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Abstract. We present and validate a set of minimal models strongest over western Norwali€sje et al.2000. During
of glacier mass balance variability. The most skillful model the positive phase, i.e., stronger than normal pressure gradi-
is then applied to reconstruct 7735 individual time series ofent between Iceland and Azores, stronger than normal west-
mass balance variability for all glaciers in the European Alpserlies, above normal precipitation and mild temperatures pre-
and Scandinavia. Subsequently, we investigate the influenceail across the eastern North Atlantic and northwestern Eu-
of atmospheric variability associated with the North Atlantic rope. During pronounced negative phases of the NAO, oppo-
Oscillation (NAO) on the glaciers’ mass balances. site patterns of temperature and precipitation anomalies are
We find a spatial coherence in the glaciers’ sensitivity to observed (seélurrell, 1995a Wanner et al.2001; Hurrell
NAO forcing which is caused by regionally similar mech- et al, 2003 for an overview over the NAO and its influence
anisms relating the NAO forcing to the mass balance: inon European climate).
southwestern Scandinavia, winter precipitation causes a cor- By influencing precipitation and temperature anomalies,
relation of mass balances with the NAO. In northern Scan-the NAO also exerts control over glacier mass balaneées.
dinavia, temperature anomalies outside the core winter sedijola and Roger$1997) find that positive mass balances of
son cause an anti-correlation between NAO and mass balScandinavian glaciers during the 80s and 90s were caused by
ances. In the western Alps, both temperature and winter prestrong westerlies over the northeastern Atlantic, which are
cipitation anomalies lead to a weak anti-correlation of masdinked to the NAO.Reichert et al(2001) find that for Ni-
balances with the NAO, while in the eastern Alps, the influ- gardsbreen, an eastern outlet glacier from the Jostedalsbreen
ences of winter precipitation and temperature anomalies tenéte cap, the impact of winter precipitation overrules the im-
to cancel each other, and only on the southern side a slighpact of positive temperature anomalies, leading to a corre-
anti-correlation of mass balances with the NAO prevails.  lation of mass balance and NA®lesje et al (2000 show
that the control of the NAO over the glacier mass balance
in Scandinavia gradually decreases with increasing continen-
tality (i.e., towards the east), ariRlasmussen and Conway
1 Introduction (2005 find correlations between the Arctic Oscillation and
mass balances of 12 Scandinavian glaciers to be stronger than
The North Atlantic Oscillation (NAO) is the most promi- petween NAO and mass balances.
nent mode of atmospheric variability over the North Atlantic | the European Alps, the relation between climate anoma-
Ocean and Northwestern Europadbeck et al.200L Wan-  jies originating from the Atlantic and glacier mass balance
ner etal, 2001, Hurrell et al, 2003. One measure of the state js more complex, as the Alps are situated in the transition
of the NAO is the NAQ index, calculated as the difference in ;qgne petween northern Europe, experiencing warm and wet
sea-level pressure between Stykkisholmur, Iceland and Poniggnditions during positive phases of the NAO, and south-

Delgada, AzoresHurrell, 19958. The impact of NAO vari-  ern Europe, experiencing drier than normal conditions, and
ability is most pronounced during the winter months and
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only small temperature deviationd/anner et al.2001). The mm month™" G(NAO) ™" ‘C 6(NAO)™
influence of the NAO in the Alps is, therefore, generally 20 0 20 40 60 80 O 05 1 15 2
less pronounced than in Scandinav&ix(et al, 2001 and
more ambiguousScherrer et al.2004). Huss et al.(2010
find a rather strong influence of the (longer term) Atlantic g
Multidecadal Oscillation on mass balances of glaciers in the
Swiss Alps. Using a coupled general circulation model to 65
drive a glacier mass balance modekichert et al(2001)
find that the mass balance of Rhonegletscher in the West g 60
ern Alps is more sensitive to precipitation than temperature 2
anomalies, resulting in an anti-correlation of the mass bal-< 55
ance with the NAO. HoweveSEteiner et al(2008 show that
winter precipitation is less important for length variations
of Alpine glaciers than for Norwegian glaciers. Moreover,
Marzeion et al(2012 present a reconstruction of mass bal-
ances anomalies of glaciers in the European Alps based o 5 10 15 20 25 5 10 15 20 25
a simple model derived from monthly values of temperature longitude longitude
and precipitation and a set of mass balance measuremen|t_sI . - -
. . g. 1. Maps of regression coefficients of monthly total precipita-

needed bqth to train ar_1d to valldat'ed the mass balance modg], (a) and monthly mean temperatu(ts on the NAO index (shad-
and they find that gIaCIer§ _(espeC|aIIy in the central and eaStl'ng), values where the correlation between NAO index and precipi-
ern) Alps are more sensitive to temperature anomalies thagation/temperature is below the 99 % confidence interval have been
to precipitation anomalies. omitted. Shown are the regression coefficients of the month with the

