 1980s for Storglaciaren (Fig. 3i).

3.4 Influences of NAO and AMO on annual balances

The mass balance models for years with above and below median NAO-index, respectively,
were different in terms of variance explained and in terms of relative importance assigned to
summer temperature and winter precipitation. They also differed from models covering the

entire measurement period.

For years with above median NAO, models for Alfotbreen, Rembesdalsskaka, Nigardsbreen
and Storbreen explained as much of the variance of the mass balance as models for the entire
data series, whereas for Hellstugubreen and Grasubreen, the variance explained was reduced
compared to the models for the entire period. Interestingly, for Alfotbreen standard regression
coefficients for winter precipitation and summer temperature were not different. For the phase
with below median NAO-index, models for Alfotbreen, Rembesdalsskéka and Nigardsbreen
explained less of the variance than in the entire period and standard regression coefficients for
precipitation and temperature were not different, whereas models for Grasubreen and
Hellstugubreen explained more of the variance than in the entire period, and together with
Storbreen displayed a higher importance of summer temperature than winter precipitation.
The two glaciers with long data series had an average mass loss of 0.54 m water equivalents
per year (m w.e./yr.) when the NAO-index was low, but an average gain of 0.03 m w.e./yr. for

Storglaciaren and an average loss of 0.08 m w.e./yr. for Storbreen with high NAO-index.

For all glaciers, except for ALF, the ratio sBs/sBa was lower in years with above median
NAO-index than for the entire data series and the ratio sBw/sBa was higher than for the entire
data series for REM, STO, HEL, GR and STORGL (Fig 4). For years with below median

13
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NAO-index, the ratio sBs/sBa was higher than in the entire data series and sBw/sBa was

lower than in the entire data series except for ALF and ENG (Fig. 4).

Correlations between NAO-index and winter and annual balance were different for the
subsets of years with above and below median NAO-index (Fig. 5). For glaciers in southern
Norway, the correlation between NAO-index and winter and annual balance was higher than
for the entire time series for years with above median NAO-index and was lower than for the

entire series for years with below median NAO-index.

Changes in relative importances of winter precipitation and summer temperature were also
found for the AMO+ and AMO- phases. The mass balance models for positive and negative
AMO were differing for Storbreen in southern Norway (Table 1), whereas they remained
unchanged for Storglacidren in northern Sweden. For Storbreen, the influence of winter
precipitation was significantly higher than the influence of summer temperature with negative
AMO-index, whereas the situation was opposite with positive AMO-index (Table 1). For both
glaciers, the average annual mass balance was different in the two phases defined by positive
and negative AMO indices: Storbreen lost an average of 0.5 m w.e./yr. and Storglacidren 0.48
m w.e./yr. when the AMO-index was positive, whereas the loss was reduced to averages of
0.15 m w.e./yr. and 0.02 m w.e./yr. for Storbreen and Storglaciéren, respectively, when the
AMO-index was negative. The AMO also affected the standard deviation ratios. For
Storbreen, the ratios sBs/sBa and sBw/sBa were equal when the AMO was in its negative

phase (Fig 4). During the positive phase of the AMO, sBs/sBa was higher than sBw/sBa.

4 Discussion

4.1 Model Performance

We used simple statistical models that are only taking into account summer temperature and
winter precipitation to model annual mass balances. Even though these models are simplistic,
they explain large proportions of the variance of annual balances, and are therefore
appropriate to estimate relative importance of summer temperature and winter precipitation
for annual balances. Climate sensitivities of Engabreen (Schuler et al. 2005),

Rembesdalsskaka (Giesen and Oerlemans, 2011) and Storbreen (Andreassen and Oerlemans,

14
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2009) show that summer balances are largely unaffected by changes in precipitation, which
suggest minor importance of summer precipitation for summer balance. Still other important
components such as the direct effect of radiation are not entirely accounted for when only

using summer temperature to model ablation.

The model performance is increased for coastal maritime glaciers. This might have several
reasons: i) precipitation is highly variable in space and therefore precipitation from Bergen is
possibly more appropriate for coastal glaciers than for continental glaciers. Still, using
precipitation from meteorological stations closer to the continental glaciers did not improve
the model performance for continental glaciers. ii) Processes not represented in our model are

more important in summer (radiation) than in winter (wind redistribution of snow).

