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Abstract. Water stable isotope ratios and net snow accumu-additionally modify the ice core data. On an annual scale,
lation in ice cores are commonly interpreted as temperaturghe §180/temperature relationship was significant at the Fi-
or precipitation proxies. However, only in a few cases has aescherhorn, whereas for Grenzgletscher this was the case
direct calibration with instrumental data been attempted. Inonly when weighting the temperature with precipitation. In
this study we took advantage of the dense network of obserboth cases the fraction of interannual temperature variabil-
vations in the European Alpine region to rigorously test theity explained was~ 20%, comparable to the values ob-
relationship of the annual and seasonal resolved proxy dattained from the GNIP stations data. Consistently with pre-
from two highly resolved ice cores with local temperature vious studies, we found an altitude effect for theO of

and precipitation. We focused on the time period 1961-2001-0.17 %./100 m for an extended elevation range combining
with the highest amount and quality of meteorological datadata of the two ice core sites and four GNIP stations. Sig-
and the minimal uncertainty in ice core datingl(year). The  nificant correlations between net accumulation and precipi-
two ice cores were retrieved from the Fiescherhorn glaciertation were observed for Grenzgletscher during the entire pe-
(northern Alps, 3900 ma.s.l.), and Grenzgletscher (southermiod of investigation, whereas for Fiescherhorn this was the
Alps, 4200 ma.s.l.). A parallel core from the Fiescherhorncase only for the less recent period (1961-1977). Local phe-
glacier allowed assessing the reproducibility of the ice corenomena, probably related to wind, seem to partly disturb the
proxy data. Due to the orographic barrier, the two flanksFiescherhorn accumulation record. Spatial correlation anal-
of the Alpine chain are affected by distinct patterns of pre-ysis shows the two glaciers to be influenced by different
cipitation. The different location of the two glaciers there- precipitation regimes, with the Grenzgletscher reflecting the
fore offers a unique opportunity to test whether such a spe€haracteristic precipitation regime south of the Alps and the
cific setting is reflected in the proxy data. On a seasonaFiescherhorn accumulation showing a pattern more closely
scale a high fraction 08180 variability was explained by linked to northern Alpine stations.

the seasonal cycle of temperature§0 % for the ice cores,

~70% for the nearby stations of the Global Network of

Isotopes in Precipitation — GNIP). When the seasonality is

removed, the correlations decrease for all sites, indicating

that factors other than temperature such as changing mois-

ture sources and/or precipitation regimes affect the isotopic

signal on this timescale. Post-depositional phenomena may
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1 Introduction the underlying physical processes such as simple Rayleigh
distillation models (e.g. Jouzel et al., 1997b) or more com-
The stable isotopes ratios in meteoric watfQ(160 and,  plex atmospheric general circulation models (GCMs) mak-
similarly 2H/*H, not discussed in this paper) are widely ing it possible to track the water throughout the hydrological
used as temperature proxies (Craig, 1961; Dansgaard, 1964gycle, accounting also for other processes such as changing
Commonly these ratios are reported in the delta notatiomrmoisture sources, evaporation, and interaction with subcloud
(6180 ands?H or sD) with § denoting the deviation from an  water (e.g. Ciais and Jouzel, 1994; Jouzel et al., 2000; Jouzel,
international reference standard (e.g. VSMOW, Vienna Stan2003; Noone and Sturm, 2010). Meanwhile, several isotope-
dard Mean Ocean Water) in per mil (%o). equipped GCMs are available and their output has recently
To a first approximation§80 in meteoric water can be been investigated through the Stable Water Isotope Intercom-
considered as a proxy for the condensation temperature iparison Group (SWING2) experiment (Sturm et al., 2010;
the cloud with its variation within the water cycle described Conroy et al., 2013).
by the Rayleigh distillation model. The heavy isotopologues In the European Alpine region and specifically in the
preferentially condense with respect to the lighter ones andSwiss area investigated in this study, the interpretation of
progressive distillation occurs as the air mass loses moisturéhe isotopic signal is particularly challenging due to a dis-
through precipitation (Dansgaard, 1964). The primary micro-tinct topography, with the Alps acting as a divide between the
physical processes affecting this proxy within the water cycleMediterranean and the European continental climate (Barry,
(equilibrium and non-equilibrium fractionations) are known 2008). The northern Alps are dominated by the influence
and can be quantified (Dansgaard, 1964; Jouzel and Merlivapf North Atlantic air masses in winter and land evapora-
1984; Ciais and Jouzel, 1994; Gat, 1996; Araguas-Araguasion in summer whereas the southern Alps are character-
et al., 2000). However, several factors may change the isoized by higher intraseasonal precipitation variability and sub-
topic signal before, during and after the precipitation event.stantial contribution from the Mediterranean, especially in
For instance, subcloud processes such as exchange and spring and autumn (Frei and Schar, 1998; Eichler et al., 2004;
evaporation may lead to additional fractionation, leaving anSodemann and Zubler, 2009).
imprint in both raindrops and remaining vapour (Friedman Common features in precipitation may be observed in win-
et al., 1962; Risi et al., 2008; Field et al., 2010).These secter under the influence of mid-latitude cyclones arriving from
ondary processes however do not affect solid precipitation irthe North Atlantic by means of intensified westerlies. Sys-
the form of snow (Friedman et al., 1962; Field et al., 2010). tems advected from the north or the south are also frequent
Besides the microphysical processes, changes of the moigsee e.g. Eichler et al., 2004; Barry, 2008). In this case, pre-
ture sources may additionally affect the isotopic signalcipitation affects especially one flank, often accompanied by
(Rozanski et al., 1993). Precipitation intermittency (CasadoFoehn situations on the other side. In winter the prevailing
et al., 2013) or seasonality (Perrson et al., 2011) may biaslirections of the cyclones are from the northern and western
the 5180 toward the season with more precipitation. In this quadrants. As a consequence, orographic precipitation over
case thes’®0 should be associated with the precipitation- the northern Alps and consequently Foehn over the southern
weighted temperature rather than the mean temperaturdlps is a common phenomenon. Similarly, atmospheric dis-
(Jouzel et al., 1997a; Kohn and Welker, 2005; Sturm etturbances arriving from the southern quadrants especially in
al., 2010). The interpretation of th#80 signal in natural  spring and autumn generate Foehn situations over the north-
archives may be further complicated in the case of ice coresern Alps (Barry, 2008). It is nonetheless known that Foehn
where post-depositional processes can lead to signal alteevents are not always associated with precipitation over the
ation (e.g. Stichler and Schotterer, 2000; Schotterer et al.pther flank, as shown in Seibert (1990). Convective systems
2004). These processes may involve melting and refreezeontribute to the whole region’s precipitation as well, espe-
ing (Jouzel and Souchez, 1982), diffusion (Johnsen, 1977cially in summer (Frei and Schér, 1998; Eichler et al., 2004;
Johnsen et al., 2000), snow removal by winds (Wagenbach eéBarry, 2008; Sodemann and Zubler, 2009). The resulting cli-
al., 1988; Schoener et al., 2002) and sublimation (Stichler ematology is such that in general there is more precipitation
al., 2001). over the southern Alps, peaking in spring and autumn, and
In order to understand such a complex signal 4h0 less precipitation over the northern Alps, with a large maxi-
in precipitation can be investigated following different ap- mum in summer (Frei and Schér, 1998; Eichler et al., 2004;
proaches: using (i) observational data from global pre-Sodemann and Zubler, 2009).
cipitation collection networks such as the GNIP data set Neither GCMs or higher-resolved regional models are
(IAEA/WMO, 2013), enablings®0/temperature st80/T) able to spatially resolve the Alpine subregions affected by
calibrations for different regions in the world (Yurtsever and their characteristic precipitation regimes. However, an ex-
Gat, 1981; Rozanski et al., 1992, 1993), (ii) natural archivestended monitoring network exists over this area, and sev-
such as ice cores, tree rings and lake sediments (e.g. Bradlegral studies have been conducted for the time for which in-
1999) which allow access to records exceeding the period oftrumental records are available (Siegenthaler and Oeschger,
direct instrumental measurements, (iii) models to investigatel980; Rozanski et al., 1992; Schiirch et al., 2003). The
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relation between altitude and change of the isotopic valuegequire an accurate description of the glacier ice flow by
as well as thes’80/T relation has been quantified, using means of physical models; (ii) the glacier only records the net
the §180 data of the GNIP station network. A lapse rate of balance between what was deposited and what was removed
~ —0.2%./100 m was obtained (Siegenthaler and Oeschgerluring the year, e.g. by partial melting, wind erosion or subli-
1980; Schirch et al., 2003) and generally higher long-termmation; (iii) precipitation at high altitudes can be a very local
slopes compared to the rest of Europe were found (Rozanshphenomenon. In a region such as the Alps, characterized by
etal., 1992). Because of the changes in moisture sources, theégh temporal and spatial variability of the climatic parame-
intraseasonal variability of precipitation is relatively high, es- ters, the interpretation of the net snow accumulation rate as
pecially on the southern side where a mixture of sources origa proxy for regional precipitation might thus be limited even
inating from the North Atlantic Ocean, the Mediterranean re-in the case of negligible post-depositional effects.
gion, the North Sea and Baltic Sea as well as from European In this study we focus on annually and sub-annually re-
land surface re-evaporation contribute to the total annual presolved records of'80 and net accumulation from two highly
cipitation of a specific site (Sodemann and Zubler, 2009) and-esolved ice cores from the northern and the southern Alps,
may thus significantly affect th&'80 signal. Such an influ-  in order to investigate whether and how the temperature and
ence of changes in large-scale circulation patterns was obprecipitation signals are captured at these sites, with the final
served in Alpine tree rings (Saurer et al., 2012). goal of improving the understanding of the ice core prox-
There is large potential offered by Alpine ice cores in ies 8180 and net accumulation. We take advantage of the
terms of reconstructing past changes in the climate and thenique opportunity offered by the dense observation station
hydrological cycle, but a better understanding of the sig-network over this region. For this detailed study, we focus on
nal deposited on the glacier is needed. Some studies whicthe most recent decades (1961-2001), where the amount and
combine instrumental and Alpine ice core data are availablequality of the available instrumental data is highest and the
(e.g. Rozanski et al., 1997; Schotterer et al., 1997; Eichledating uncertainty in the ice cores is minimal. In Sect. 2 the
et al., 2001; Sigl, 2009; Bohleber et al., 2013). Ice cores ex-data sets are described. The analysis o#fi®©/temperature
tracted from the Alps proved to be valuable tools for the re-and the accumulation/precipitation relationship is discussed
construction of atmospheric pollutants and studies of theirin Sect. 3 and conclusions and implications are presented in
transport (e.g. Wagenbach et al., 1988; Schwikowski et al. Sect. 4.
1999, 2004). However, as mentioned before, the interpreta-
tion of the isotopic signal is not straightforwasd80 records
a signal only when snowfall occurs (Jouzel et al., 1997a;
Sturm et al., 2010) and seasonality of precipitation and post-