As input,Marzeion et al(2012) use the HISTALP dataset maximum NAO effect, which are generally winter months. Gray
(Auer et al, 2007*, which provides monthly precipitation background shading: Topography of the CRU TS 3.0 data. Black
sums and 2 m temperatures on & 5min grid of the greater  markers: locations of the glaciers with more than 12 mass balance
alpine region, covering the years 1780 to 2008 (temperaturel€asurements. Green dots: locations of the glaciers contained in the
and 1801 to 2003 (precipitation), and area-integrated mas¥GI-XF da_ta base. Th_e boxes indicate the locations of the regions
balances obtained fro@ogley(20092. Here, we first trans-  "¢ferred to in the text, figures, and tables.
fer their modeling approach from the HISTALP data to CRU
TS 3.0 data Mitchell and Jones2005° in Sect. 2.1. As
in Marzeion et al(2012, in the following we refer to this
model as théndividually trained modeand to the modelus- 5 4
ing the mean parameters of the individually trained model

the mean model{see below for a detailed description). In The area-integrated annual mass balance MB of a glacier can
Sect. 2.2, we present another model of the glacier mass bahe understood as the sum of the monthly precipitation onto
ance, which is based solely on climatological values of pre-the glacier's surface and monthly run off from the glacier. In
cipitation and temperature data as input, and does not depen@arzeion et al(2012), the modelled mass balance M&iel

on measured mass balances for tl’aining, but Only for Valida'iS, therefore’ derived by introducing two parameterand
tion. In the following, we refer to this model as tbemato- |, sych that

logically derived modelA detailed validation of the models

2 Glacier mass balance models

Individually trained and mean model

is presented together in Sect. 2.3. We then apply the mod- 12
els to all European glaciers contained in the extended formaMBmodei= Y _ (aP; — n(max0, T;))) (1)
of the World Glacier Inventory (WGI-XF) data bas€dg- i=1

ley, 200?’. based oWGMS {:md NSIDG1989 and perform . wherei indicates the month?; is the monthly solid precipi-
a correlation-based analysis of the response of the gIameri

bal to NAO-related variability in t A ation onto the glacier surface (in their of case obtained from
mass balances to NAL-relaled vanabiiity In lemperature andy gra p data, which includes specific information on the
precipitation (see Figl for an overview of the spatial dis-

N . . oo solid fraction of total precipitation)7; is the monthly mean
tribution of all glaciers considered in this study). The reSU|ts_airtemperature at the location of the glacier terminus (in their

are shown in Sect. 3, and we discuss them and conclude if;qe optained from HISTALP data, corrected with a temper-

Sect. 4. ature lapse rate for any differences between the height of the
glacier terminu$and the height of the HISTALP data point).
Lavailable ahttp:/Mmww.zamg.ac.at/histalp 4Terminus elevation and glacier geometry were assumed to
2available ahttp://people.trentu.cafcogley/glaciology/ be constant throughout the modelled period, i.e., dynamic re-
3available ahttp://badc.nerc.ac.uk/ sponses of the glaciers to mass changes were neglected. See
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In this modela can be understood as a parameter representwhich melt at the glacier terminus occufe does not nec-
ing effects of a precipitation lapse rate, aeolian transport ofessarily have to be €, since the diurnal cycle and intra-
snow and avalanching, and can be understood as a pa- monthly variability may lead to above-freezing temperatures
rameter relating monthly mean temperatures at the glacieeven if the monthly mean is below’@, but it turns out that
terminus to production of glacier melt. For each individual the model performance is both quite insensitive to the exact
glacier with N existing annual mass balance measurementwvalue of Tinei, and highest forTmeir = 0°C (seeMarzeion
MB measured the optimal parametets,, andiopt can be es- et al. (2012 for a more detailed discussion), so that we as-
timated by requiring that the mean square error sumeTmerr = 0°C in the following.

Then, if we assume that a glacier in its current extent is

1 2 in equilibrium with monthly climatological temperatures and
MS@nodel = Z (MBy.measured— MB.model) - (2)  precipitation (see Sect. 4 for a discussion of the implications
k=1 of this assumption), the annual climatological mass balance
wherek is the year, is minimal. From this procedure, individ- has to fulfill
ual parameters estimates can be derived for each glacier with 12
existing mass balance measurements (individually trainedVBciim = Z (Pi.clim + Ri.clim) =0, (3)
model). If mass balance measurements exist for a number i=1

of glaciers within the region of interest, it is possible to con- yhjch leads directly to an estimate ofim (see Eq. 6).

struct the mass balance of an unsampled glacier in that ré- The variable annual mass balance of a glacier can then be
gion, by applying the the mean of the parameters from thexgtimated as

individually trained models to the unsampled glacier. We re-
fer to this as the mean model.

While for a detailed discussion of the concept of the indi- M Bmodel = Z (Pi = telim(Max©, 7)) . “)
vidually trained and the mean model we referMarzeion =t
et al. (2012, the transfer of the model from the HISALP where P; is the monthly solid precipitation onto the glacier
to the CRU TS 3.0 data as the driving dataset necessitatesurface andl; is the monthly mean air temperature at the
the estimation of the solid fraction of precipitation onto the location of the glacier terminus.
glacier surface, and a new validation of model performance The CRU CL 2.0 datasetNgw et al, 2002° includes
and robustness. This is achieved by a cross validation procetQ x 10 resolution fields of monthly mean climatological

12

dure presented in Sect. 2.3. temperature and total precipitation, while the CRU TS 3.0
dataset itchell and Jones2005 provides time series of
2.2 Climatologically derived model monthly temperature and total precipitation on & 3@0

