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Summary

Water stable isotope ratios and net snow accunounlati ice cores are commonly interpreted
as temperature or precipitation proxies. Howevely o a few cases a direct calibration with
instrumental data has been attempted. Taking adgardf the dense network of observations
in the European Alpine region, in this PhD studg ttelationship of the annually and
seasonally resolved proxy data from two highly-hest ice cores was rigorously tested,
comparing the proxies with local temperature aretipitation. The analysis focused on the
most recent decades, where the highest amount aalityqof meteorological data are
available and the ice core dating uncertainty isimal. The two ice cores were from the
Fiescherhorn glacier in the Northern Alps (3900.811a and Grenzgletscher in the Southern
Alps (4200 m a.s.l.). Due to the orographic basribe two flanks of the Alpine chain are
affected by distinct patterns of precipitation. TH#ferent location of the two glaciers
therefore offered a unique opportunity to tesuiflsa specific setting is reflected in the proxy
data.

On a seasonal scale a high fractios'80 variability was explained by the seasonal cyéle o
temperature (~60% for the ice cores, ~70% for tharly stations of the Global Network of
Isotopes in Precipitation, GNIP). When the seastnalas removed, the correlations
decreased for all sites indicating that factoreothan temperature such as changing moisture
sources and/or precipitation regimes affected #wopic signal on this timescale. Post-
depositional phenomena may additionally have medithe ice core data. On an annual scale
the high variability of precipitation, especially lmgh-altitude sites, might considerably bias
the isotopic signal toward the season with moreipigtion. The annuad'®0/temperature
relationship was significant at the Fiescherhorhergas for Grenzgletscher this was the case
only when weighting the temperature with precipitat The fact that at Grenzgletscher the
annual mean o*®0 is only representative for temperature duringipitation was attributed
to a strong interannual variability of precipitatidistribution. For such a glacier site, only a
precipitation weighted temperature can be recoostdl In both cases the fraction of
interannual temperature variability explained w@8%, comparable to the values obtained
from the GNIP stations data. Even for glacier siteslose proximity (only 60 km) within the
same mountain range, distinct local precipitati@attgyrns can result in variations how the
temperature proxy signal is preserved. Thus, afulanedividual calibration of the local
8'80/T relation is essential for every ice core siensistent with previous studies, an altitude
effect for the3™0 of -0.17%0/100 m was observed, considering anneieté elevation range

I.e., combining data of the two ice core sites ot GNIP stations.



Net accumulation on the glacier was significantlgrrelated with precipitation for
Grenzgletscher during the entire period of invedian, whereas for Fiescherhorn this was
the case only for the less recent period (1961-L973dcal phenomena, probably related to
wind, seem to partly disturb the Fiescherhorn aadation record. In addition the net
accumulation is more sensitive to post-depositigmmatesses and to initial layer assignment
than intrinsic core parameters like tB€0. Spatial correlation analysis showed the two
glaciers to be influenced by different precipitati@gimes, with the Grenzgletscher reflecting
the characteristic precipitation regime south & &ips and the Fiescherhorn accumulation
showing a pattern more closely linked to northelpire stations.

A further study involving seasonat®0 and deuterium excess from three GNIP stations and
the Fiescherhorn ice core was conducted. The aisntavanalyze the spatial coherence of the
signal in terms of altitudinal changes since a#l #ites are less than 20 km distant and are
assumed to be affected by the same precipitatigimes. Thes®0 was well correlated
between all the sites and with temperature and stoawn altitude effect slightly higher in
summer compared to the other seasons, explainatiiepartial re-enrichment at the lower
altitude sites. For the ice core, the absence lbarsoual stratigraphic markers introduces an
additional uncertainty in the attribution of them@r and summer signal and may in part
explain the low correlations obtained. The deutarexcess, characterized by high frequency
fluctuations, showed no correlation between thecme signal and the lower elevation sites
and tends to increase nonlinearly with altituder. thas parameter a weak seasonal cycle was
observed, with lower values in spring and highdalhthat might be explained in terms of in-
cloud and sub-cloud kinetic processes. No homogeneslationship with the meteorological
parameters was found. The common increasing treadromer deuterium excess over 1993-
2011 was explained with the increasing frequencySotith-Westerly weather situations,
carrying moisture from the high-deuterium excessditéeranean basin. In winter, the
medium altitude site Grimsel Hospiz showed sigaific anticorrelation between the
deuterium excess and the NAO, suggesting for tsetfime a connection between the second
order parameter and the atmospheric circulatiom tiveeAlpine region.

Part of this project was dedicated to the setupdadacterization of a Wavelength-Scanned
Cavity Ring Down Spectrometer (Picarro L2130-i)isTtaser technique is now widely used
in isotope hydrology because of the advantage afsuming both thé'°0 and theSD with
high precision and easier operation compared teerothethods. The instrument was
characterized through the evaluation of memoryceféand drift. The analytical uncertainty

was quantified as 0.1%. for tté°0 and 0.5%. for théD. Three internal laboratory standards



were prepared to represent the Alpine isotopiceagl were calibrated against International
Atomic Energy Agency (IAEA) reference materials. eTlrenzgletscher samples were
measured allowing for a comparison with previousasaeement performed with another
technique, Isotopic Ratio Mass Spectrometry. Ressiftowed good agreement within the
analytical uncertainty.

Although it was not straightforward to interpreetisotopic signal in the two ice cores at
seasonal and interannual timescale, major changedeiperature, precipitation or
atmospheric circulation patterns might neverthebesaccessible on longer timescales. Future
work will be directed toward detailed interpretatiof the 350 years information contained in

the Fiescherhorn ice core and the even longerddoom Colle Gnifetti.
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1 Introduction

1.1 Climate change and paleoclimate research

Climate change has become a general concern imtrgears. The global temperature
increase since the preindustrial period is the nmgstanding aspect, with an estimated
change of 0.74+0.18 °C for the ®@entury (1906-2005). During the last 50 years the
warming rate is almost double compared to the 186t years (0.13+£0.03 °C/decade versus
0.07+0.02 °C/decade, (IPCC, 2007)). The Fifth IPB&sessment Report (IPCC, 2013),
whose final draft was released during the time thesis was written, confirms a warming
trend of 0.85+0.21 °C for the period 1880-2012ha@ligh a reduction in surface warming over
the period 1998-2012 was observed compared todhedp1950-2012 and was attributed to
reduced forcing combined with internal variabilff?CC, 2013). The anthropogenic forcing
in the energy balance, i.e. the enhanced emisdigreenhouse gases, was recognized as the
main driver of the temperature increase since tik 18" century (IPCC, 2007). Due to
higher temperatures the atmosphere increases ig-tivalding capacity, affecting the whole
hydrological cycle (Trenberth et al., 2003). Altighuno uniform global precipitation trend
was detected, there is a tendency toward an ineredsextreme precipitation events
(Easterling et al., 2000). Additional effects ointhte change on the hydrological cycle are
more frequent droughts and floods, with strong ichjpa the society.

Focusing on Europe, projections predict an incréasmnual mean temperature higher than
the global mean. The largest warming is expectednguwinter (summer) in northern
(southern) Europe (IPCC, 2007). Besides, precipitaivould tend to intensify in northern
Europe and decrease in the Mediterranean regiameasing the probability of summer
droughts (Figure 1). For the snow season an ovelnalitening is expected, with snow depth
decreasing over most Europe (IPCC, 2007).