o - 2.1 Ice core sites
depositional effects can be very local phenomena, causing

each high-altitude site to behave uniquely. Investigating the, ihis study we investigate two Alpine ice cores, one from
precipitation climatology near the glacier can thus provide e northern Alps (Fiescherhorn, FH) and the other from
fundamental information about the proxy deposition. Us- i southern Alps (Grenzgletscher, GG) (see Fig. 1). From
ing the data from the Grenzgletscher ice core (also investiy,e Fiescherhorn glacier several ice cores have been col-
gated in this study) Bronnimann et al. (2013) addressed thgy e (Schotterer et al., 1997, 2002; Schwikowski et al.,
problem of irregular sampling of weather events by naturaly ggg: jenk, 2006). Here we mainly focus on the records from
archives. A simple forward model was developed 10 repli-yhe core extracted in December 2002, reaching bedrock at
cate the ice core on a sample-by-sample basis from daily, depth of 151 m (4833.2' N, 8°040.4' E, 3900ma.s.l.,
metecngologlc.al'data, which well reproduced accumulation jop 2006). Additionally, the results from the core recovered
and§°°0 variations on a sub-seasonal scale over the mosf, 1989 are used to assess the reproducibility of the records

recent 15years of the ice core record. The uncertainties in(46°33’6.28’ N 8°044.02'E. 3900 ma.s.l.. Schotterer et al.
duced by irregular sampling in the relation between ice core; g97- Schwikowski et al.. 1999). The two drilling sites

proxies and mean climate were investigated with a new re4.o 100m apart on an extended relatively flat accumula-
construction method, a Monte Carlo re-sampling approach ofjqn area with a steep cliff to the north. The ice core from
long meteorological records. Low correlations between aN-Grenzgletscher in the southern Alps (Monte Rosa massif,
nual mean temperature and precipitation-weighted temperaygogg og N, 7°523" E, 4200 ma.s.l.) was extracted in Oc-
ture were obtained, as a given combinatio8i0 and ac-  gper 1994, reaching a depth of 125m (Eichler et al., 2000,
cumulation can be achieved in many different ways. 2001). The drilling site is located in the accumulation area
As well as5*°0-derived temperatures, reconstructions of 4oynsiream of the Colle Gnifetti saddle, were many other

past accumulation rates from mountain glaciers are alsqee core studies were conducted (e.g. Schotterer et al., 1985;
available (Henderson et al., 2006; Schwerzmann et al., Zooq'/\/agenbach et al., 1988: Schwikowski et al., 2004).