grid. Therefore, it is possible to estimate vertical gradients of
Kaser et al.(2010 develop a model of the monthly cli- temperature and precipitation on the scale of the CRU TS 3.0
matological glacier mass balance, based on monthly climagrid based on the CRU CL 2.0 climatology, if the topography
tological precipitation and temperature at the glacier loca-around the location of interest is rough, i.e., if there is spread
tion, in order to estimate the potential of seasonally de-in the elevation of the CRU CL 2.0 grid surrounding the lo-
layed runoff to water availability in large river basins. For cation of interest, and if the horizontal gradients in the area
a glacier in equilibrium with monthly climatological tem- of interest are small compared to the vertical gradients. The
peratures and precipitation, the annual mass gain from prefirst condition is fulfilled for all the locations of interest in
cipitation 12, P; ciim, Where P, cim is the climatological  this study, since the glaciers are located in mountainous ter-
monthly solid precipitation integrated over the surface of rain. We assume that the second condition is only fulfilled for
the glacier, has to equal the annual mass loss by melttemperature, since especially in Scandinavia, the horizontal
ing of ice, Y12, Ri.ciim, Where R; cim is the climatolog-  gradients in precipitation are large (see Sect. 4 for a more
ical monthly melt from the glacier. The determination of detailed discussion). Therefore, we estimate vertical lapse
R cim requires the consideration of energy budget of therates of temperature for all glaciers in the WGI-XF dataset
glacier (see e.gKuhn, 1987 Oerlemans200Q Molg and by regressing temperature in<38 CRU CL 2.0 grid points
Hardy, 2004, but air temperature is a reasonable proxy around the location of the glacier onto elevation. Fig2me
for the energy available to the glacier for producing melt shows the result. The correlation between temperature and
(Sicart et al. 2008 Ohmura 2001). Therefore, we assume elevation is very high (typically-0.95) and above the 95 %
Ri clim = —pclim(MaxQO, T; cim — Tmel)), WhereT; cim isthe  confidence interval for all glaciers. For precipitation, we as-
monthly climatological air temperature at the glacier termi- syme a lapse rate of 2% precipitation increase every 100 m
nus andZmerr is the monthly mean air temperature above altitude increase, which use to estimate precipitation at the
mean elevation of the glacier, and subsequently apply as the

Marzeion et al(2012 for a detailed discussion on the implications
of this assumption. Savailable ahttp://www.cru.uea.ac.uk/cru/data/hrg/tmc/
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log, (mm K1) choice of 22C as the threshold temperature is in principle

10 . . . .
arbitrary and may seem high, it yields the best model perfor-
mance in the cross validation. The reason may be processes
such as water retention or refreezing in the snow pack that
may occur during cold, but liquid, precipitation events.

221 Pi,clim
2,121 max(0, T; clim)
where P; ¢iim is the monthly climatological solid precipita-
tion estimate based on the CRU TS 3.0 dataset at the location

of the glacier, gives the estimate pfn. Figure2b shows
iclim for each of the glaciers considered in this study.

15 2.5

[e2]
a1

= Kclim, (6)

latitude
(2]
o

[¢)]
)]

2.3 Model validation

5 10 15 20 25 5 10 15 20 25 The individually trained, and the mean model, depend on the
longitude longitude measured mass balance values of the glaciers. In order to

Fig. 2. Maps of the model parameters of the climatologically de- validate these models using the measured mass balances, we

rived model:(a) temperature lapse rates. Values where the corre—perform a cross validation of t_hese two modeMBc(he_lel_sen
lation between temperature and elevation is below the 95% conl987 andHofer et al, 201Q give a detailed description of
fidence interval have been omitteh) zcjim. Markers with black ~ €ross validation applications in climate). The climatologi-
circle indicate the results of the glaciers with more than 12 existingcally derived model is built independent of the measured
measurements of annual mass balance. Gray background shadingiass balances and can, therefore, directly be validated with
topography of the CRU TS 3.0 data. the measurements.

2.3.1 Cross validation of the individually trained model

precipitation estimate representative of the whole glacier sur-
face. This lapse rate is on the lower side of the values typi-As in Marzeion et al.(2012, for each glacier in the re-
cally gained from determining the lapse rates based on th@ion of interest with existing mass balance measurements,
CRU CL 2.0 climatology in those areas where the horizontalwe first construct a time series of modelled annual mass bal-
gradients in the climatology are small. ance MBnoge, Where each annual value is independent of

In order to estimate.im for each glacier, we first deter- the measured value of that year. This is achieved by perform-
mine the monthly climatological temperatufgqim at the ing the model optimization required for estimating the model

glacier terminus as parametergopt andpopt N times, whereV is the number of
mass balance measurements, leaving out of the optimization
Ti clim = Ti,CRUgim + YT (Zterminus— ZCRU), (5)  theyears+nag, wherek is the year of the measurement, and

_ ' ' fiag is the length of autocorrelation in the measured mass bal-
whereT; cruy, is the monthly climatological temperature ance time series (typically, one year). This yields the model
of the CRU TS 3.0 dataset at the location of the gl&(ﬂer parameterslk’cross and Ik cross which are then used to de-
yT Is the temperature lapse rate at the location of the glaciefermine MB:.modelcross Figure3 shows the standard devia-
determined as described aboy@minusis the altitude of the  ign of ax. crossaNd ik crossfor all glacier with existing mass
glacier terminus andcru is the altitude of the CRU TS 3.0  palance measurements, as a function of the number of mass
grid point. balance measurements existing for that glacier. It becomes

We then estimate the fraction of solid precipitation by as- gpparent that the robustness of the estimates of the model
Suming that if the temperature at terminus elevation is beIO\Nparameters increases W|th the number Of mass ba|ance mea-
2°C, solid precipitation equals total precipitation. If the tem- syrements and that a minimum number of measurements is
perature at the highest elevation of the glacier (obtained usnecessary to achieve reliable estimatesQfossandix. cross
ing yr) is above 2C, there is no solid precipitation. Within - For this reason, we reject all glaciers with fewer than 12 yr of
this range, we interpolate the solid fraction linearly, implying mass balance measurements from all further analysis (note
that for precipitation fractionation, we assume a distributionnat the minimum number of mass balance measurements is
of area that is constant with elevation. Note that while thea Subjective Choice, but the results presented here do not de_