With respect to Switzerland the CH2050 regionaielie scenario was used to discuss the
main impacts over the region until the year 205@CO, 2007). The major trends are
predicted for temperature, with largest warminguodog in summer (2.7-2.8°C depending
on the region) and moderate increase in winter°().8Due to predicted higher summer
temperature variability, higher frequency of hotlépis expected in that season, whereas in
winter the increase of the mean temperature woeddl Ito a general decrease of cold
extremes. The hydrological cycle is also expeatesignificantly change. The largest change
in precipitation amount is predicted in summer, hwié& general decrease of 17-19%
(depending on the region) compared to the othesosesa(a few percent), but this estimate has
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large uncertainties. Due to the increase of witgarperatures, in that season precipitation is
expected to change from solid to liquid especiatymid-low altitudes with consequent
increase of flooding events. The glacier extemqtrigected to be reduced dramatically, with a
medium loss of 75% of the extent. This would impaat both, the hydrological cycle
(especially on the watercourses mainly fed by glaciand snow, showing large runoff
variations) and the Swiss economy, where 56% ofdtiraestic electricity production relies
on hydropower (data from the Swiss Federal Officdé &nergy SFOE,
http://www.bfe.admin.ch/). Winter tourism, whichwadays significantly contributes to the

financial resources, is affected as well.

Temp Response (°C)

Prec Response (%)

Num of Models > 0

20°E 30°E 40°E 10°w

Figure 1 Temperature and precipitation changes over Euhagme MMD-A1B simulations.
(Upper panels): Annual mean, winter and summer &atpre change between 1980 to 1999
and 2080 to 2099 (averaged over 21 models). (Middleels) same as top, but for fractional
change in precipitation. (Bottom panels): numbemoftels out of 21 that project increases in
precipitation (IPCC, 2007).

10



The understanding of the driving factors of climatthange needs identification and
guantification of the processes causing climaticaimlity at different timescales. Extracting
and estimating the anthropogenic forcing is chaileg since affected parameters are as well
influenced by internal climate variability. Moreavexternal forcing on the globe’s energy
balance such as solar activity variation, volcagraptions and orbital changes need to be
taken into account. A vast series of modeling stsitias been developed in order to describe
these changes by a physical approach (IPCC, 2007).

Most instrumental observations of meteorologicabpeeters started in the mid*8entury,

in coincidence with the beginning of the anthropugdorcing (IPCC, 2007). Additional data
Is required to better separate human induced clsafigen natural climate variability. To
extend the information further back in time, twopegaches are available: (i) the use of
modeling studies that may simulate physical praeess the past and (ii) proxy data i.e.
parameters extracted from natural archives thatbeatinked to climate variables. In this
thesis the focus is on the second aspect of tlealéed paleoclimatic research i.e. the study of
the climate of the past using proxy data.

Proxies extracted from natural archives offer infation about e.g. past temperature,
humidity, precipitation, greenhouse gases conceoms or solar radiation. The most used
natural archives are ice cores, tree rings, sdaker sediments, (e.g. Bradley, 1999). Every
natural archive offers advantages and disadvantagfesrespect to its particular proxies.
Polar ice cores for example give the opportunityeiconstruct past climatic changes going
hundred thousands of years back in time showindatsteglacial-interglacial transitions (e.g.
Jouzel et al., 2007; Wolff et al., 2010) for Antara ice cores, or investigate the interstadials
in detail (e.g. Johnsen et al., 1992; Dansgaara.et1993) for Greenland. Recently, in the
North Greenland Eemian Ice Drilling (NEEM) projextnew ice core from Greenland was
retrieved with the purpose of studying the lasteiglacial period (NEEM community
members, 2013).

In paleoclimatic research the study of the pastptmature and atmospheric circulation
changes is one of the most investigated aspects.tii® purpose the so-called isotope
paleoclimatology resulted to be a successful mefodzel, 2003). This approach is based on
the different physicochemical properties, basicaliyuration vapor pressure and molecular
diffusivity, of the water molecules that are formagl the different isotopes of hydrogen and
oxygen. Because these properties are to a firstogppation, temperature and relative
humidity dependent, the concentrations of the difie molecules that change differently

throughout the water cycle can be used as progre®imperature and atmospheric circulation
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conditions. These concentrations, expressed amtitebetween the heavier to lighter water
molecules, are given as the deviation from an matgonal standard, and are commonly
indicated a$'?0 andsD (Chapters 2 and 3). It was shown that3H© (or8D) relationship
with temperature is generally linear (Dansgaard418nd Chapter 2). Once the relationship,
or transfer function, between temperature antD (D) is established, it is in principle
possible to derive the so-called “paleothermomete€. quantifying the past temperature
changes from the variations of the water stabléo® records measured in the archive
(Jouzel et al., 1997; Jouzel, 2003). Historicathys approach was first applied to the polar ice
cores, where temperature reconstructions extendauk to the last glacial period were
obtained, with the help of modeling studies. The#tefaare fundamental to simulate the
different conditions that led to precipitation, a@nthe calibration of5'°0 (D) with
temperature is necessarily based on the preseaataftalimate and may considerably change
over geologic timescales, due to the different a&pheric conditions (Fricke and O’Neil,
1999; Jouzel et al., 2000; Jouzel, 2003). In thst Glacial Maximum temperatures inferred
from six ice cores in Greenland resulted to be €@®wer than present, and temperature
oscillations of ~15°C were observed during the [Gaasd-Oeschger events (Johnsen et al.,
2001). These are only two examples from the vastaliure available from Greenland ice
cores. Up to now, the longest ice core stable motecord was retrieved in the frame of the
European Project for Ice Coring in Antarctica (ER)@ore and covers the last 800 ka (Jouzel
et al., 2007). The record shows reconstructed glaierglacial temperature oscillations of
~15°C over this period, with coldest periods beti@°C colder than the present and warmer
periods having anomalies up to +4.5°C (Figure 2pdkls can explain what driving factors
affected the isotopic signal in the past. Over ¢hdmescales such changes are mainly
triggered by variations of the Earth’s orbital pagders, but are also affected by internal
feedbacks such as ice-albedo, heat transport lnpemd greenhouse gases (e.g. Petit et al.,
1999; Stenni et al., 2001; Jouzel et al. 2007).

Besides thes'®0O (D) parameter another proxy extracted from the watelecules is
commonly used. This second-order parameter isccaléiterium excess (d) and is derived
from the equation d5D-85"%0 (Chapter 2). At a first approximation the deuteriexcess is a
valuable indicator for moisture source conditiansterms of sea surface temperature (Stenni
et al., 2001; Masson-Delmotte et al., 2005) ortretahumidity (Jouzel et al., 1982; Pfahl and
Wernli, 2008), through its close relationship withe diffusivities of the different water
molecules (Chapter 2). Together with #8180 the deuterium excess in polar ice cores is used

in the so-called co-isotopic approach to integiiie information about past temperature
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changes with the moisture source conditions inmot@®btain a more comprehensive picture
of the atmospheric conditions in the past (e.gnidtet al.,, 2001; Masson-Delmotte et al.,
2005).
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Figure 2 EPICA Dome CosD record (left y axis), together with the reconested surface
temperature anomaly compared to present-day (yigixis). Data from (Jouzel et al., 2007),
EPICA Dome C Ice Core 800KYr Deuterium Data and perature Estimates. IGBP
PAGES/World Data Center for Paleoclimatology. D&antribution Series # 2007-091.
NOAA/NCDC Paleoclimatology Program, Boulder CO, USA

1.2 Aim of this study

Despite their remote location, polar regions hawsmextensively been studied with respect
to water stable isotopes as paleoclimatic proxietheé ice cores, for reviews see for example
(Jouzel et al., 1997; Jouzel, 2003; Masson-Delneittd., 2008).