Herren et al., 2013). The reconstructed net accumulation can
be regarded as precipitation proxy, with three caveats: (i) in
order to account for thinning effects, such reconstructions

Data
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4 \ W7z 4 7 L\ Signal ’ Figure 2. §-°0 raw data from Fiescherhorn core drilled in 2002
: s : ety (FH, top panel, first 60 mw.e. corresponding to the period 1961—

2001), and Grenzgletscher (GG, bottom panel, first 70 mw.e., cor-
responding to the period 19611993, with a gap in the period 1968—
1970). White and grey alternating bars show the different annual
layers. The reference horizons used for the dating are indicated as
follows. Triangles: Saharan dust events (2000, 1990, 1977). Circles:
Figure 1. Upper panel: topographic map of Switzerland show- Chernobyl accident in 1986. Squares: tritium peak in 1963. The
ing the position of the two glaciers (black dots), Fiescherhom stratigraphy of FH1989 was extensively described in Schotterer et
(FH), and Grenzgletscher (GG) (source: Atlas of Switzer|utigp, al. (1997) and Schwikowski et al. (1999).
Ilwww.atlasderschweiz.ch/together with the location of Switzer-

land in Europe (insert). The numbers indicate the weather stations

near the Fiescherhorn, as listed in Table 2. Engelberg (1), Grimsel in 1963 from thermonuclear bomb tests (Schwikowski

Hospiz (2), Grindelwald (3), Guttannen (4), Interlaken (5), Kleine o4 5 '1999; Eichler et al., 2000; Jenk, 2006) (squares in
Scheidegg (6), Lauterbrunnen (7), Leukerbad (8), Meiringen (9), Fig é) , , , ’

Murren (10). Squares indicate the location of the Jungfraujoch
(v_vhlte) and Gra_n_d Saint Bernard _(black) wgather statlons_ and the _ Nuclear dating usin@lon (Eichler et al., 2000).
triangle the position of the low-altitude stations Bern (white) and
'&‘?ﬁ_‘""mo _ﬁb'ac(k)- Lowersp?”?'S:dt]‘t)tpO/?raph'c mag of thﬁ/ﬁ? COr®pye to the presence of stratigraphic markers and well-
riling sites (source: Swisstopdittp://map.geo.admin.ch/The 18 : ;
left panel shows the location of the FH1989 and FH2002, the rightprese.rveds O Seasona.“ty (see Fig. 3. and Se.Ct' 3'1'.1) th.e
o L resulting dating uncertainty for the period considered in this
panel shows the position of the Grenzgletscher drilling site (GG). . . . .
study is+1 year for both ice cores. This value was empir-
ically estimated as the number of ambiguous annual lay-
ers that were attributed between the reference horizons. The
Fiescherhorn core covers the time period~efAD 1680—
The dating of the ice cores was established with a multi-2002 and the Grenzgletscher core the period & 1937—
parametric approach involving: 1994. The latter has a gap in the data for the time period
1968-1970, due to bad core quality and a failure in the cool-
— Annual layer counting of the seasonally varying signals, ing system of the cold room with consequent melting of the
like 8180 (see Fig. 2) and concentration of I}]H/vhose corresponding ice core sections (Eichler et al., 2000). The
maxima correspond to summer and minima to winter FH1989 covers the period AD 1946-1989; for further details
(Schwikowski et al., 1999). see Schotterer et al. (1997) and Schwikowski et al. (1999).

2.1.1 Dating of the ice cores

— Horizons indicated by spikes in the records of chemical2.1.2 |ce cores!®0O data
species which correspond to well documented events:
e.g. the C&" maximum in 2000, 1990, 1977 as a tracer The §180 in both ice cores was measured by Isotope Ra-
for a prominent Saharan dust fall (Schwikowski et al., tio Mass Spectrometry (IRMS) after GGquilibration by
1995; Jenk, 2006) (triangles in Fig. 23’Cs for the  the Climate and Environmental Physics group at the Uni-
Chernobyl accident in 1986 (Schwikowski et al., 1999; versity of Bern, Switzerland for the Fiescherhorn (Jenk,
Eichler et al., 2000) (circles in Fig. 2H with a peak  2006) and at the Paul Scherrer Institute, Switzerland for the
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contains~ 15-25 data points per year and Grenzgletscher
~ 20-90 points per year. Assuming diffusion lengths of 7—
8.cm typical for firn conditions, smoothing of the isotope
signal due to diffusion (Johnsen, 1977) is negligible for the
investigated cores due to the high accumulation rates. An-
nual §180 was obtained according to the dating procedure
(see Sect. 2.1.1), averaging all the values belonging to the
same year. To derive subannual values, the year (defined from
minimum to minimum) was split into 12 evenly spaced sec-
tions after linear interpolation of the raw data and the four
seasonal winter to autumst8O averages were calculated
according to the convention (DJF, MAM, JJA, SON). This
procedure assumes that the signal is uniformly deposited
throughout the year, which might not be the case if season-
ality or intraseasonal precipitation variability is present. In
the Fiescherhorn ice core some melt features were observed,
with low to moderate relocation of ions towards lower depths
(Jenk, 2006). The Grenzgletscher concentration records were
disturbed in the period 1985-1989 for certain major ions, due
to the inflow of meltwater (Eichler et al., 2001). In contrast,
the 5180 was not significantly affected by melting as shown
in Schotterer et al. (1997) and Schwikowski et al. (1999) for
Fiescherhorn and in Eichler et al. (2001) for Grenzgletscher.

2.1.3 Ice core accumulation reconstruction

The annual layer thickness: was obtained from the depth
differences between the age markers of subsequent years. In
order to correct for the changing density in the firn, results
in metres total depth were normalized to metres water equiv-
alent (mw.e.) by multiplying the depth of the sample with
the respective density which was derived from measurements
of the ice core segments (length typically between 30 and
70 cm).

In order to reconstruct the net accumulation it is nec-
essary to account for the ice thinning with depth (Cuffey
and Paterson, 2010). We followed the approach given by
Henderson et al. (2006) using

AR = (Ag/AMm) Ao (1)

whereir is the reconstructed net accumulatiang, the an-

Figure 3. Left panel:s180 raw data from the Fiescherhorn ice cores nual thicknessiy the annual thickness estimated from an ice
(FH2002, black, FH1989, blue), together with the monthly temper-flow model, andig the estimated surface accumulation rate.

ature at the Jungfraujoch station (grey). Right pa.mjéo raw data

Here the correction factoryy was determined with the ice

from the Grenzgletscher ice core (black), together with the monthlyfiow model proposed by Nye (1963), which assumes a con-
temperature at the Grand Saint Bernard (grey).

stant thinning with depth. This assumption is generally only
valid for the upper two-thirds of the glacier thickness of vast
ice sheets (Hammer et al., 1978), but could still be applied

Grenzgletscher (Eichler et al., 2000). The analytical uncer4n the case of Fiescherhorn and Grenzgletscher ice cores, be-

tainties were< 0.05 %o for the Fiescherhorn anrd0.1 %o for

cause we deal with the uppermest0 and~ 70 m w.e. of a

the Grenzgletscher. More detailed description of the analyttotal of 124 and 170 (estimated) m w.e., respectively.