61t would be possible to use the CRU CL 2.0 dataset here. ButP€Nd strongly on the exact number).
for reasons of consistency when we apply the climatologically de- Figure4d shows the modelled versus measured mass bal-
rived model in the variable climate, we use the monthly climatology ances (normalized) of the individually trained model for all
derived from CRU TS 3.0 here. glaciers with more than 12 measured mass balances, panel
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~ |t b Fig. 5. Standard deviation of the annual mass balance plotted
§ 107} ° against the area of the glaciers. Green dots show,MByregblack
El 1°. dots show the values of the individually trained model, blue dots
£ ot A show the results of the mean model and red dots show the results
g8 107 "¢ : .:.- . of the climatologically derived model. Horizontal lines show the re-
= . ., ° spective means.
O . o o e o . °
e L
° ¢ ~ ..
10° . . . .
20 40 60 a shows the correlation coefficient for each glacier. We also
number of mass balance years calculate the bias of the model, and the skill score
Fig. 3. Standard deviation afy cross(a) andu cross(b) asafunc-  SS=1— W’ @)
tion of the number of mass balance measurements. Black dots are MSQef

the values_ofglapiers accepted into the final set, gray glots_are_thc_)s\ﬁ,here MSRiodel iS the mean-square-error of Miges and
of the gIaC|e_rs_ rejected from the final set. The gray vertical line indi- S@et is the mean-square-error of a reference model (in this
cates the minimum number of mass balance measurements (12 yr 2se, we use the mean of the measured mass balances as the
necessary to obtain robust results dgptimizedandsoptmized reference model). Figurg shows that the variability of the
modelled time series is smaller than that of the measured
mass balance time series. But still, there is considerable skill
in the modelled time series (mean skill score 0.51), and the
08 correlation between modelled and measured mass balances is
reasonably high (mean value of 0.67). The results of the cross
validation of the individually trained model are summarized
in Tablel (seeMarzeion et al(2012 for a more detailed de-
scription and discussion of the cross validation procedure).
0 We finally determineaqpt and opt as the mean values
of ak crossand ug cross @nd apply them in Eq. (1) to obtain
the time series MBggel Of the individually trained model
over the entire period of data available in the CRU TS 3.0
dataset. Figur&a shows the result for an example glacier,
ya y Alfotbreer’ in western Norway (black line), together with
EINCIRE 2 o 2 2 o 2 the measured mass balances (green line).

modeled (normalized) modeled (normalized) modeled (normalized)

longitude longitude longitude
10 15 20 25 10 15 20 25 5 10 15 20 25

o
o

correlation

I
~

measured (normalized)

Fig. 4. Upper row: correlation coefficients of the individually 2.3.2 Cross validation of the mean model

trained(a), mean(b), and climatologically derived modét) for . .
all glaciers with more than 12 measured annual mass balances. Ség Qrder to cross validate the mean model, we construct time

Tables (for aandb) and2 (for c) for the mean values and standard S€71€S Of MBnogerfor each glacier with more than 12 existing
deviation. Gray background shading: topography of the CRU TSMass balance measurements, independent of the mass bal-
3.0 data. Lower row: modelled versus measured normalized annus@tnceé measurements of that glacier. This is achieved by de-
mass balances of the individually trained mo¢tl and the mean  terminingameancross @Nd ftmeancrossas the mean afqpt and
model(e) obtained by cross validation, and of the climatologically pqpt Of all the glaciers in the region, except for the glacier
derived mode(f), for all glaciers with more than 12 measured mass where the cross validation is being carried out.

balances.

7Alfotbreen was chosen as an example, because with respect to
glaciers in western Norway, it exhibits a typical relation to the NAO,
and it has a long history of mass balance measurements.
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666 B. Marzeion and A. Nesje: NAO influence on mass balance variability

Table 1. Summary of parameters and cross validation results of the individually trained (first two lines) and the mean model (remaining
lines). Number of glaciers with mass balance measurements, and total number of mass balance measurements are also given. All paramet
values Gopt anduopt), correlationsx), skill scores (SS), and biases given are the mean values obtained during the cross validation procedure,
with their standard deviation. Negative skill scores imply zero skill and have, therefore, been replaced with zero for the calculation of the
mean and standard deviation of the skill scores.

No. No. aopt ttopt [MMK~1] r SS Bias [mm]
Glaciers MB

individually trained 71 1579 2.181.39 714+ 150 0.50+0.45 0.46:0.24 12441484
individually trained 39 1339 218154 10451 0.67£0.15 0.510.14 0+19
(no. MB> 12)

Northern Scandinavia 7 208 4.301.77 116+ 60 0.73:0.10 0.09+0.15 -543+1714
(no. MB> 12)

Southern Scandinavia 10 372 299.78 76+ 26 0.72+£0.15 0.12:0.25 —54442627
(no. MB> 12)

Scandinavia 17 580 3.421.36 93+ 46 0.73£0.13 0.14:0.24 —-587+2375
(no. MB> 12)

Alps 22 759  1.08:0.59 118+ 52 0.74+£0.11 0.22+0.31 —-506+ 2393
(no. MB> 12)

all 39 1339 2.16:1.54 107+ 51 0.73+£0.14 0.040.16 —2584+3039
(no. MB> 12)