4.2 Relative importance of summer temperature and winter precipitation

Our results showed, as also demonstrated in other studies (Andreassen and Oerlemans, 2009;
Giesen and Oerlemans, 2010; Laumann and Nesje, 2009a, 2009b, 2014; Oerlemans, 1992),
that the annual glacier mass balance on near coastal, maritime glaciers was mainly controlled
by winter precipitation and that the annual mass balance on the inland, continental glaciers
was mainly controlled by summer temperature (Andreassen et al., 2005; Nesje et al., 1995).
Hence standard regression coefficients of linear models are proved to be good estimators of
the relative importance of temperature and precipitation for annual balances. The relative
importance as determined by standard regression coefficients display similar patterns as the
standard deviation ratios presented by Andreassen et al. (2005) and also shown in Fig 4. The
exceptions are NIG, and STO. For NIG, standard regression coefficients indicate higher
relative importance of winter precipitation compared to summer temperature, but standard
deviation ratios are similar. Standard regression coefficients suggest equal relative importance
of summer temperature and winter precipitation for STO, whereas the standard deviation ratio
sBs/sBa is higher than sBw/sBa. For both NIG and STO, climate sensitivities estimated by de
Woul and Hock (2005) and Rasmussen and Conway (2005) using degree day models differ:
de Woul and Hock (2005) estimate the precipitation increase needed to level a temperature
increase of 1 K to be 30% and 50% for NIG and STO, respectively, whereas Rasmussen and
Conway found lower values of 25% and 28%. Engelhardt et al. (2013) also modelled mass
balances of NIG and STO using degree day models. Modelled annual balances showed a
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strong positive bias for NIG and a strong negative bias for STO. Hence assessing the relative
importance of winter precipitation and summer temperature on annual balances of NIG and
STO seems difficult.

4.3 Temporal changes of relative importance of summer temperature and
winter precipitation and their relation to large scale oceanic and

atmospheric patterns

As shown in this study, the relative importance of summer temperature and winter
precipitation for annual balances is not constant in time. Temporal changes in relative
importance of summer temperature and winter precipitation are consistent for entire southern
Norway (Fig. 3), suggesting common large scale forcing of the relative importance of summer

temperature and winter precipitation.

Maritime glaciers had a consistently positive mass balance between 1988 and 1996 and
continental glaciers were no longer loosing mass (Fig. 3, Nesje et al., 2000; Andreassen et al.
2005; Nesje and Matthews, 2012). Looking at the 25-year windows centred between 1978 and
1984, we found that winter precipitation was more important than summer temperature for all
glaciers including the continental glaciers in southern Norway, although the differences were
not significant for the continental Grasubreen. For the three continental glaciers in southern
Norway, this phase was characterised by a marked decrease in relative importance of summer

temperature and a marked increase in relative importance of winter precipitation.

In this phase, the AMO-index was consistently negative and the NAO-indexes were
consistently positive between 1988 and 1996 (Fig. 3). In tendency, negative AMO indices
were associated with reduced summer temperatures over Europe and positive NAO-indexes
were associated with increased zonal flow in winter, entailing more winter precipitation in
Northern Europe. Hence, the large-scale oceanic and atmospheric patterns were favourable for

glacier growth.

As another example, in the 2000s all glaciers except Engabreen and Nigardsbreen generally
experienced negative mass balances and mass balances of Engabreen and Nigardsbreen were
at equilibrium. In this period, the importance of summer temperature for the annual mass
balance was increased (Fig. 3), even though these 25-year windows still contained the years
1988 — 1996 with their transient mass surplus. The increasing relative importance of summer

temperature and decreasing relative importance of winter precipitation for the annual balance
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at the end of the measurement period is consistent with more negative summer balances and
less positive winter balances found for glaciers in southern Norway (e.g. Engelhardt et al.
2013). The AMO-index changed sign in the late 1990s and summer temperatures where in
general higher than between 1985 and 1995.

For glaciers in the European Alps, Huss et al. (2010) found pronounced mass loss during
phases of positive AMO-index and mass gain in phases of negative AMO-index, which is
similar to finds in this study. The phases of increased glacier melt are, however, not
simultaneous in the Swiss Alps and in Scandinavia. In the Swiss Alps, a pronounced mass
loss lasting to the present started in the late 1980s, whereas continental glaciers in
Scandinavia lost mass between the start of the measurements and 1987 and all glaciers in
Scandinavia lost mass after about 1998. This difference is most probably caused by the fact
that changes in melt rates are most influential for mass balances in the Alps (Huss et al.,
2010), whereas a decade with predominantly positive NAO-indexes began in the late 1980s
(1988/89 winter) associated with increased relative importance of winter precipitation for
Scandinavian glaciers (Fig. 3). For a more detailed comparison of the influences of the NAO
on mass balances in the Alps and in Scandinavia, the reader is referred to Six et al. (2001) and
Marzeion and Nesje (2012).