ical procedures is given in Schwikowski et al. (1999) and This model was previously used in two studies involving
Jenk (2006) for the Fiescherhorn cores and in Eichler etFiescherhorn and Grenzgletscher. For Fiescherhorn it was
al. (2000, 2001) for the Grenzgletscher core. In the upper partompared to a more sophisticated accumulation reconstruc-
discussed here (see also Sect. 2.1.3), the Fiescherhorn recdidn derived from the measurement of the vertical velocity of
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the ice (Schwerzmann et al., 2006). Here, we do not apply thén Sects. 3.1 and 3.2, and from Locarno {46 N, 8°47 E,
latter reconstruction, because the dating of the FiescherhorB67 ma.s.l.) in Ticino (southern Switzerland). The location
ice core was revised and is based now on an extended dat# the weather stations is shown in Fig. 1. For the spatial
set after analyses of the stable isotopes and concentratiororrelation analysis gridded data of temperature and precip-
of major ions were completed. For Grenzgletscher the Nydtation were used. We selected the surface temperature and
model was applied as an additional and independent dating00 hPa temperature from the Twentieth Century Reanalysis
technique (Eichler et al., 2000). data set (Compo et al., 2011), ERA40 (Uppala et al., 2005),
In order to obtaimy we first used the reverse Nye func- and NCEP-NCAR R1 (Kalnay et al., 1996), respectively.
tion to fit the data (Dansgaard and Johnsen, 1969), using Out of these the Twentieth Century Reanalysis has the high-
est spatial resolution {2 2°). We excluded other higher-
t =ty — H In (H — Z>, 2) resolution reanalysis products like ERA-Interim, MERRA or
Ao H CFSR because their data sets only start in 1979. We focused
on the region from 40to 60° N and from 13W to 25 E.
For precipitation, because of its sporadic nature in space
)and time, we used higher-resolution data provided by Me-
teoswiss (nominally 2.2 km, actually 15—20 km, correspond-
ing to the mean inter-station distance). This monthly, gridded
the upper layer thicknesses for which thinning can be ne.data set covers the area of Switzerland, starts in 1961, and is

glected (1.7 mw.e. yeat for Fiescherhorn, by averaging the based on precipitation data collected within the rain-gauge
layers from 1990 to 2002, Jenk, 2006; 2.7 mw.e. yédor network of Meteoswiss (Frei and Schar, 1998). Due to the

Grenzgletscher, Eichler et al., 2000). The fit is character-scamity of weather stations at high altitude, the uncertainty
ized by a reduéed(2:0.93 ovér the upper 70mw.e. in of precipitation data over the Alps is estimated to be 25-30 %

Fiescherhorn, corresponding to the period 19502002, and §/1€t€oswiss, 2013). The resulting period of overlap among
reducedy 2 =0.67 for Grenzgletscher over the period 1938— the different data sets (20th century Reanalysis, Meteoswiss

1994. We also obtained a reconstructed accumulation foPridded data) and the ice core data is 1961-1993 for Grenz-
FH1989, withio=1.4mw.e.year!, after Schwikowski et gletscher (with a gap between 196&_3 and 1970, as explained
al. (1999), ando = 1989, giving a reduceg? =0.39 for the in Sect. 2..1..1) and 1961—2%)1 for Flescherhorn. _

whole period 1946-1989. The difference between the two_ We additionally used thé™0 measured in meteoric wa-
Fiescherhorn corestg arises only due to the different pe- ter at four GNIP stations: Bern (541ma.s.|.)z Melrlngeq
riod used for the estimation of the surface accumulation rate(632ma.s.l), Guttannen (1055ma.s.l.) and Grimsel Hospiz
We retrieved the modelled depth corresponding to the calen(1950ma.s.L). For their location see Fig. 1. The collection

dar year and formed, in analogy with;, the modelled layer of monthly meteoric water at these stations started in Jan-
thicknessiy. ’ ' uary 1970 for Bern, and August 1970 for the others, and

8180 measurements were performed by the Climate and En-

2.2 \Weather data vironmental Physics Department of the Physics Institute of
the University Bern, Switzerland (IAEA/WMO, 2013). Since

For the analysis of the temporal and spatial variability of theJuly 1992, the data collection at the GNIP stations in Switzer-

ice core proxies we used data collected at weather stationand has been carried out by the Swiss Geological Survey at

near the glaciers as well as gridded data. The correlatiothe Federal Office of the Environment (FOEN), through the

analyses were done by calculating the Pearson coefficierlISOT network (Swiss National Network for Isotopes in the

and the relation betweest®0 and temperature was evalu- Water Cycle; Schiirch et al., 2003).

ated by regression analysis. The presence of possible out- For the comparison between the two ice cores, the result-

liers was investigated by evaluating the jackknife residualsing common period is 1961-1993 (with a gap in 1968-1970)

The temperature and precipitation data are from the weatheand for the analysis with the GNIP data the common period

stations operated by the Federal Office of Climatology andis 1971-1993 (1980 excluded, as explained later).

Meteorology in Switzerland (Meteoswiss). When available,

homogenized data were used. For Fiescherhorn this is the

homogenized temperature from the high-Alpine weather sta-

tion at the Jungfraujoch, only 6 km west of the site’@® N,

7°59 E, 3580 ma.s.l). Since precipitation is not measured at

Jungfraujoch, data from nearby stations were considered in-

stead (Sect. 3.2.1). For Grenzgletscher we utilized homog-

enized temperature and precipitation data from the high-

Alpine station of the Grand Saint Bernard {32 N, 7°10 E,

2472ma.s.l.), located 50 km west of the site, as explained

wherer is the yearyg the drilling date (2002.92 for Fiescher-
horn, 1994.67 for Grenzgletsche#, the glacier thickness
(124 mw.e. for Fiescherhorn, 170 mw.e. for Grenzgletscher
z the height above the bed in mw.e., akgl the surface
accumulation rate in mw.e. yedr, estimated by averaging
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Table 1. Mean values 08180 from the GNIP stations as well as from the ice cores over the common period 1971-1993, together with the
slope of the Iong-terrﬁ180/temperature calibration and t®? for the seasonal and the annual scale. For the seasonal scale, values were
calculated for the common period 1972-1993 (1971 and 1980 excluded because of gaps in the data). For the annual scale, the year 198
was excluded. The temperatures used to calibrate the GMN® were measured at the respective stations, whereas for the ice cores the
Jungfraujoch temperature was used for the Fiescherhorn and the Grand Saint Bernard for the Grenzgletscher. The suffix “UNW"” stands for
the unweighted average and “PW” for precipitation-weighted average.

Seasonal scale Seasonal scale Annual scale
(anomalies)
Mean Slope  R? Slope R2 Slope R?
(%)  (%e°C™1) (%.°C™1) (%.°C™1)
Bern —-9.89 0.32£0.02 0.69 0.4%0.14 0.11 0.540.32 0.14
Meiringen —11.35 0.42£0.03 0.73 0.6A40.16 0.17 0.88&0.41 0.19
Guttannen —12.54 0.46£0.03 0.71 0.42:0.15 0.12 0.720.35 0.18
Grimsel Hospiz  —14.23 0.43:0.03 0.70 0.520.11 0.23 0.68&0.20 0.36
FH2002 —-16.53 0.4#0.05 0.55 —0.22+0.16 0.02 0.44-0.22 0.17
GG (withTynw) —17.34 0.53:0.05 0.56 0.280.21 0.02 0.240.53 0.01
GG (with Tpw) —17.34 0.55£0.05 0.58 0.4&0.20 0.07 0.78£0.32 0.22
3 Results and discussion In order to investigate the suitability of the ice ca’®O
signal as a temperature proxy we compared the established
3.1 680 and temperature 8180/T relationship with results from the nearest GNIP
stations. To mimic the seasonal distribution of precipita-
3.1.1 Seasonal scale tion affecting thes80 at high-Alpine sites, the seasonal