For mid- and low latitude glaciers, however, thesea limited number of investigations
attempting to relate the water stable isotopeseénciores to the atmospheric parameters. In
very few cases a transfer function for #180/temperature relationship was established, like
in the case of Tibetan (Yao et al., 1996), Europ&kpme (Schotterer et al., 1997; Eichler et
al., 2001; Bohleber et al., 2013) or Northern Armcani glaciers (Naftz et al., 2002). In other
cases, the isotopic records were only discussdtbuiita direct calibration with temperature,
deducing it from comparison with the polar ice cso@°O/temperature relationships
(Thompson, 2000) or reporting only the degree ofetation (Davis et al., 1995).

In the European Alpine region, where the atmosphd@rculation is dominated by different
driving factors, the interpretation of the watealdé isotope signal results particularly

challenging due also to the complex interactionaipimasses with topography. The Alpine
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region experiences high intraseasonal and inteednprecipitation and moisture sources
variability. This might introduce two additional roplications in the interpretation of the
5'®0/temperature relationship: (i) the seasonal chaofjemoisture sources introduces
additional effects altering the isotopic-temperatuelationship and (ii) the seasonality, or
more in general, precipitation intermittency magsbithe annual value 6?0 toward the
season with more precipitation, as was shown famgte by Persson et al. (2011) for
Greenland. In this latter case the comparison efisletope record with temperature might
thus considerably deviate from the case of unifgmmecipitation and a more appropriate
precipitation-weighted temperature parameter shohéd used, with implications for
paleoclimatic reconstructions (Jouzel et al., 1997)

In order to extend the knowledge and improve th@ewstanding of the water stable isotopes
from Alpine glaciers, this PhD project was develbpéth specific focus on the Swiss Alpine
region for two reasons: (i) several ice cores warn#ed there and isotopic records from
different glaciers are available, enabling the ity to investigate the spatial variability of
the isotopic signal at high altitudes (ii) the Ssvésea offers a unique long-term, high quality,
and high spatially resolved meteorological databett can be used for improving the
understanding of the isotopic processes. The imgagin focuses mainly on the instrumental
period to study the processes affecting the pre@podition at the site.

This PhD study was embedded in the projects “Varkescores, and Treerings” (VITA) and
“Paleoclimate Variability and Extreme Events” (PARREX) funded by the NCCR Climate
program (www.nccr-climate.unibe.ch) of the Swisdidtaal Science Foundation (SNF). Part
of this project consisted in the characterizatiba aew laser spectrometer for the analysis of
stable isotopes in liquid samples.

The outline of this thesis is the following. In Qiter 2 the theoretical framework of the water
stable isotopes is given together with the dedonpaf the regional setting. The methods used
to measure the water stable isotopes in ice careprasented in Chapter 3, with particular
focus on the setup and characterization of a neer Ispectrometer installed in the laboratory
in comparison to the Isotopic Ratio Mass Spectremahalytical technique applied before.
The §*®0/temperature and accumulation/precipitation refethip for the Fiescherhorn and
Grenzgletscher is discussed in Chapter 4. In Chaptiee analysis of th&'°0 and deuterium
excess of the Fiescherhorn ice core compared tondsby GNIP data is presented.
Suggestions regarding the use of the Fieschertemord together with the long-term Colle

Gnifetti data set in future studies are given & @utlook.
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2 lce core proxies, regional setting and study sites

This Chapter is structured as follows. The ice qmaxies investigated in this study, which
are the water stable isotope rati®80, D, the deuterium excess, and the reconstructed
accumulation, are presented in section 2.1 and r2ghectively. The regional setting is
discussed in section 2.3 where the climatologiescdption of the Alpine area is given. In
section 2.4 the ice core drilling sites and therds used in this study are shown.

2.1 Water stable isotopes

The hydrological cycle can be investigated usingessd approaches. One of them, the isotope
hydrology, aims to track the hydrological procesbgsmeans of the different oxygen and
hydrogen isotopes forming the water molecule (Elgrk and Fritz, 1997; Hoefs, 2009). In
climate science this approach is used to give Imisigto the processes occurring in the water
cycle related to climatic changes and one refersenspecifically to the so-called isotope
paleoclimatology. The first comprehensive theostiamework of the water stable isotopes
as proxies for temperature was introduced by Daarsiga 1964, analyzing samples collected
all over the world (Dansgaard, 1964). Water stabteopes are measured in precipitation
(IAEA/WMO, 2013), groundwater, and rivers. The datguisition is global in order to cover
the complexity of the cycle. Recently two major i@aglements in the investigation of the
water cycle were obtained with (i) the developmeinhew optical laser system techniques
allowing for continuous in-situ measurements ofewatapor in the atmosphere, enabling an
almost complete tracking of the water cycle (Aemir et al., 2012; Steen-Larsen et al.,
2013) and (ii) the introduction of a new paramatgated only to the relative humidity
conditions, the'’O excess (Landais et al., 2012). Besides, modeiindies using both in-
cloud microphysics concepts and more complex isstguipped GCMs allow investigating
the underlying physical processes. This is funddaleto reconstruct the past conditions
where the atmospheric circulation was substantdifferent from the present, like in the case
of the Last Glacial Maximum, (e.g. Jouzel et 4897; Vimeux et al., 1999; Jouzel, 2003).
The next subsections present the theoretical framevof the water stable isotopes,
introducing first their physico-chemical propertiaad then showing their application in

climate science studies.
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2.1.1 Physical principles and equilibrium fractionation

Hydrogen and oxygen forming the water molecule oaculifferent stable isotopes in nature
(Table 1). For the hydrogen they dt& ?H (or D, called deuterium) and for the oxygen they
are'°0, 'O, 0. The lighter isotopes are more frequent in natfmethe oxygen there is
approximately one heavy isotop€@) every 500 light isotopes®0) whereas the ratio of
deuterium to hydrogen is about 1 isotope every 6400

The focus in isotope paleoclimatology is mainlytbree isotopologues, i.e. the combinations
of the isotopes forming the water molecule® (most abundant), #fO (rare) and HDO
(very rare). Due to mass differences these molecliave different physicochemical
properties. This effect is particularly strong fisotopes with low atomic number, like
hydrogen where the mass ratio D/H is 2 comparexkygen whose ratifO/*°0 is 1.125.

The main two physical properties of relevance legeethe vapor pressure, discussed below,
and the diffusivity (section 2.1.4).

Element Z N A Abundance (%) Symbol
Hydrogen 1 0 1 99.985 H

1 1 2 0.0155 ’H: D
Oxygen 8 8 16 99.759 o)

8 9 17 0.037 0

8 10 18 0.204 %o

Table 1 Stable isotopes of hydrogen and oxygen (adapted @Gat et al. 2001). Z is the

atomic (or proton) number, N neutron number antié\relative atomic mass.