4.4 Direct influence of NAO and AMO on annual mass balances

Clear differences are found between the subsets with above median and below median NAO-
index. In winters with high NAO-index, stronger westerly flow and increased precipitation is
expected (e.g. Wanner et al. 2001). The mass balance models of the maritime glaciers
explained more of the total variance with high NAO-index and the relative importance of
winter precipitation for the total mass balance was increased. This was according to
expectations, as increased winter precipitation is expected to increase the importance of the

winter precipitation for mass balance models.

For all glaciers, the correlation between NAO-index and winter and annual mass balance was
higher for years with above median NAO-index (Fig. 5). Additionally, the coefficient of
determination between winter balance and NAO-index was decreased for the subset of years
with below median NAO-index (Fig. 5). This means that the reduction in coefficient of
determination between NAO-index and annual balance was not only caused by an increased

17



© 00 N o o B~ W N B

10
11
12
13
14
15
16

17
18
19
20
21
22
23
24
25
26

27
28
29
30
31
32

importance of the summer balance for the annual balance, but also by a loss of accordance
between NAO-index and winter balance. This loss in accordance is only partly caused by
lower accordance among precipitation in Bergen and winter balances, but mainly by a
consistently decreased correlation between the NAO-index and precipitation in Bergen.
Consequently the NAO-index is only a good predictor for winter balances of glaciers in
southern Norway in years with above median NAO-index. This is reiterating a find by Six et
al. (2001), who do not recommend to model glacier mass balances solely based on the NAO-
index. Unstable relations between the NAO-index and glacier length changes in Scandinavia

as well as in the Alps were also found by Imhof et al. (2011).

For the two glaciers with long mass balance time-series, the influence of the NAO seemed
equal to the influence of the AMO, as the difference between the average mass balances in the
two NAO levels considered was about equal to the difference in the two AMO states. The
AMO states only include consecutive years, whereas individual years were assigned to the
NAO-index. The phase between ca. 1987 and 1995 with major mass gain for maritime
glaciers and neutral mass balances for continental glaciers was characterised by negative

AMO-index and predominantly positive NAO-index, that were both favourable for glaciers.

The relation between AMO and NAO seems rather complex and depends on the time scale
considered (Li et al., 2013; Peings and Magnusdottir, 2014). On short time scales, the
atmospheric NAO pattern influences the sea surface temperature, whereas on longer time
scales, the sea-surface temperature AMO pattern drives the atmospheric NAO. Hence Li et al.
(2013) find the NAO to lead the AMO by 16 years and state that the NAO is an excellent
predictor for AMO and thereby Northern Hemisphere temperature, whereas Peings and
Magnusdottir (2014) find ‘that the multidecadal fluctuations of the wintertime North Atlantic
Oscillation (NAQ) are tied to the AMO, with an opposite signed relationship between the
polarities of the AMO and the NAO. Our statistical analyses suggest that the AMO signal
precedes the NAO by 10-15 years ...’

The association of negative AMO and positive NAO seems to be typical (Peings and
Magnusdottir 2014), whereas positive AMO favours negative NAO and blocking situations.
For the time period 1965 — 1998, with negative AMO, only 10 years have a negative NAO-
index, whereas for the considerably shorter phase 1999 — 2010 already 6 years had a negative
NAO-index. Hence, the two modes favouring glacier mass gain and mass loss, respectively,

tended to occur simultaneously. However, the influence of AMO and NAO should not be
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overestimated, as similar weather patterns still result in different amounts of precipitation and
in different levels of temperature (Jacobeit et al., 2003; Kuettel et al., 2011). Kuettel et al.
(2011), for instance, attribute 60% of the changes of winter precipitation over southern
Norway between the periods 1900-1949 and 1950-1999 to changes within weather patterns

and only 40% to changes in frequencies of weather patterns.