Marzeion et al (2012 show that if the Alps are consid- more than 12 measured mass balances (the mean being ap-
ered as one region, the mean model yields reasonable rglied over all of Europe), panel b shows the correlation coef-
sults. Here, we define 5 different regions for determiningficient for each glacier.
the mean parameters: northern Scandinavia, southern Scan-We finally determineimneanand umeanas the mean values
dinavia, Scandinavia (i.e., northern and southern Scandinaviaf aopt anduopt, and apply them in Eqg. (1) to obtain the time
combined), the Alps and Europe as one region containing alkeries MByoge Of the mean model over the entire period of
glaciers considered here. The outlines of the different regionglata available in the CRU TS 3.0 dataset. Figilrahows the
are shown in Figl. The results of the cross validation of the result forAlfotbreen (black line), together with the measured
mean model are summarized in Tatkldf measured by cor- mass balances (green line).
relation between modelled and measured mass balances, the
performance of the mean model is higher than that of the2.3.3 Validation of the climatologically derived model

individually trained model, independent of how the region

is defined. The mean model works best for the Alps (meanSince the climatologically derived model is built independent
correlation of 0.74), but the performance suffers only little ©f Mass balance measurements, it can be validated directly

when applied over all of Europe (mean correlation 0.73). TheUSing the measured mass balances of glaciers where avail-
fact that the correlation improves for the mean model com-2P!€- This would be possible independent of the number of

pared to the individually trained model can be understood agn@ss balance measurements, but in order to be able to di-
the result of a vastly increased data basis of the mean mod&fCtly compare the climatologically derived model with the
compared to the individually trained model, i.e., many moreNdividually trained and the mean model, we show here the
measured mass balances values entering the determinatidfg/idation based only on those glaciers for which more than
12 measured mass balances are available. Figfushows

of the model parameters. The mean model also slightly im- )
proves the representation of variability of the mass balancef® modelled versus measured mass balances (normalized)

(Fig. 5), but it exhibits a considerable bias (see TableAs of the climatologically derived model, panel ¢c shows the cor-

a result, the skill score becomes negligible (except for therelation coefficient for each glacier. From Figit is apparent

Alps). This implies that the model's results cannot be used inat & weakness of the climatologically derived model is an

applications where absolute values of the mass balance afghderestimation of the variability of the mass balances. But

needed. But for correlation-based analyses, which do not dethe summary of the validation (see Tal@eshows that the

pend on bias and the amplitude of the variability, the modelClimatologically derived model shows an improvement over
results are applicable. the individually trained and mean models in terms of corre-

Figure4e shows the modelled versus measured mass bafation, and over the mean model in terms of skill score.
ances (normalized) of the mean model for all glacier with

The Cryosphere, 6, 661673 2012 www.the-cryosphere.net/6/661/2012/
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Fig. 6. Timeseries of the reconstruction férfotbreen.(a) green: standardized MR.asuregblack: standardized MBogey light gray shading:
+2-rmse, dark gray shading: 1-rmse.(b) green: standardized MR:asureg black: standardized MBean model light gray shading:t2-

rmse, dark gray shading: 1-rmse.(c) green: standardized MR:asuregblack: standardized MBm modes light gray shading=x 2 - rmse,

dark gray shading+ 1- rmse.(d) annual temperature anomaly at the location of the gla@gannual precipitation anomaly at the location

of the glacier, light blue: total precipitation, dark blue: estimated solid precipitaffipminter mean of the NAO index. The vertical light
blue bar indicates the two years shown in detail in FigEquivalent figures are available for all 39 glaciers with more than 12 measured
mass balance values as Supplement.

Table 2. Summary of the model parameters and validation results of the climatologically derived model. All numbers given are the mean
values with their standard deviation.

telim [MMK™1] r SS Bias [mm]
N. Scandinavia 3511 0.75+:0.09 0.11+0.10 35+ 579
S. Scandinavia 3%12 0.77£0.07 0.24t£0.17 —-237+413
Scandinavia 3511 0.76:£0.08 0.19-0.16 —1254+491
Alps 128+ 88 0.74+£0.11 0.31+0.18 62+ 284
all 87+81 0.75+0.10 0.26+0.18 —19+4+394

Figure6c,; shows the result of the climatologically derived dividual glaciers contained in the WGI-XF dataset within the
model for Alfotbreen (black line), together with the mea- domain of interest, covering the entire time period of CRU
sured mass balances (green line). data availability.

3.1 Decomposition of the forcing fields

3 Results
In order to bring out the influence of the NAO on the glacier

The (cross) validation of the three different models hasMass balances in Europe, we first deterniiggcier as the
shown that for a correlation-based analysis, the climatologi-l8mperature at the glacier terminus using Eq. (5) Bgigtier

cally derived model provides the most reliable results. There2S the estimated solid precipitation onto the glacier surface
fore, in the following, we discard the individually trained and oM CRU TS 3.0, and then decompd&gacier and Pyiacier

mean models, and only apply the climatologically derived
model to construct mass balance time series for all 7735 in-
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Tglacier = Tglacieenm + TglacieNAo + Télacier’ (8) 1994 1995 1996

, ONDJFMAMJJASONDJFMAMJIJAS
Pylacier = Pylaciegim + Pylacienso + Pglacier 9) ofa T
where the subscripgim denotes the monthly mean clima- % 0 m\/\/ \/"\/\/A
tological values, the subscrigho denotes monthly anoma- -~
lies associated with NAO variability and the prime denotes b /\ /\ ;O 13)
all other anomalies. In order to determiffgiacies,o and o £
Pglacienao, We perform a regression dicry and Pcry On [ —— J g -
the monthly NAO index Klurrell, 199588, individually for o 2r C/—\ -\ A /\
each month of the year. Generally speaking, the NAO in- § 0r7 Nt \/‘\/ AN
fluence is strongest in winter, with positive NAO anomalies +~ 2V |
leading to above-average temperatures all over Europe, whil d//\ A 13
the precipitation anomalies tend to be positive in northern N~ VvV 0 g
Europe (with exceptions in the northwestern part of northern - @ 172 F