Ice core raws 80 data from the Fiescherhorn and the Grengz- Précipitation-weighted mean from the monttd#FO GNIP
data was used, following the suggestion by Siegenthaler

gletscher sites span the characteristic summer-to-winter val- .
ues between-10 and—25 %o (Fig. 3) expected for the re- and Oeschger (1980). No adjustment to the temperature

spective altitudes (Siegenthaler and Oeschger, 1980: Sigfjata accounting for the altitude difference between station

2009). Very good agreement is found between the two Fi_and ice cgre sites was applied (moist adiabatic Lapse rate
escherhorn series €0.79, p <0.001), indicating that the of ~ —0.6°C/100m), since only the slope of t&°0/7

" 8 P = ' 9 . regression line is of interest in this context. The over-
mean conditions are homogeneously recorded at _the glaC'erélpping period with available station and ice core data is
We compared the seasoridfO averages of the Fiescher- 1971-1993. Two years (1971 and 1980) were excluded
horn and Grenzgletscher ice core with the temperature dat '

: . . pecause of missing values in winter 1971 in the Grenz-
from the weather stations Jungfraujoch and Grand Sain . .
. gletscher record and in summer 1980 in the Guttannen sta-
Bernard, respectively (see also Sect. 2.2). Ice &3f© . : ;
tion record. The results are summarized in Table 1. For
records and temperature data agree well for most of the year

clearly showing seasonality in the isotopic records. The seas - four GNIP stations we obtained slopes ranging between
y ng y pict - 0.32:£0.02%°C~1 (Bern) and 0.460.03%°C1 (Gut-
sonal cycle is remarkably well captured in the ice cores

_ ; . tannen), comparable to the values found by Siegenthaler
(r=0.70, p <0.001 for Fiescherhorn, period 1961-2001, . .
r=0.69, p < 0.001 for Grenzgletscher, period 1961-1993). and Oeschger (1980) using monthly data over the period

- : 7" 1971-1978 (0.35, 0.53, 0.55, and 0.44%. ! for Bern,
Similar correlation was found for Grenzgletscher when using,, .. . . :
L . eiringen, Guttannen, and Grimsel Hospiz, respectively).
the precipitation-weighted seasonal temperature at the Gran . . .
. _ or the Fiescherhorn/Jungfraujog®O/T relation the slope
Saint Bernard#(=0.71, p < 0.001, see also Sect. 3.1.2). In . o o1 1p2_ o
. L - is 0.47+£0.05%°C™* (R<=0.55). Similar values were
the case of Fiescherhorn, precipitation-weighting was no 18 .
. e . ound for thes180/T relation between Grenzgletsch#fO
possible because no precipitation data are available for the . o) 01
. ; . . . . and Grand Saint Bernard temperature (GB85R05 %.°C
Jungfraujoch high-altitude station which might be most rep-

: ; . and 0.53+0.05%°C~1 with R2=0.58 and 0.56 for the
resentative for the Fiescherhorn. Also no clear relation be- L . .
recipitation-weighted and unweighted temperature, re-

tween Fiescherhorn accumulation and precipitation at nearb . . :
weather stations was observed (see Sects. 3.1.2 and 3.2 ectively, see also Sect. 3.1.2). This does not change
N o significantly when the entire period (1961-2001 for

The results for Grenzgletscher are in good agreement witq:H2002 and 1961-1993 1968-1970 excluded for Grenz-
a previous study by Eichler et al. (2001), using a similar letscher) is considered:’0.1_51,£0.04%o°C*l for Fiescher-

approach based on monthly data from Grenzgletscher an o) o1 o o1
Grand Saint Bernard for the period 1980-1984 (.7). ﬁorn, 0.48£0.05%°C™" and 0.50+0.05%.°C™" for the
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Figure 4. Annual precipitation-weighte61180 from the GNIP sta-

tions together with the ice core data. The sites are indicated as fol-

lows: Bern (BER), Meiringen (MEI), Guttannen (GTT), Grimsel

Hospiz (GRH), Fiescherhorn (FH), Grenzgletscher (GG). The gaps

in the GNIP data are due to missing data points for the correspondrigure 5. Annual §180 from FH2002 ice core (black), FH1989

ing years. The altitude of each site is indicated on the left. (blue), together with the annual mean temperature at the Jungfrau-
joch weather station (grey).

Grenzgletscher unweighted and precipitation-weighted tem-

perature, respectively. In general the fractions&O vari- ) .
ance explained by temperature changes &0 % compared —17.34%0 at Grenzgletscher (4200 ma.s.l.). This result is
to ~70% in the GNIP data. In order to check whether the consistent with the altitude effect resulting in a lapse rate
obtained relationships are mainly due to the seasonal cyof d§'?0/dz=—0.2%./100m reported by Siegenthaler and
cle, seasonal anomalies of batHO and temperature were Oeschger (1980) and Schiirch et al. (2003). A similar value
analysed in addition (Liu et al., 2010). The seasonal anoma®f d§'°0/dz = —0.170.02 %./100 m £*=0.94) was found

lies are the remaining variation after subtracting the seasond! this study for an extended elevation range combining data
cycle from the data. The typical seasonal cycle was derived the two ice core sites and the four GNIP stations.

by averaging the isotopic or temperature values, respectively, FOr the correlation of the two FiescherhoitfO series

for winter (DJF), spring (MAM), summer (JJA) and autumn the resulting high-correlation coefficient (Fig. b=0.52,
(SON) of the years 1972 to 1993 (Table 1). After removing P < 0.01, perigd 1961-1988) demonstrates that on an annugl
the seasonal cycle the values of the fraction’§D variance ~ Scale the two ice cores do representatively capture the condi-
explained by temperature changes given above decrease siions at the glacier. In the following we focus on the FH2002
nificantly for all sites and in this case range between 010 %0re which also covers the more recent time period. _

for the ice core data and 10—25 % for the GNIP station data. The recent warming (Appenzeller et al., 2008) is partic-
This indicates that the major part of the correlation is de-tlarly pronounced in the Jungfraujoch temperature with a
termined by the seasonal cycle if not removed. The slopesStepwise increase after the yeaf 984. At the Fiescherhorn
however, do not change significantly between the seasona More gradua#'®0 increase is observed after 1984, more
and deseasonalized case but they are smaller compared milar to the trends at the Grenzgletscher, the four GNIP
what would be expected from Rayleigh distillation processes Stations and the Grand Saint Bernard temperature (Figs. 4, 5
This suggests that other factors such as precipitation intermitand 6). ) o

tency and changes in the moisture source play a role. For the The annual Fiescherhor&'®0 correlates significantly
lower elevation stations receiving liquid precipitation, below- With the  Jungfraujoch annual temperature =0.44,
cloud processes may further affect the isotopic composition? < 0.01, period 1961-2001). The resulting slope is
of water whereas for the ice core data, effects due to post(0-50%0.16) %°C™* which is consistent with the result
depositional processes need to be assumed as indicated B@#Sed on the seasonal values. The slope is substantially