For the water isotopologues the lighter molecukzguire a smaller energy to evaporate. In
other words, they have a higher vapor pressure tharheavier ones (Table 2). Thereby,
changes in relative concentrations of the isotapods from one phase to the other occur
during a change of phase (e.g. evaporation, coatieny. This discrimination is called
isotopic fractionation.

When the energy (i.e. temperature) of the systeoneases, the relative vapor pressure
increases according to the Clausius-Clapeyron emuaind more evaporation occurs. The
isotopic fractionation, on the other hand, decredmsause the heavier isotopologues tend to
evaporate more relative to lower temperature cawdit and the discrimination with the

lighter molecules diminishes.
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Isotopologue Vapor pressure
at 100°C (mbar)

H,™%0 1013 mbar

D,'°0 962 mbar

Table 2 Vapor pressure at 100°C for the light and heavyemde of water. Adapted from
Hoefs (2009).

This behavior can be described in analogy to a atanreaction. With respect to the
hydrological cycle the main type of reaction is fite/sical change of state, e.g. evaporation
or condensation. In this case it can be written as:

aL+bH < bL + aH

whereL is the light andH the heavy isotope of an element and are their concentrations in
the two phases. At chemical equilibrium the forwandi backward rates of reaction are equal.
The equilibrium constar can then be defined as:

([H]ja
b a
« LL1°THI® _ (L]

[L]°[H]® ([H]]b

[L]
Because of their different vapor pressures theti@acates of the heavy and light molecules
differ. As discussed above, in the case of evafmrdhe heavier molecules tend to stay more
in the lower energy state (liquid phase) whereadigiter ones evaporate more.
In isotope studies one refers to teguilibrium fractionation factor aeq rather than to the
equilibrium constant. It can be written as
de=K=R2/R1 Q)
whereR; andR; are the isotope ratidg$l]/[L] in the phases 1 and 2 (that can be for example
liquid and vapor).
In the hydrological cycle the isotopic fractionatiouring a change of phase has a small
effect, since there is only a slight differencetlod vapor pressures of the heavy and the light
molecules (Table 2). The vapor pressure differenicél,°0 and H' 0 is 1%, while the
vapor pressure of ££O is about 10% higher than of HDO (Dansgaard etLa73).
The isotopic fractionation at equilibrium is temaierre dependent, with lower fractionation at
higher temperatures. Ideally, at very high tempees there are no fractionation effects. In

general the equilibrium constant (or fractionatiactor) can be described by:
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InK =c¢, + %2 + %
At temperatures much below room temperature Inkgiilen by 1/T whereas at higher
temperatures the term F/Tominates with less fractionation with respectthe colder
conditions (Hoefs, 2009).

The fractionation factor thus approaches 1. Bectlusalifferences in the partitioning are of
the order of magnitude of thousandths, ghechment factor € is often used. It is expressed in
permil (%o0) and defined as follows:

€=(a-1)*1000

The fractionation factos of the water-vapor transition at 20°C is 1.0098 arD85 for*®0
and D, respectively (Jouzel, 2003, and Table 3atTheans that the liquid water is slightly
enriched in heavier molecules and theis 9.8%. for *®*0 and 85%. for D. For lower
temperatures the fractionation increases. At 0&Ccthefficients is 1.0117 fdfO and 1.1123
for D, corresponding te 11.7%. and 112%., respectively. The effect is stevrfgr the solid-
vapor equilibrium transition (e.g=15.2%o. and=133%. at 0°C for®0 and D, respectively)

because of the larger energy required comparedtetiguid-vapor transition.

Liquid-vapor Solid-vapor
T (°C) 01180 0p 0180 0p
20 1.0098 1.0850
0 1.0117 1.1123 1.0152 1.1330
-20 1.0141 1.1492 1.0187 1.1744

Table 3 Fractionation factors at different temperaturesgpaeld from Jouzel (2003), after
Merlivat and Nief (1967) and Majoube (1971).
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2.1.2 & notation

As shown previously the variations of the isotogiompositions due to fractionation
processes are in the permil (%0) order. These soie@lhges render absolute isotopic ratio
measurements difficult to be performed. Thus, igetoatiosR between the heavy and the
light component are measured relative to an intemnal standard?ysvov (Chapter 33). To

express the small variations the “delta” notatiaswntroduced (Craig, 1961):

18 18
R -R 16 160
sample VSMOW __ sample VSMOW

- 18
Rysmow
16
VSMOW

This expression describes the changes of the isot@tio with respect to the oxygen

5**0= 1000

isotopes, but an analog relation is used for thdrdgen:

(o ()
Rsample_ RVSMOW _ H sample H

R VSMOW (Dj
H VSMOW

Rvsvow (Vienna Standard Mean Ocean Water) are the ragpeidotopic ratios of the

SD = VSMOW 1000

international standards that are meant to exphessnean isotopic composition of the global
ocean. Their values are:

(**0/**0)ysmow = (2005.20+0.45)18 (Baertschi, 1976)

(D/H)vsmow = (155.95+0.08)16 (De Wit et al., 1980)

For further details about the international staddasee Chapter 3.

For better visualization the ratios are expressedd (unitless). Samples enriched in the
heavier molecule with respect to VSMOW have positalues, whereas depleted samples
show negative values. The typical range for thd@adealues in the hydrological cycle is
-450%0 <8D < 100%0 and -50%o |20 < 50%o (Gat et al., 2001).

Analytical uncertainties of these values dependhaninstrument used. Typically precisions
of +1.0%. (at best 0.3%0) and +0.1%. (at best 0.03%) de achieved fosD and §'%0,
respectively (Gat et al., 2001).
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2.1.3 Rayleigh fractionation

The first model used to describe the isotopic fomettion in the hydrological cycle was the
Rayleigh fractionation model. It assumes that pérthe material of the initial reservoir is
removed, as the change of phase proceeds. This isase for example of a cloud where the
product (condensate) is removed by precipitatiod Braves an isotopic imprint in both,
remaining vapor and liquid phase depending uporp#rgcular thermodynamical conditions
(temperature) at which the change of phase occurred

The derivation of the Rayleigh distillation equatioere described is based on considerations
regarding the two reservoirs, but the equationatan be obtained considering a mass balance
approach (Gat, 1996; Gat et al., 2001).

A water reservoir contains both, light and heavyleooles, given by their initial
concentrationg, andHo, respectively. When the water starts to evapothgeconcentrations
of both isotopologues will change according to rthegjuilibrium constant& andky. The
corresponding equations for both, light and heawyapologues will be:

dL=-k_L 2
dH=-kyH (3)
Dividing Eq. (2) by Eqg. (3), the fractionation céieient is obtained in Eq. (4) according to
Eq. (1):

dH/H=a(dL/L) 4)
Integrating Eq. (4) betweeH,, Lo the initial concentration in the water reservandad, L
(after some evaporation occurred), it is obtained:

In(H/Ho)=aIn(L/L o) — H/Ho=(L/Lo)"

Dividing everything byL/Lo

(H/L)(Lo/Ho) = (L/Lo)*™

Defining the quantitie®y=Ho/Lo (initial isotopic ratio in the reservoirfR=H/L (isotopic ratio

of the reservoir at the time t of the evaporatioocpss) and=(H+L)/(Ho+Lo)=L/Lo (fraction

of the material remaining with the reservoir asporation proceeds), tHeayleigh distillation
equation is then derived:

R=R,f*

This equation describes the ideal condition of stesy where product and reservoir are in
thermodynamical equilibrium. It states that thetapic ratioR of a species in the reservoir
depends on the initial isotopic rati, the fractionf of the remaining material as the change

of phase proceeds and the fractionation fagtor
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2.1.4 Equilibrium and kinetic fractionation

When the rate of the forward reaction is countenhedd by the rate of the backward reaction,
equilibrium conditions are met (Dansgaard, 1964).tHe hydrological processes in-cloud
condensation may be approximated by equilibriunativaation. However, pure equilibrium
conditions seldom occur in nature.