Norway), and negative around the Mediterranean (Eigee
Hurrell et al, 2003 for a detailed discussion of the impacts g 200
of the NAO on European climate). &
Figure7 shows example results of the decomposition for

the location ofAlfotbreen, for the hydrological years 1995

and 1996 (vertical, light blue bar in Fig). The comparison ~ _
of panel a with panels d and g shows that while the NAO & £
variability does not show a strong seasonality, its impacts or 9
temperature and precipitation are only evident during winter. o® 200t

3.2 Constructing the mass balance time series

€
E

For each glacier we then construct a total of 5 time series 0'g 200 i
mass balance variability: 5 o
g“’ -200 —
1. MBgim = Pglaciee“m - l/«clim(ma)(o» Tglacie@im)) (10) i é
0 Q
is the monthly, climatological mass balance of the glacier, g o
where Y12 MB, ¢im =0, i indicating the months of the ~ WOnr -100 =
hydrological year, follows directly from Eq. (7). MR is 0’ e [ ] —_—
2 - —
shown in Fig.7h. g E
& 7200 b 100 =
Q
2. MBanom= [Pglacier_ Hclim (Max(, Tglacier))] —MBgim  (11) = = ..Il - 0 u_<z(
15
is the monthly deviation of the mass balance from the clima- @ —— v .. .. ... ... . .. ... ..., 100 £
tological mass balance, shown in Fitj. ONDJFMAMJJASONDJFMAMJIJAS g

1994 1995 1996

3. MBnao = [(Pylacierno + Polacietin) (12) Fig. 7. Detailed example of the monthly time series of the re-

construction forAlfotbreen for the hydrological years 1995 and
— (Mclim(maX(O, Tylacienao + Tglacie[;"m)))] — MBgiim 1996. (a) NAO index. (b) Temperature cIimatoIogyTg|acie@im.
(c) Temperature anomalyigiaciegao + 7, |ac|er (d) Temperature
is the monthly deviation of the mass balance from the cli-anomaly associated with NAGglacierao- (e) prec|p|tat|0n clima-
matological mass balance associated with NAO variability, tology, Pyjacieg;,- () Precipitation anomalyPyjaciegao + P g,amer

shown in Fig.7j. (9) Precipitation anomaly associated with NAGg|aciego- (IN
panelse—g light blue: total precipitation, dark blue: estimated
4. MB(Tnno, Peiim) = [ Pglaciegim — (t4cim (Max(0, Tyiacieso solid precipitationYh) Mass balance climatology, M. (i) Mass
+Tglaciegim) )) ] ~MBciim (13) balance anomaly, M&om (j) Mass balance anomaly associated
with NAO variability in temperature and precipitation, MRo-
is the monthly deviation of the mass balance from the clima-(k) Mass balance anomaly associated with NAO temperature
tological mass balance associated with only NAO temperaanomaly, MBTnao., Peiim)- (I) Mass balance anomaly associated
ture variability, shown in Fig7k. with NAO precipitation anomaly, MBlgjim, Pnao)- Equivalent

figures are available for all 39 glaciers with more than 12 measured
8available ahttp://www.cgd.ucar.edu/cas/jhurrell/indices.html mass balance values as Supplement.
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) . Fig. 9. Correlation between modelled monthly mass balance
Fig. 8. Correlation between modelled monthly mass balance 5nomajies obtained using the full variability in the forcing, and
anomalies, i.e., MBnom and monthly NAO index. Markers with 1 qqelled monthly mass balance anomalies obtained using only
blac!< C|rcl_e(a) and circle mar!<e_r$b) indicate the results of the NAO-related variability in the forcing, i.e., between Mm and
glaciers with more than 12 existing measurements of annual masmBNAo_ Markers with black circléa) and circle markergb) indi-
balance. Values below the 95 % confidence interval have been omitz o1 the results of the glaciers with more than 12 existing measure-
ted. Gray background shading: topography of the CRU TS 3.0 datayents of annual mass balance. Values below the 95 % confidence
In panel(b) black is for glaciers in the Alps, red for glaciers in jyiana| have been omitted. Gray background shading: topography
southern Scandinavia, blue for glaciers in northern Scandinavia. ¢ the CRU TS 3.0 data. In pané) black is for glaciers in the

Alps, red for glaciers in southern Scandinavia, blue for glaciers in
northern Scandinavia.

5. MB(Tclim, Pnao) = [(PglacieNAo + Pglaciee"m) (14)

= (s2clim (M2X(O. Tyjacierin))) | ~ MBaim also find an anti-correlation for Rhonegletscher, but they find
is the monthly deviation of the mass balance from the clima-the NAO influence to be stronger), and south of the main
tological mass balance associated with only NAO precipita-ridge. Panel b reveals that there is hardly any relation be-

tion variability, shown in Fig7I. tween the correlation and the altitude of the glacier terminus
within each region.
3.3 The spatial patterns of NAO influence on mass As a measure of how strong the NAO influence is on the
balance variability mass balance, we show correlations between, B and

. . ) MBnao in Fig. 9. As is to be expected from Fi@, there is
Figure8 shows the correlation between monthly NAO index , . inimum of NAO-driven mass balance variability in mid-

$rr1]d monthly molde'lled r:n azs balanclﬁ Aaanom;llesa,l,\d.f. | Scandinavia, the influence of the NAO is strongest in western
e strongest re at!ons Ip between and mass ba anCRIorway and for the glaciers in the very north of Scandinavia.
becomes apparent in western Norway (confirming the resultgyisin the Alps, the NAO influence is generally smaller, but
c_)f NeSJe_et aI(ZOOQ an_d Reichert ejc al(2001), who inves- interestingly, slightly grows towards the east.