the very low coefficients. ifferent from what was found by Schotterer et al. (1997)
for the annual values of FH1989 over the period 1969-1989
3.1.2 Annual scale (1.1%.°C~1, R2=0.74). In order to get a reasonable corre-

lation, Schotterer et al. (1997) had to exclude four years with
For paleoclimatic reconstructions té80/T relation on  strongly anomalous data (1971, 1972, 1981, 1988). In the
an annual scale becomes fundamental because with deptbase of FH2002, even when excluding two suspected outliers
the proxy resolution decreases to a few points per yeadetermined with the jackknife residuals (1963 and 1970),
due to glacier flow induced layer thinning and sea- despite a higher Pearson coefficient=0.54, p < 0.001),
sonal resolution cannot be obtained anymore. The anthe slope does not change significantly (458.15 %0°C).
nual averages of80 are shown in Fig. 4 to high- In the case of Grenzgletscher the annual temperature and
light the altitude effect. For the common time period, the the §'80 do not show any significant correlation within
mean §180 ice core values decrease with increasing al-the dating uncertainty«1, 0, +1year), neither with the
titude from —16.53%. at Fiescherhorn (3900ma.s.l.) to Grand Saint Bernard or the Locarno station data nor with
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the gridded data (not shown). Because in first approximation S B S P PG S O O
the 5180 is a proxy for the in-cloud temperature only when —_ : —
precipitation occurs, one neglects a potential effect due to = | \/‘\
the seasonal distribution of precipitation, when comparing ]

the §180 on the glacier with the mean annual temperature. ¢ 2, — s“occ
We assume that at the Grenzgletscher the non-uniform = 22’ ="
show deposition throughout the year is more pronounced
than at Fiescherhorn (see Sect. 3.2.1), as is generally the
case in the southern Alps compared to the northern Alps
(Frei and Schéar, 1998; Eichler et al., 2004; Sodemann

180 (%o VSMOW)
>

Shhodbio
Tass (°C)

and Zubler, 2009). To account for the higher variability @“@@&" @éé\@s @ié\;\@é\é\é\@é\@i\@;@é@é @53@@“
of precipitation at the Grenzgletscher we calculated the 18
precipitation-weighted temperature according to Figure 6. Annual -°O from the Grenzgletscher (black), together

with the annual mean temperature at the Grand Saint Bernard sta-

12 tion. In grey the unweighted (UNW) temperature, in green the
> PT; precipitation-weighted (PW) temperature, obtained as described in
j=1
Tann — L , (3) Sect. 3.1.
Pann

whereTannis the annual precipitation weighted temperature, . ) i

P; the monthly amount of precipitation used to weight the I-€- for both the ice core and station data, the general ca-
monthly temperatur@;, and Pann the annual amount of pre- pability to reprod_uce the temperature is 5|gn|f|<_:ant (at least
cipitation. Since it is not possible to get subannual informa-? < 0-10 for all sites). The percentage &0 variance ex-

tion from the reconstructed accumulation (only annual layerPlained by temperature changes is about 20 % on an annual
thickness is retrieved), we mimicked the monthly precipi- scale Whl_ch is comparaple to th_e value obtained for the de-
tation at the Grenzgletscher using the data from the high_seasonallzed data and is explained by the reduced data set

altitude station Grand Saint Bernard instead. This is reason@nd the stronger bias of the non-uniformity of precipitation

able based on the good agreement between the precipitatid! the annual compared to the seasonal scale as well as by
at that station and accumulation at the site (see Sect. 3.2fhanges in the moisture sources throughout the year and

The unweighted and precipitation-weighted annual temperpost—dgposit@onal processes. As described above, no correla-
atures are shown in Fig. 6. The precipitation-weighted an-lion exists with the annual mean temperature for the Grenz-
nual temperatures are lower than the unweighted temperagle_t_SCher’ indicating that precipitation intermittency and vari-
tures (mean of-2.2°C compared to-1.1°C), because of ability plays a fundamental role there (Persson et al., 2011).
the observed higher precipitation in winter compared to sum-

mer at the Grand Saint Bernard (607, 611, 419, 568 mm3.1.3 Spatial correlations

in winter, spring, summer, and autumn, respectively, over

1961-1993, data provided by Meteoswiss). As expected, th&Ve finally investigated the capability of the ice céf€O to
correlation significantly increases £0.45, p < 0.05) with capture the regional temperature, performing a spatial corre-
respect to the unweighted temperature=0.16, p =0.20). lation analysis with gridded instrumental data. The analysis
We obtained a similar result when using the unweightedwas done with the KNMI Climate Explorer tool available on
and precipitation-weighted data from the lower altitude sta-http://climexp.knmi.nl(Trouet and Van Oldenborgh, 2013).
tion of Locarno, with the correlation coefficients increasing Figure 8a shows the spatial correlation between Fiescherhorn
from r=0.12 (»p=0.27) tor =0.21 (p=0.14). Due to the annuals®0 and the Twentieth Century Reanalysis temper-
better agreement with the Grand Saint Bernard station, theature at 700 hPa, which was considered to be most repre-
corresponding slopé&'®0/T for Grenzgletscher was deter- sentative for the high elevation of the studied glacier sites.
mined using high-Alpine temperature data from this site andWe observed significant correlation with temperature in cen-
is 0.684 0.26 %.°C~1 (precipitation-weighted temperature) tral and southern Europe at 700 hPa and at the surface level
compared to 0.3%0.47 %.°C~1 (unweighted temperature) (not shown). Similar patterns were seen with the ERA40
for the time period 1961-1993. The obtain®§0/T rela- and NCEP-NCAR R1 reanalyses (not shown), indicating no
tionship based on the annual ice core data was compared witkignificant differences between the reanalysis data sets. We
results from the near GNIP stations (Table 1) to infer dif- compared this result with the spatial correlation pattern of
ferences between seasonal and annual information. We corthe Jungfraujoch temperature with the gridded data. Fig-
sidered again the common period 1971-1993 (Fig. 7). Susure 8b shows the pattern centred over Switzerland with co-
pected outliers were evaluated with the jackknife residualsefficients higher than 0.7 for most of Europe. Comparing the
but the exclusion of these points did not significantly changetwo patterns, it is clear that t#&80 captures less variability
the slopes. In all cases except for the GG unweighted dataand is representative for a smaller region only, which is not
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Figure 7. Scatter plots of annual temperature a0 data over the common period 1971-1993. The sites are denoted as follows:
Grenzgletscher (GG), Grand Saint Bernard (GSB), Fiescherhorn (FH), Jungfraujoch (JFJ), Bern (BER), Meiringen (MEI), Guttannen (GTT),
Grimsel Hospiz (GRH). “UNW" stands for the unweighted temperature and “PW” for precipitation-weighted temperature.