When fast reactions occur there is not sufficiemtetto establish equilibrium conditions.
Since the molecules have mean kinetic energy 192the heavier isotopologues tend to react
slower than the lighter ones, inducingiaetic fractionation (e.g. Dansgaard, 1964; O’Neil,
1986) The origin of this fractionation is thus kinetindacan be understood considering the
Fick’s law of diffusionF=-DdC/dx, whereF is the diffusion fluxD the diffusivity anddC/dx

the concentration gradien is inversely proportional to the square root cé tholecular
mass (to be precise, for vapor diffusing in thetlaér mass is the reduced mass considering the
water vapor and the air) and therefore lighter mulles tend to diffuse faster than the heavier
ones. For the three main isotopologues this mezatsthe D(H'°0)>D(HD'*°0)>D(H,*?0),
because the corresponding molecular masses arE1&)d 20 g/mol. Kinetic fractionation
can be enhanced by increasing the concentratiahegradC/dx or providing more energy to
the molecules i.e. increasing the temperature.

Regarding the hydrological cycle, seawater evaporabccurs in a very thin layer at the
interface with the air. The air above the sea tsstegnant and equilibrium conditions are thus
not reached, leading to an undersaturation of watpor. As result a concentration gradient is
present and evaporation continues. Merlivat andelo{1979) and Craig and Gordon (1965)
described this process with a model, where theageiaterface consists in a very thin layer
(micrometers thick) ideally at 100% saturation, dweted by equilibrium conditions.
Between this layer and the well-mixed air columaréhis a transition zone where diffusion
dominates because the air is undersaturated witkrwéthe relative humidity above the sea
decreases larger diffusion takes place increasiackinetic fractionation, whereas turbulence
and strong mixing due to increased wind speed ati@/surface reduce the kinetic effects.
The total isotopic fractionation should therefooe@unt for both, equilibrium conditions and
kinetic effects. The kinetic fractionation is rattemall compared to the one at equilibrium.
Since the kinetic effects are similar for oxygen &ydrogen and equilibrium fractionation for
HDO/H,O molecules is ~8 times higher than fos'#/H,'°0, the relative importance of
kinetic to equilibrium effects is much higher fos'fO/H,'°0 than H**O/HDO.

The processes occurring in nature involve both ldgwm and kinetic fractionations:

evaporation from the sea is not an equilibrium psscas net evaporation occurs, but is also
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not entirely kinetic because some condensationapbr takes place. In that case it is more
generally called non-equilibrium fractionation (MQ@001).

Kinetic effects occur also in clouds, when at terapges below 0°C the saturation vapor
pressure over ice is lower than over liquid wated &he cloud microphysics is governed by
the Bergeron-Findeisen process. At temperaturesdeet 0 and -25°C the three phases of
water co-exist (mixed-phase clouds) with the vapeing deposited onto ice and the liquid
continuously removed from cloud droplets by evapora At lower temperatures the process
is dominated by the vapor-ice phases. From an pgotooint of view kinetic fractionation
occurs when vapor is deposited onto ice and whendiwater evaporates, leaving in both
cases the initial phase more enriched in the heaswopes. The extent of the kinetic
fractionation in this case depends on supersaturatonditions (Jouzel and Merlivat, 1984;
Ciais and Jouzel, 1994).

2.1.5 Global Meteoric Water Line (GMWL) and deuterium excess

Craig (1961) plotted th&D values collected in surface and meteoric watens fall over the
world against the correspondisd®O. His result shows that th#D and 5'°0 are linearly
related. This equation is known as Global MetedHater Line (GMWL): $D=85'°0+10.
More recently, Rozanski et al. (1993) establishedlationship using only data collected in
precipitation (Figure 3)5D=(8.20+0.07)5*°0 +(11.27+0.65).

40
Warm regions
D -
Global Precipitation
*
40 - 5°H=8135"0+ 108
o]
%
> %0 y
#
T -120 4
2o} +
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-160 4
+ Cold regions
-200 r . : .
-25 =20 -15 -10 5 o]

50 %e VSMOW
Figure 3 GMWL obtained from the mean annual value$80 andsD in precipitation, from

Clark and Fritz (1997), data compiled by Rozanskale(1993). Depleted values come from

warm regions, more depleted values from cold regjion
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This linear relation represents the average ofrieeeoric waters from all over the world. The
slope is ~8 which is in agreement with the ratiated equilibrium fractionation factors for
hydrogen and oxygen at 25°C (Clark and Fritz, 199 intercept, defined by the relation
d=3D-85'%0, is called deuterium excess. This parameter expresses the deviation from
equilibrium conditions and is an indicator for Kicefractionation. Because of the different
isotopologues’ diffusivities, the seawater is slighmore enriched with respect to the pure
equilibrium conditions when evaporation occurs. Teeiterium excess gives the extent of
this enrichment.

The GMWL represents global conditions, but locétigre might be deviations. It was shown
that at sites where strong evaporation occursltpes of the so-called Local Meteoric Water
Lines (LMWL) are lower than 8 (Gonfiantini, 1986p&anski et al., 1993).

Typical values of deuterium excess in meteoric wedage from 0%o to 30%o, the latter ones
in regions where strong evaporation occurs. Thithés case of the Mediterranean region,
especially in the eastern basin (Gat and Carmi,09Where kinetic fractionation is
particularly enhanced. Moisture recycling, i.e. thechanism with which moisture is returned
to the atmosphere by soil evaporation in summagltgin an increased deuterium excess in
the evaporated water (Araguas-Araguas et al., 2Bfhlich et al., 2008). Values lower than
10%0 could be indicators of secondary evaporatiacesses, like sub-cloud re-evaporation.
This process tends to decrease the deuterium ektga®cipitation and it was shown to
partially counteract the effects of moisture remgin summer (Fréhlich et al., 2008).
Because condensation can be assumed to occur iibragm, the deuterium excess would
be, unless further kinetic effects occur, a gooakprfor the moisture source conditions i.e.
relative humidity and temperature at the evapomatsite. Several studies related the
variability of the deuterium excess in Greenland &mtarctica to sea surface temperature
changes, see e.g. Vimeux et al. (1999); Stenni. §2@01); Masson-Delmotte et al. (2005).
Other studies showed that the deuterium excesstlger driven by relative humidity
conditions at the moisture source (Jouzel et &821 Pfahl and Wernli, 2008; Pfahl and
Sodemann, 2013). Uemura et al. (2008) observeddtaerium excess measured directly in
water vapor has significant relationships with batba surface temperature (positive
correlation) and relative humidity (anticorrelatjohewis et al. (2013) reported that changes
in the relative humidity at the source region migffect the deuterium excess-sea surface

temperature relationship.
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2.1.6 8'®0-temperature relationship

In the air mass the amount of rainout is relatetht®owater vapor-holding capacity, which
itself depends on temperature. As temperature dsese higher rainout occurs with

progressive distillation, according to the Rayleggjuation. A global relationship between the
annuald'®0 in precipitation and mean annual temperature al@ady obtained in 1964 by

Dansgaard (Figure 4). He found a linear relation$bi both,5'%0 andsD:
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Figure 4 (Left panel)s*®0 in precipitation plotted against the mean antemiperature (Clark
and Fritz, 1997) after (Dansgaard, 1964). (RigmegbaRegional slopes obtained for different
stations (Clark and Fritz, 1997) after (Rozanskilet1993).