tlgaj[ed smgle glaciers in these regions). In northe_rn Scandi- Since there is a distinct seasonality in the connection be-
havia, and in the Alps, the mass balances are qntl—correlategveen NAO and temperature and precipitation anomalies, it
with the NAO and in the Alps the con.necnon IS ggne.rally is instructive to look into the seasonality of the mass bal-
weaker. In the case of the Alps the anti-correlation is S'gn'f'ances' response to NAO forcing. Figul®a and b show
icant only in the western part (herBeichert et al{200]) the correlation between monthly NAO index and monthly

9Note in this and the subsequent figures that the glaciers withmodelled mass balance anomalies Mg (i.e., the same as

existing mass balances, where the model validation takes place, afeig. 8), but only during the winter months December, January
well distributed in the whole sample of WGI-XF glaciers. and February (core winter), when the influence of the NAO
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Fig. 10.Mean of the monthly correlations between modelled massFig. 11. Correlation between modelled monthly mass balance
balance anomalies, i.e., MBomand NAO index during December, anomalies obtained using the full variability in the forcing and mod-
January and Februafg, b), and during March to Novembéc, d). elled monthly mass balance anomalies obtained using only NAO-
Markers with black circlga, c)and circle markergb, d) indicate related temperature variability and climatological precipitation, i.e.,
the results of the glaciers with more than 12 existing measurementbetween MBnomand MB(Tyao. Pclim) (&, b), and correlation be-
of annual mass balance. Values below the 95 % confidence intervdiween modelled monthly mass balance anomalies obtained using
have been omitted from the calculation of the mean. Gray back-the full variability in the forcing, and modelled monthly mass bal-
ground shading: Topography of the CRU TS 3.0 data. In pgbgls  ance anomalies obtained using only NAO-related precipitation vari-
and(d) black is for glaciers in the Alps, red for glaciers in southern ability and climatological temperature, i.e., between Mgn and
Scandinavia, blue for glaciers in northern Scandinavia. Note thatMB (Tclim. Pnao) (C, d). Markers with black circlga, c) and cir-
the correlation values close to zero are the result of calculating thecle markergb, d) indicate the results of the glaciers with more than
mean of significant, non-zero correlations. 12 existing measurements of annual mass balance. Values below the
95 % confidence interval have been omitted. Gray background shad-
ing: topography of the CRU TS 3.0 data. In par{&lsand(d), black

L . . is for glaciers in the Alps, red for glaciers in southern Scandinavia,
on precipitation and temperature in Europe is strongest. Pal Slue for glaciers in northern Scandinavia

els c and d show the same, but for the remainder of the year.

Generally speaking, the connection between the core win-
ter mass balance and winter NAO is — perhaps not surprisanomaly becomes apparent. This is the region that does not
ingly — stronger than the connection over the entire year. Bushow a significant correlation with the NAO when the entire
the distinction between winter and rest of the year also al-year is considered. The reason is apparent in panel c: the pos-
lows for an insight into the mechanism of NAO influence. itive signal caused by core winter accumulation is cancelled
During the core winter, even a strong positive NAO, with cor- by a negative signal during the remainder of the year when
responding warm temperature anomalies does not raise awarmer temperatures prevail. Since the positive precipitation
temperatures at the glaciers’ termini above freezing. The corsignal of the NAO is limited to the northern boundary of the
winter signal is, therefore, predominantly a precipitation sig- Alps (see also Figl), the negative signal shows through in
nal and it becomes apparent that the anti-correlation betweethe southern Alps when the whole year is considered.
NAO and mass balance in northern Scandinavia is caused Another approach to understanding how the relative in-
predominantly outside the core winter season. In westerrfluences of temperature and precipitation set up the entire
Norway, the relation is more ambiguous: during the entiresignal is followed in Fig.11, showing the correlation be-
year, the NAO-mass balance relation contributes to the postween MBynom and MB(Tnao, Peiim) (panels a and b), and
itive correlation, only in the northern part of southern Nor- between MBnomand MB(T¢jim, Pnao) (panels ¢ and d). The
way the temperatures’ influence is outside of the core wintermass balance anomalies created by NAO-related tempera-
is apparent. ture anomalies correlate with the full mass balance anomalies

In the Alps, a clear distinction is possible between theeverywhere, but the correlations are insignificant (and even
western and eastern part: in the west, negative core wintenegative for a few glaciers) in western Norway, i.e., a warm
accumulation and warmer temperatures outside of the cor®AO signal contributes negative mass balance anomalies ev-
winter contribute to the anti-correlation with the NAO alike. erywhere, but in western Norway, the positive winter mass
In the eastern part, however, during the core winter a positivedbalance anomalies take the lead.
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4 Discussion The main deficit of the climatologically derived model
compared to the individually trained model is the relatively
One obvious difference between the Climatologically deriVEdstrong bias (the same is true for the mean mode]), |eading to
and the individually trained (and mean) models is that wethe weak skill scores. While the bias also does not affect our
do not estimate the increase of precipitation with a|titUdeCorre|ati0n-based ana|y5i5, it does prevent the model from
(or potential general underestimation of precipitation, aeo-heing applied to reconstruct absolute values of mass balance.
lian transport and avalanching, i.e., the parametér the  The construction of the climatologically derived model im-
individually trained and mean models) in the climatologi- plies that over the entire CRU TS 3.0 period, the mean mass
cally derived model individually. One strong benefit of the palance is very close to zero (it is not exactly zero, since the
climatologically derived model is the independence on anyinterannual variability in temperature and precipitation is not
mass balance measurements, and the resulting applicabilityvenly distributed over the months of the year). The bias is,
in regions that have fewer mass balance measurements thQﬁerefore, a measure of how far away the glaciers are from
are necessary to obtain robust parameter estimates for theguilibrium with the climatological forcing.
individually trained (and mean) models. A feasible way of |t is questionable whether the slight advantage of the cli-
obtaining an estimate of precipitation increase with a|titUdemato|ogica||y derived model over the mean model is real or
would be the determination of a vertical precipitation gradi- an artifact of the different validation procedures: the depen-
ent from the CRU CL 2.0 dataset, analogous to the determigence of the mean model on measured mass balances neces-
nation of the temperature lapse rates. However, as mentionegltates a cross validation, which implies that for the valida-
above, this approach requires that the vertical gradients in th@on, information has to be withheld from the model, leading