5 Conclusions

We used simple statistical models to assess the relative importance of summer temperature
and winter precipitation for annual balances of eight glaciers in Scandinavia. The relative
importances found using statistical models were comparable to estimates of relative
importance obtained using different methods. Most importantly, the relative importance of
summer temperature and winter precipitation for annual balances varied through time. Winter
precipitation was most important when the Atlantic Multidecadal Oscillation Index was
negative and the North Atlantic Oscillation Index was positive. Towards present, the relative
importance of winter precipitation decreased for all glaciers while the relative importance of
summer temperature was increasing. The influence of NAO and AMO on the relative
importance of summer temperature and winter precipitation for annual balance was confirmed
considering subsets of different NAO and AMO levels, with increasing relative importance of
winter precipitation in years with NAO+ and AMO- and increased relative importance of

summer temperature in years with AMO+ and NAO-.
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Table 1. Table of most parsimonious statistical models. Input variables used and model types
are indicated along with apparent and cross-validated variance explained. Cross-validated
mean absolute deviations and relative importance of summer temperature (LM Coef T) and
winter precipitation (LM Coef T) are indicated along uncertainties of estimates of relative
importances. Relative importance of summer temperature and winter precipitation and
apparent variance explained are also indicated for subsets only including years with above
(NAO+) and below (NAO-) median NAO-index, years with negative AMO-index (AMO-)
and for STO and STORGL years with positive AMO-index (AMO+). ALF (Alfotbreen),
REM (Rembesdalsskaka), NIG (Nigardsbreen), STORBR (Storbreen), HEL (Hellstugubreen),
GR (Grasubreen), ENG (Engabreen), STORGL (Storglaciaren), Am : Additive Model, LM:
Linear Model, CI: Climate Index, NAO: North Atlantic Oscillation, AMO: Atlantic
Multidecadal Oscillation.

Only available in separate file.
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Figure 1. Map of glaciers and annual means of temperature and precipitation. Glaciers:
Alfotbreen (ALF), Rembesdalsskdka (REM), Nigardsbreen (NIG), Storbreen (STO),
Hellstugubreen (HEL), Grasubreen (GR), Engabreen (ENG) and Storglaciaren (STORGL).

1961-90 normal mean annual temperature (b) and mean annual precipitation (c)

(http://met.no/Klima/Klimastatistikk).
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Figure 2. Additive model for Alfotbreen. a) Smooth term (S (T MJJAS); black) and linear
model (red) for summer temperature (T MJJAS). b) Smooth term (S (P NDJFM); black) and
linear model (red) for winter precipitation (P NDJFM). Dotted lines indicate confidence

bounds.
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Figure 3. a) Cumulative mass balances of Alfotbreen (ALF), Rembesdalsskéka (REM),
Nigardsbreen (NIG), Storbreen (STO), Hellstugubreen (HEL), Grasubreen (GR), Engabreen
(ENG) and Storglacidaren (STORGL). Data: nve.no/bre (Norwegian glaciers) and
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b) — i) Relative importance (standard regression coefficients) of winter precipitation and
summer temperature in 25-year moving windows. Blue (red) lines median estimates standard
regression coefficients (relative importance) of winter precipitation (summer temperature).
Light blue and pink shadings indicate 2.5% and 97.5% quantiles of Bayesian credible
intervals of standard regression coefficients (relative importance). Results are presented as
25-year  centred  windows. j)  Atlantic = Multidecadal  Oscillation Index
(http://www.esrl.noaa.gov/psd/data/timeseries/ AMO/, 30-year loess-smoothed). k) North
Atlantic Oscillation Index (Jones et al. 1997, updated).
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Figure 4. Standard deviation ratios. Ratios between standard deviations of winter balances
(sBw) and annual balances (sBa, sBw/sBa) and summer balances (sBs) and annual balances
(sBs/sBw). Standard deviation ratios are shown for the entire measurement period (central
symbols) and for periods of above (left symbols) and below (right symbols) median NAO-
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3
4
5

index, respectively. sBw: standard deviation of winter mass balance, sBs: standard deviation

6
7

of summer mass balance; sBa: standard deviation of annual mass balance.
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Coefficients of determination (r2) among mass balances and North Atlantic
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Figure 5.

2
3
4
5)
6
.

winter mass balances and annual mass balances and winter NAO-index. Coefficients of

determinations are shown for the entire measurement period (central symbols) and for periods

of above (left symbols) and below (right symbols) median NAO-index, respectively. Bw:

winter mass balance, Ba: annual mass balance; NAO: NAO-index.
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