The more enriched isotopic values and temperataresfound at low and mid latitudes,
whereas the polar sites occupy the lower part eflite (Figure 4, left panel). Similarly to
what was obtained for the GMWL, deviations from tfiebal slope exist due to local effects
(Figure 4, right panel). A quite strong deviatioaswbserved at marine stations, where the
slope of the relationship is much lower than the \BM At these sites the seasonal
temperature variations are naturally dampened la@antain driving factor is the precipitation
(see below). The opposite case tends to occur rinemtal stations, where the winter to
summer temperature excursions are higher thanastabregions. At the poles the slopes tend
to be higher because of the very low temperatures.
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The deviations from the global line are a comboratof geographical, topographical and
seasonal effects, e.g. Yurtsever and Gat (1981)aRski et al. (1993); Gat (1996); Clark and
Fritz (1997); Fricke and O’Neil (1999); Araguas-4tes et al. (2000); Gat et al. (2001).

The latitude effect is caused by the global water transport from tbpits toward the poles.
The decreasing temperature with latitude drivegdimeout, resulting in a progressive isotopic
depletion of the air masses. In a similar fashiomcbntinental effect renders the air masses

more and more depleted with increasing distanaa tiee sea (Figure 5).

Initial Later
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Vapor || 5 = Vapor |0 "= Vapor

Continent

Figure 5 Rainout effect orsD and 8*%0 values, based on Coplen et al. (2000) and Hoefs
(2009). Source: http://web.sahra.arizona.edu/progfisotopes/oxygen.html.

The altitude effect is observed in presence of mountain chains, wheretis a mechanically
forced uplift of air masses with consequent adiabatpansion and cooling. If the uplift is
such that the condensation level is reached, opbgraprecipitation may occur. The
remaining water vapor is isotopically depleted fzes aiplift-driven distillation proceeds. For
the European Alps, an altitude effect 3fO/dz~-0.2%./100 m was observed (Siegenthaler
and Oeschger, 1980; Schurch et al., 2003). It wésdnthat this gradient is homogeneous all
over the world with few exceptions especially abd®@0 m a.s.l., where the isotopic
depletion becomes nonlinear with increasing alét(lloage and Chamberlain, 2001).
Another process that is more significant at troplatitudes is theamount effect. In these
regions 520 tends to be anticorrelated with the precipitataonount, i.e. more depleted
values are found in correspondence of heavy ptatipn (Dansgaard, 1964). This is due to
the fact that if the precipitation develops in hayvering clouds, like tropical clouds, the

droplets will experience in-cloud exchange of watapor, resulting in a progressive
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depletion (Field et al., 2010). Sub-cloud re-evapion, moreover, may occur, leaving the
remaining vapor (hence the successive precipitativore and more depleted (Risi et al.,
2008).

In addition to the spatial variability o§*0 and 8D, temporal variations related to the
temperature seasonal cycle affect the isotopicasigine seasonality of the isotopic signal is
particularly pronounced at continental stations.ekghthe summer to winter temperature
changes are larger compared to the marine locafRoszanski et al., 1993). Over Europe a
contribution to the more enriched isotopic valuessummer is due to the change of the
moisture sources: for example, plant evapotranspirareturns to the atmosphere a
considerable amount of water vapor reducing thesdégree of rainout over the continent
(Rozanski et al., 1982; Rozanski et al., 1993).a8se the focus of this study is on Alpine ice

cores, few more considerations have to be takenaotount.

2.1.7 Post-depositional processes on glaciers

The discussion has so far focusedddiD (5D) in liquid precipitation. When dealing with ice
cores, post-depositional effects in the snowpadck hia be taken into account (Cooper, 1998;
Schotterer et al., 2004). Processes that canthkasotopic composition in the snowpack are
diffusion, meltwater formation, percolation, refregy, sublimation, and rain precipitation
(Stichler and Schotterer, 2000). If the snowpaakperatures are far below 0°C (cold
glaciers) fractionation may occur due to the diffasof the water vapor through the firn pores
during snow metamorphosis. Johnsen (1977) shovwaditfiusion affects the isotopic signal
regardless of the accumulation rate and tempetatiita a typical diffusion length of 7-8 cm
the §'%0 cycles in ice having a wavelength of less tharcr@0are obliterated. The smoothing
effect is less strong fa3D due to the lower diffusivity difference betwedretH'°0O and
HD' 0O molecules compared t0,}30 and H'°0, resulting in3D records less affected by this
phenomenon (Johnsen et al., 2000). In any case tBingoeffect stops when the critical
density of 0.55 g/cthis reached (Dansgaard et al., 1973).

In case of polythermal glaciers surface melting cacur. Meltwater can percolate down into
the snowpack, where it refreezes. It was showndthatto the very low diffusivity of water in
compact ice (18'cm’s, Jouzel and Souchez, 1982) no fractionation rscduring melting.
This does not apply if water percolates throughopsrsnow or firn. In that case an initial
enrichment in the snowpack and depletion in thewatér can be observed. As the meltwater
progresses it becomes more and more enriched tdhautditial snowpack values (Stichler et

al., 1981). Refreezing is to be also accompaniefldxyionation (Jouzel and Souchez, 1982).
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Sublimation would cause enrichment in the snowpdukt this effect is usually
counterbalanced by condensation of vapor on tfasrEven in extreme dry conditions this
effect does not penetrate the snow cover more $af cm (Moser and Stichler, 1975;
Stichler and Schotterer, 2000; Stichler et al.,1300

Rain might alter the isotopic composition in th@wnpack as well (Stichler and Schotterer,
2000), but this is unlikely to occur on the Alpigiaciers considered in this study.