dataset are large compared to the horizontal gradients. Fap a slight (and principally not determinable) decrease of the
precipitation, this is not always the case: especially in Scanmodel’'s measured performance.

dinavia, the maximum of precipitation is rather close to the |n comparison with the results frorvlarzeion et al.

coast and not over the highest elevation. Calculating precip(2012), the performance of the mean model driven by CRU
itation lapse rates analogous to the temperature lapse rategata is weaker than when driven with HISTALP data. This
therefore, results in negative vertical gradients (i.e., less prejs to be expected, as the spatial resolution of the HISTALP
cipitation with increasing altitude) over large parts of Scandi- data is six times that of the CRU TS 3.0 data. In this respect,
navia, which is not realistic. For temperature, the problem ofwe find the decrease of performance remarkably small (skill
mixing horizontal with vertical gradients is less significant, score in the Alps drops from 0.34 for the HISTALP data to
as there is a strong dependence of temperature on altitudg 22 for the CRU TS 3.0 data, and correlation drops from
by default and the horizontal temperature gradients are smalh.82 for the HISTALP data to 0.74 for the CRU TS 3.0 data).
Compared to this default vertical gradient. We tested the Va'Simi|ar|y, it can be expected that the performance would in-
lidity of this approach: prescribing a constant vertical lapsecrease if daily (instead of monthly) data were used for driv-
rate in temperature decreases the model's performance (indghg the model. Given the availability of reanalysis datasets,
pendent of the value of the prescribed lapse rate). If we apapplying a higher temporal resolution is a possibility for fu-
ply a variable (derived analogous to temperature) precipitature studies, but it has to be noted that the shorter time span
tion lapse rate, the performance slightly suffers in large partver which daily data are available will also increase the de-
of Scandinavia and is hardly affected at all in the Alps. We mand on model performance, by raising the bar for achieving
also tested the sensitivity of model performance to changesignificant correlations.
in the prescribed precipitation lapse rate (i.e., lower or higher Finally, we find it remarkably that — even though no in-
than 2% for every 100 m elevation increase), and found thaformation on measured mass balances enters the setup — the
while model performance decreases slightly for both lowerclimatologically derived model outperforms the individually
and higher lapse rates, the results of our study are insensitivgained model when measured by correlation with observed
to the choice of precipitation lapse rate. mass balances. This seems counter-intuitive at first, but illus-
All three models considered here suffer from an underes+rates the versatility of the cross validation procedure, which
timation of mass balance variance (see Fg.While this  detects the problems associated with parameter fitting when

is a typical deficit of simple linear models, it is also likely relatively few values (i.e., mass balance measurements) are
connected to an underestimation of precipitation amounts inayailable for training.

mountainous regions in the CRU data. Ideally, this prob-

lem would be overcome by downscaling precipitation (see

Jarosch et al2012 for glaciological applications of precip- 5 conclusions

itation downscaling), but doing so is out of the scope for this

study — especially since underestimated mass balance varualitatively, our results closely resemble the findings of

ance does not affect the results presented here, which amgesje et al(2000 andReichert et al(2001), who investigate

based solely on correlation analysis. the impact of NAO variability on selected glaciers in Scandi-
navia and the Alps. While the correlations values we find are
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less pronounced, we are able to show that there is a regional and Nieplova, E.: HISTALP - historical instrumental climato-
coherence in the mechanisms and impact of NAO variability logical surface time series of the Greater Alpine Region, Int. J.
on glacier mass balance, which allows for the classification Climatol., 27, 17-46¢d0i:10.1002/joc.137,72007.
of all European glaciers into four regions: Cogley, J. G.: Extended Format for the World Glacier Inventory,
Tech. Rep. Trent Technical Note 2005-1, Department of Geog-
1. In southwestern Scandinavia, the variability of winter ~ raphy, Trent University, Peterborough, Ontario, Canada, revised
precipitation leads to a correlation between glacier mass  September 2008, 2005. '
balances and NAO, even though temperature anomalie§°9ley, J._ G. Geod_et_lc and dlrt_ect mass-bala_nce measurements:
work against this (in line with the findings &eichert gg?l%agigg /1a7n2d7 gg?gg?g??’ﬁsés; 42383' Glaiol., 50, 96-100,
et al, 200J). There is a gradient within the region, with RN X ' : _ .
. ) ; Hofer, M., Molg, T., Marzeion, B., and Kaser, G.: Empirical-
the correlation getting weaker (and even negative) to-

o . . statistical downscaling of reanalysis data to high-resolution
wards the Northeast (in line with the results Mésje air temperature and specific humidity above a glacier sur-

etal, 2000. face (Cordillera Blanca, Peru), J. Geophys. Res., 115, D12120,
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