unexpected based on the fact that the temperature explaifsomogeneous over the whole of Europe. This suggests that
only 20 % of the isotopic variance. ice core based temperature reconstructions (precipitation-
For Grenzgletscher we found significant correlations atweighted in the case of Grenzgletscher) are in principle valid
both 700 hPa and surface level (not shown) with the Twen-on a regional scale and could be interpreted even as a cen-
tieth Century Reanalysis precipitation-weighted temperaturdral European temperature. The result further underlines that
(each grid point was weighted with the monthly Grand Saintthe two glaciers, distant apart by only 60 km, behave signif-
Bernard precipitation). This is in agreement with the previ- icantly differently in the way the isotopic signal is recorded.
ous results where the ice core data compared to the Grandt Fiescherhorn the annuat80 in precipitation reasonably
Saint Bernard and Locarno station data showed a correlarepresents the mean annual temperature, implying a nearly
tion with the precipitation-weighted temperatures. A similar homogeneous preservation of precipitation throughout the
pattern slightly shifted westwards and elongated towards ajear. At Grenzgletscher, because of the high variability in
west—east direction was observed (Fig. 8c, for the 700 hPgrecipitation throughout the seasons, the average temperature
temperature), compared to the imprint of the regional tem-during precipitation deduced from the ice céf€O differs
perature on the southern Alpine station (Fig. 8d). The lattersignificantly from the annual mean temperature.
is very similar to the pattern obtained in Fig. 8b for the north-
ern Alpine station.
The results obtained for the station data indicate that
temperature variations on an annual scale are rather
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Figure 8. Spatial correlation maps of annus®o and temperature records with the Twentieth Century Reanalysis 700 hPa temperature,
for northern Alpine (upper panels, period 1961-2001) and southern Alpine sites (lower panels, period 1961-1993, 1968-1970 excluded).
Correlation with(a) Fiescherhord180, (b) Jungfraujoch temperatur) Grenzgletsche(?lso (using the 20th century Reanalysis 700 hPa

precipitation-weighted temperature, Grand Saint Bernard precipitation utilized to weight the tempef@X@ednd Saint Bernard temper-
ature. Black dots indicate the location of the sites. Areas with correlation coefficients statistically significant at the 5% level are shaded.

3.2 Netaccumulation and precipitation stations the increase is even more pronounced. However,
Fiescherhorn accumulation is lower than precipitation at

phenomena, probably related to wind erosion at the exposed

The time series of the reconstructed annual net aCCumuI_:|escherhorn saddle. Post-depositional processes could also

lation at Fiescherhorn and Grenzgletscher together Withbe responsible for the higher interannual variability at the

the annual precipitation from nearby weather stations aré’leg(')eésgﬁz C%Teparrz?:itci)tg:i% ﬁt?gggrsds of the northern sta
shown in Fig. 9a—b and c-d, respectively. For the north- parng precip

ern and southern sites we selected a low-altitude (Inter—tlonSWIth the Fiescherhorn record (Fig. 9, Table 2), we found

laken, 577ma.s.l. and Locarno, 367 ma.s.l., respectively). S|gn|ft|calrét6(ior{<gl;':1;lon %Nlth TOSt. sta;\on_s only in thg eatr-
and a high-altitude station (Grimsel Hospiz, and Grand Sain ler part ( B ) when allowing the ice core series to

Bernard, respectively). For their geographic locations see € shn‘ted by—l_year, which is within the glven_datlng un-
Fig. 1. certainty. The Fiescherhorn accumulation maximum around

1977 is not recorded in the northern station data, but pro-
nounced at southern sites including the Grenzgletscher. This

similar preservation of the precipitation at the two {Cvlgh:] 'tud'%atﬁ[hth?r: tgg t(r:10mmotrrl] pr:]eciltp |tat|:)nbfe§1tl:res ?er d
sites, 100m apart. With focus on the common pe- een the northerm a € southern sites are betier capture

riod 1961-1993, Grenzgletscher has a higher mearft the Fiescherhorn than at the respective low-altitude sta-
accumulation a;ld interannual  variability (2.7 mw.e ions. No correspondence with precipitation in the most re-
10=0.8mw.e~30%) compared to the Fies;:herh(.)rr.; cent period (1978-2001) was found, probably indicating a
record (1.7 rﬁ\}v.e.,d:0.4 mw.e~ 23 %) (see Fig. 9). This gener_al change in the pattern c_>f received precipitation or t.he
is in agreement with higher precipitation for stations in Iocal'mflubenCﬁ.of. post—depzjosmongl pro;:.esse_s Slfl?: as V\|{|nd
the southern Alps. The two stations in the northern Alpserots'gn’ .Uttt Istr:s not url]l erstolot_ atthis '?[ﬁmt' h Ie ear_le(;
reveal a mean precipitation and interannual variability of ggg 1 (;_rgé)nla z: sh%v(\)/\rﬁ;aT;t?Irereza lon over the whole perio
11 12% (I lak 1881 18 % im- B ! ) . .
sel8 SHLnSr;igndan d t;é Tg;; eer?l),stft?onr:r&%gdmnﬁ z:n(dG rllg](y% For the Grenzgletscher we found a significant correlation
; : etween the reconstructed ice core accumulation, the Grand
(Locarno), 2214 mm and 14 % (Grand Saint Bernard). ASSaint Bernard/(=0.58, p < 0.001) and the Locarno precip-
shown in Fig. 9, precipitation increases with altitude at the DAL precip

southern sites including the Grenzgletscher. For the northerhtat'on (r=0.59,p <0.001), indicating that the sites located

The two Fiescherhorn reconstructions are well corre-
lated with each otherrE0.66, p <0.001), indicating
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Table 2. Mean annual precipitation over the period 1961-2001 for the stations near the Fiescherhorn glacier, together with their interannual
variability, expressed a1 mean value in percent (in parentheses). Asterisks indicate homogenized data. Pearson correlation coefficient of
the precipitation with the annual net accumulation (offsetlzyear) at Fiescherhorn glacier. Values of correlation coefficients statistically
significant at the 5% level are in bold.

Station Coordinates Altitude  Mean annual r r

Latitude Longitude (ma.s.l) precipitation (1961-2001) (1961-1977)
(1961-2001)

(mm)
1. Engelbery 46°49' N 8°25 E 1035 1533 (11%) 0.25 0.54
2. Grimsel Hospiz  46°34 N  8°20'E 1950 1908 (17 %) 0.26 0.53
3. Grindelwald 4838 N 8°02 E 1158 1398 (14 %) 0.20 0.49
4. Guttannen 489 N 817 E 1055 1732 (13%) 0.32 0.66
5. Interlaken 4840 N 7°52 E 577 1192 (13 %) 0.41 0.51
6. Kleine Scheidegg 485N  7°58'E 2061 1586 (14 %) 0.13 0.42
7. Lauterbrunnen fBEN  7°54E 818 1181 (13%) 0.28 0.56
8. Leukerbad 423 N 7°38 E 1390 1224 (19%) 0.40 0.55
9. Meiringen 4844 N 810 E 632 1353 (13 %) 0.37 0.60
10. Mirren 4833 N 7°53 E 1638 1462 (14 %) 0.33 0.43
%00 4——— in the southern Alps are likely affected by the same precipi-
w0 , | == e tation regime (Fig. 9c—d).
| =R In order to test how the precipitation and temperature prox-

1600 o

ies potentially affect each other we correlated the ice cores
8180 with the respective reconstructed accumulations. How-
ever, we did not find significant correlations between the
Grenzgletscher and FiescherhéffiO and the respective re-
constructed accumulation.