Besides fractionation processes mentioned befocehaimd erosion at highly exposed sites
may considerably bias the isotopic record on ansuoale, preserving only part of the total
accumulated snow (Schotterer et al., 2004). This wlaserved at Colle Gnifetti saddle, a
wind-exposed, high-altitude glacier saddle, whehetev snow is eroded. THE®O signal is
clearly biased toward summer values compared taytiieal Alpine range (Schotterer et al.,
1985; Schoner et al., 2002; Sigl, 2009 and se@idh
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2.2 Precipitation reconstruction

Accumulation reconstruction from ice cores providms estimation of the past annual
precipitation rates and is therefore a useful préotythe investigation of the hydrological
cycle. However, one should consider that the recocied surface accumulation rate at the
glacier reflects precipitation only to a certaintex, because of local post-depositional effects
that may alter/destroy the signal throughout tharyelhe surface accumulation rate
corresponds to the net amount of snow accumuldtéteaglacier surface within a year. The
term “net” indicates that this value is the amooihsnow actually preserved and not removed
(Cuffey and Paterson, 2010). In order to accountdensity variations, this parameter is
usually expressed in meter water equivalent (m)wehich is obtained by multiplying the
net surface accumulation in m with the measuredaitienThe density varies from 200-300
kg/m?® for fresh snow to 400-830 kgfrfor firn. The firn-ice transition is defined asetdepth
where the density becomes 830 k{/fGuffey and Paterson, 2010). Annual layers can be
identified using parameters with seasonal varighiiie. identifying the layer thickness from
a minimum to the next minimum. This technique, edlhnnual layer counting, is used for
dating ice cores (e.g. Schwikowski et al., 199%;hkr et al., 2000). Every annual layer is
buried by new snow and is subjected to iceflow-getlithinning due to the pressure of the
above snow column. The layer thickness decreagbsi@pth, not corresponding to the actual
net surface accumulation. Several models have Heealoped in order to correct for this
thinning. A simple model assuming constant thinnimigh depth was presented by Nye
(1963) which is usually suitable for the upper téhrd of the glacier thickness, where
interactions with the bedrock are negligible. Faegson the bottom part of the glacier,
Dansgaard and Johnsen (1969) defined a two-layeehwahere the thinning rate is constant
from the surface down to a certain depth and thdedreases linearly to zero at the bottom in
order to satisfy the physical boundary conditiomcefcap frozen to the bedrock. Thompson et
al. (1990) proposed another flow model to accoontldrger thinning at the near ice divide
zone of high-alpine glaciers.

For the final reconstructed surface accumulatiois inecessary to account for the mean
surface accumulation and the measured layer theskoerrected for thinning. The approach
used here was the one adopted by Henderson et2@06), where the reconstructed
accumulatiorkr is given by the following formula:

A== (Aew)ho

Where/g corresponds to the measured annual thickigss the annual thickness estimated
from an ice flow model and, to the estimated surface accumulation rate. Therlane is
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obtained by averaging the upper layer thicknessesvhich thinning can be neglected. One
should thus take into account that these recorngingusually assume stationary conditions
in terms of surface accumulation rate, an assumpti@t may not be valid over long

timescales, when significant changes of the pretipn regimes may occur.
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2.3 Climate of the Alpine region

The European Alps are in a climatological perspectine of the most challenging regions,
due to the complex interaction between the topdgragnd the large-scale processes. The
Alps are located in central Europe, in a regioreeaing over 800 km across five countries
(France, Switzerland, Italy, Austria and SlovertigE to 17°E and 44°N to 49°N, Figure 6)
with a width ranging from 100 to 250 km. Their arigtion roughly follows an arc extending
from Southwest to Northeast. The mean altitude5802m, with the Mont Blanc (4810 m

a.s.l., at the border between Italy and France)dottie highest summit.

Figure 6 Topographic map of the EuropeAlpine region
(Source: http://en.wikipedia.org/wiki/File:Alpenied_01.jpQ).

Due to the geographical location in the midlatisidbe west-east orientation and the altitude
the Alps constitute an orographic barrier. Thugytdo not only interact with the incoming
air flow with e.g. orographic-induced precipitatidsut divide de facto the region in different
climatic zones. With respect to Switzerland thaaegorth of the Alps presents continental
climate whereas the Southern Alps are more affebbtethe Mediterranean (Wanner et al.,
1997; Beniston, 2006; Barry, 2008).

Therefore the region is heterogeneous in the dpdistribution of precipitation (Figure 7).
The northern rim extending over more than 600 kuh @istinct zones in the southern rim, i.e.
Ticino, north-eastern Italy and Slovenia experiehgher precipitation with locally more

than 2000 mm/year (Frei and Schar, 1998). The aortland the southern wet anomaly in
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Switzerland are connected through the St. Gottpass. In contrast, drier inner-Alpine areas
such as the Valais and Southeastern Switzerlarelviee¢ypically ~600-700 mm/year (Frei

and Schar, 1998). Moreover, precipitation amouetgegally increase with altitude.

[mm/d]

48° |-

46°

4 6 8" 10° 12° 14° 16°

Figure 7 Climatology of the mean annual precipitation in fday over the Alps for the
period 1971-1990, adapted from Frei and Schar (1998

2.3.1 Intraseasonal precipitation variability

Focusing now on the Swiss Alpine area a north-sgraldient of precipitation exists with the
Northern part receiving less precipitation througththe year relative to the Southern part
(~25%, according to Sodemann and Zubler, 2009)sfdening two stations indicative for the
Northern (Interlaken) and the Southern (Mosogn@sA(Figure 8), the seasonal distribution
of precipitation reveals that the two regions affected by different regimes, with the
Northern Alps generally receiving the maximum aégpitation in summer and the Southern
Alps having a bimodal distribution peaking in sgriand late summer-fall (Frei and Schatr,
1998; Eichler et al., 2004; Barry, 2008; Sodemand Zubler, 2009). The intraseasonal
precipitation variability over the Northern Alpsl@ver than in the Southern Alps (Figure 8).

35



Precipitation (m)

[
12 3 4 54 7 8 9101112

—=Interlaken (574 m) —— Mosogno (760 m)

Figure 8 (Left) Climatology of monthly precipitation for the perid®61-1994 for Interlaken,
located in the Northern Alps (N) and Mosogno, ie 8outhern Alps (S) (Eichler et al., 2004).
(Right) Locations of the two stations in Switzeda(nterlaken in blue, Mosogno in red).

The moisture sources for precipitation over thesAjpe multiple and show quite a high
intraseasonal variability. In a climatological sgpudising a Lagrangian diagnostic and
reanalysis data Sodemann and Zubler (2009) obseamrstl quantified the different

contributions to precipitation over the Alps oveetperiod 1995-2002. The Northern Alps
receive in general more moisture from the North&tlantic than the Southern Alps, which

conversely are more affected by the Mediterraneanfirming the presence of an orographic
barrier. In general precipitation over the Northé&ips is dominated by long-range transport
from the North Atlantic especially in winter andrisyg, when precipitation is due to the
extratropical cyclones developing over the NorthaAtic sector and moving eastward along
the storm track. In summer the main moisture souscdocal land evaporation and

precipitation, mainly convective, is due to locaktiabilities. The Southern Alps show less
strong contribution from the North Atlantic in wert and spring, similar local land

evaporation contribution in summer and a peak enNfediterranean moisture source in fall.
In general the intermediate seasons show a transhietween long range transport and
summer local moisture sources (Figure 9).

36



MNorthern Alps (NA) Southern Alps (SA)

() . \__?_%?f = ., = (b) . ',f— ;;%E;I%f’i‘{ Mjf"i
A2 L] B \“i’ y A Jui’.);g’ “o Gy
20 - 23 TR O
I} d‘{/_ * ‘.r:. ¢ a2 ; Jh\\
Qg g _'l g i ‘{Q‘:\\
ke ,’l ] L] ;‘C L b
P v A

)
&

(e 0.20
0.18
0.16
0.14

0.12

10.10
10.08

...
10.04

10.02

precipitation contribution (mm/d)

—0.00

Figure 9 Seasonal mean moisture sources for the Northgra &hd Southern Alps, left and
right column, respectively. DJF: winter; MAM: spgnJJA: summer: SON: fall. The shading
indicates the contribution of the evaporation te thagnosed Alpine precipitation in mm/day
integrated over Tkm? (Sodemann and Zubler, 2009).