Annual prec. (mm)
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3.2.2 Spatial correlations

E_ | ces In order to see whether the two glaciers record the different
g o precipitation patterns expected due to the orographic barrier,
2 J I a spatial correlation analysis was performed using the higher-
. ! resolution Meteoswiss gridded data. Figure 10a shows signif-
d | oo icant correlations of Fiescherhorn accumulation with precip-

itation in regions extending from the southwest to the north-
east (0.3< r < 0.5). However, this was found only when in-
troducing an offset of-1year as discussed in Sect. 3.2.1.
The observed pattern gets more pronounced when consider-
ing the period 1961-1977 (not shown) for which the highest
600 correlation was found (see Table 2). We investigated whether

Figure 9. (a) Annual sum of precipitation from the high- and low- the Ifa\tter precipitation regime is reerCFed in t_he spatial cpr-
altitude stations Grimsel Hospiz (1950 ma.s.l., green) and Inter-relat'ons with the nearby northe_m statlo_n .(G'j'ms_el Hospiz).
laken (577 ma.s.., orangefb) Reconstructed annual accumula- W found that the annual station precipitation is strongly
tion at the Fiescherhorn glacier for FH2002 (black) and FH1989correlated with almost the entire Swiss area except Ticino
(blue). (c) Annual sum of precipitation from the high- and low- (Fig. 10b). A similar correlation pattern was found for Inter-
altitude stations Grand Saint Bernard (2472 ma.s.l., green) and Lolaken (not shown).
carno (367 ma.s.l., orangé€dl) Reconstructed annual accumulation ~ For Grenzgletscher, despite the considerable intrasea-
at the Grenzgletscher (black). Note that the panels are shown on théonal to interannual variability of precipitation (Fig. 9d) a
same scale, to allow a direct comparison of the records. good correlation with the instrumental data was observed
(Fig. 10c). The most significant results (64 < 0.8) found
over Ticino, southern Alps, and northwestern Switzerland are
consistent with the expected spatial pattern over the region.

I 3600

|- 2600

GRENZGLETSCHER

r 1600

Annual net acc. (mm w.e.)
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Figure 10. Spatial correlation map of annual records with the Meteoswiss gridded precipitation for northern Alpine (upper panels, period
1961-2001) and southern Alpine sites (lower panels, period 1961-1993, 1968—-1970 excluded). CorrelafmnRiggtherhorn annual
net accumulation (where an offset efl year was introduced)p) Grimsel Hospiz annual precipitatiofc) Grenzgletscher annual net
accumulation(d) Locarno annual precipitation. Black dots indicate the location of the sites. Areas with correlation coefficients statistically

significant at the 5% level are shaded.

No uniform correlations were obtained nearby the Grenz-

gletscher region. This may be explained by the sparseness

of the weather stations especially at such high altitudes, re-
sulting in less accurate precipitation interpolation in the grid-

ded data. In an analogue approach the correlation of the

southern Alpine station precipitation data from Locarno with
the gridded data gave very similar results, confirming the

Grenzgletscher to be representative for southern Alpine pre- 2.

cipitation (Fig. 10d). These results confirm that the two se-
lected ice core sites represent different precipitation regimes.

4 Conclusions and implications

The study conducted with two Alpine ice cores has important
implications on the way that temperature and precipitation
from high-Alpine sites should be reconstructed in order to
prevent over-interpretation, or even faulty interpretation of
the records.

1. The seasonal cycle strongly affects the correlation of
the isotopic signal with temperature, with the fraction
of variance explained being 60 % and decreasing to
0-10% when removing the seasonality. Accordingly,
the GNIP stations showed a decrease in the fraction of
variance explained from 70 % to 10—-20 % indicating

www.clim-past.net/10/1093/2014/

that over the Alpine area the seasonal temperature is
only partially recorded in th180 and additional fac-
tors such as changes in the moisture sources and below-
cloud processes have a significant impact on the isotopic
signal. Ice core data may further be affected by post-
depositional effects.

On an annual scale the high variability of precipitation,
especially at high-altitude sites, might considerably bias
the isotopic signal toward the season with more precipi-
tation. For a glacier site with homogeneously preserved
accumulation throughout the year the mean tempera-
ture signal is partly preserved on the annual scale. In
the case of strong intraseasonal precipitation variability
the annual mean @f80 is only representative for tem-
perature during precipitation and not for annual mean
temperature. For such a glacier site, a paleotemperature
reconstruction is not feasible.

. Even for glacier sites in close proximity (only 60 km)

within the same mountain range, distinct local precipita-
tion patterns can result in variations in how the tempera-
ture proxy signal is preserved. Thus, a careful individual
calibration of the locab'®0/T relation is essential for
every ice core site.
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4. The precipitation reconstruction from accumulation is Barry, R. G.: Mountain Weather and Climate, 3rd Edn., Cambridge
critical, since it is more sensitive to post-depositional ~ University Press, 386-397, 2008.
processes such as wind erosion and to initial layer asBohleber, P., Wagenbach, D., and Schéner, W.: To what extent do

signment than the intrinsic core parameters like the Water isotope records from low accumulation Alpine ice cores
s180. Further precipitation at a high-Alpine glacier reproduce instrumental temperature series?, Tellus B, 65, 20148,

may reflect very local conditions not captured in _ 90-10-3402/tellusbv65i0.20148013, .
weather data obtained at lower elevation stations NeV_Bradley, R. S.: Paleoclimatology: Reconstructing Climates of the
) Quaternary, in: International Geophysics Series, 64, edited by:

ertheless, the distinct precipitation regimes for the Dmowska, R. and Holton J. R., Academic Press, San Diego, Cal-
northern and southern sites were observed in the re- jtornia. 1999,

spective accumulation records. At the Grenzgletschergrsnnimann, S., Mariani, 1., Schwikowski, M., Auchmann, R., and

the typical southern Alpine precipitation pattern was ob-  Eichler, A.: Simulating the temperature and precipitation signal

tained in agreement with the southern Alpine stations.  in an Alpine ice core, Clim. Past, 9, 2013-2022, #0i5194/cp-
9-2013-20132013.

5. Even for high-resolution ice core records with a pro- casado, M., Ortega, P., Masson-Delmotte, V., Risi, C., Swinge-
nounced seasonal signal, the dating uncertainty is rarely douw, D., Daux, V., Genty, D., Maignan, F., Solomina, O.,
below+1 year and cannot be neglected. The dating un- Vinther, B., Viovy, N., and Yiou, P.: Impact of precipitation in-
certainty cannot be overcome but its influence can be termittency on NAO-temperature signals in proxy records, Clim.
minimized by averaging or smoothing of the annual data  Past, 9, 871-886, ddi0.5194/cp-9-871-2012013.
still allowing for valuable ice core based temperature or Ciais, P. and Jouzel, J.: Deuterium and oxygen 18 in precipitation:

precipitation reconstructions of the past climate. isotopic model, including mixed cloud processes, J. Geophys.
Res., 99, 16793-16803, dbd.1029/94JD00412994.

Compo, G. P, Whitaker, J. S., Sardeshmukh, P. D., Matsui, N., Al-
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