2.3.2 Interannual variability: the North Atlantic Oscilla tion

Precipitation over the Alps shows also high valigbon longer timescales, from annual to
multidecadal (Wanner et al., 1997; Schmidli et2002). On interannual timescales the main
teleconnection pattern affecting the European reggahe North Atlantic Oscillation (NAO,
Hurrell, 1995). The NAO is primarily manifested alngh an oscillation of winter pressure
differences between the Azores high and the Ic&tdod (Figure 10). When the normalized
sea level pressure between the two centers ina¢bigeO+), the westerlies strengthen and
carry moisture and heat across the North Atlantiducing precipitation in Scandinavia
whereas Southern Europe experiences colder andadmelitions. During the opposite phase
the pressure gradient between the Icelandic lowtha@dAzores high is reduced (NAO-), the

westerlies weaken and the moisture transport idteshisouthward, generating more
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precipitation and higher temperature anomalies &aerthern Europe and the Mediterranean

region. Northern Europe receives less precipitagiot the temperatures are below average.

Figure 10 North Atlantic Oscillation main features. (Leftp$itive NAO. (Right) Negative

NAO. The Azores high and the Icelandic low are g¢atied by H and L, respectively. The
white arrow shows the direction and intensity @& shorm track, dry and wet zones are shaded
in yellow and light blue, respectively. Sea surfeemperature warm and cold anomalies are
shown in red and blue, respectively, together Wl arrows indicating the surface winds
directions and intensities. Adapted from http://wlde&o.columbia.edu/NAO by Martin
Visbeck.

The strength of the NAO is usually expressed with NAO index. Historically it was
conceived as the difference in normalized sea Igveksure between two representative
locations of the Azores high and the Icelandic |loespectively. For example, the index
presented by Hurrell (1995) wuses the data from dusb Portugal and
Stykkisholmur/Reykjavik, Iceland and reaches baBk4l (Hurrell and National Center for
Atmospheric Research Staff (Eds), 2013a). Due @oytar-to-year variability of the pressure
centers new indexes were created based on Emp@ithbgonal Function analysis (leading
EOF of sea level pressure or 500 hPa geopotergights anomalies over the Atlantic sector,
Figure 11), (e.g. Hurrell and National Center faméaspheric Research Staff (Eds), 2013b).
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Figure 11 (Above) Leading EOF of the winter (December to reeby) sea level pressure
anomalies over the North Atlantic region (20N-8@0W-40E) used to define the principal
component (PC)-based NAO index, together with theation of the two sites used to
calculate the normalized pressure differenceshferstation based-index (black dots). (Below)
Time series of the station based index (thick ltgether with the PC based- index (shaded)
(Hurrell and National Center for Atmospheric Resbdstaff (Eds), 2013b).

Several reconstructions of the NAO index are nowailalsle from literature and extend back
to the last centuries: e.g. Cook et al. (1998);eGhkuand Stockton (2001); Luterbacher et al.
(2001); Trouet et al. (2009). For a critical reviesgarding the different reconstructions, see
e.g. Schmutz et al. (2000). The main influencehefNorth Atlantic Oscillation occurs during
winter, whereas during summer the position of thwe foressure centers tends to shift
northward. Summer NAO was observed to affect Noestern Europe (Folland et al., 2009).
The NAO was thought to be the regional expressia leemispheric mode of variability, the
Arctic Oscillation (or Northern Annular Mode, Thosgn and Wallace, 1998; Marshall et al.,
2001). There is no clear evidence for a preferneddcale in the NAO variability (Hurrell
and Deser, 2009).

Whether and how the NAO influences the Alpine clienia currently highly debated. Studies
suggest that the NAO affects the Alpine precipitatthrough the Ryd-Scherhag divergence
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theory, with positive phases inducing a high presswer the Alps (Wanner et al., 1997;
Beniston and Jungo, 2002). According to that, dupositive NAO the jet-axis, determined
by the relative position of the Azores high and lidedandic low, is directed from south-west
to north-east and the Alps are located southeastsogxit zone, corresponding to the
divergence zone. In that case an ageostrophic coempovould be generated and cross-isobar
mass transport would take place with consequenease of the surface pressure over the
region. Warmer temperatures and less precipitationld occur. In the opposite case, the
pressure gradient between the Azores high andceiaridic low would weaken, reducing the
westerlies strength with consequent shift of themsttrack southward and development of
higher precipitation amounts and lower temperaturesr the region (Figure 12). This
explanation seems to be in agreement with the hifeguencies of anticyclonic weather
situations occurring in winter over the Alps durithg periods of higher NAO index (Wanner
et al., 1997; Stefanicki et al., 1998). For higidpine sites (1500-2000 m) Beniston (1997)
explained the anticorrelation between snow accutimmaand the high pressure induced by
the NAO in terms of reduced snowfall combined vatrly melting in spring due to reduced
snowpack. On the other hand, above those altitddjgine sites should not be significantly
affected, because even high-pressure situatiomselynivould initiate melting. Intermittent or
no significant relationships between the winter NA@d precipitation over the Alps were
found in other studies, where only the SouthernsAlpsulted to be anticorrelated with the
NAO (Schmidli et al., 2002; Casty et al., 2005; #Bani et al., 2009).

(@)  BOW 30°W 0° 30°E (b)  60°W 30°W o 30°E
> ! | : | |
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Figure 12 Schematics of the sea surface temperatures (S®Tyeopotential height at 500
hPa anomalies, together with the position and gthenf the storm track and the pressure
tendency over the Alps during a positive (a) angatige (b) NAO. Adapted from Casty et al.
(2005).
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2.3.3 Climate change in the Alps in the last two centurig

The climate variability over the Alps has been agieely investigated on different
timescales. With focus on the last two centuries A&LPCLIM (B6hm et al., 2001) and
HISTALP (Auer et al., 2007) projects developed ded datasets of temperature and
precipitation over the Alpine region, providing aiétd information. BOhm et al., (2001)
noticed a general increase of temperature of 1.kiACe 1890. Accordingly, Auer et al.,
(2007) quantified the temperature increase sin@® 19 1.0-1.4 °C depending on the region.
This estimated change is almost double of the ¢ltdmperature change (IPCC, 2007),
indicating the high sensitivity of the Alpine regido global warming. A change in the
seasonal distribution of precipitation was noticetth a strong increase in fall precipitation
for the period 1975-2000 (23-35% depending on thgion) and correspondingly drier
winters (-44%).

Although the snow height parameters in the Alpsadiected by relatively high interannual to
decadal variability (Laternser and Schneebeli, 2@xherrer et al., 2013), a decrease of the
Alpine snow pack was observed since the mid-198feaally at stations lower than 1300 m
a.s.l. This change was attributed to an increadedal temperature (Scherrer et al., 2004).
Analyzing the long-term (1915-2007) mass balanoenfdifferent glaciers in the Swiss Alps,
Huss and Bauder (2009) noted melt rate increasB0% per decade since 1975. Also the
snowfall frequency has changed dramatically. Sdrgtieal. (2011) observed a significant
decrease in snowfall days relative to precipitatiags over the periods 1961-2008 and 1979-
2008, at stations with temperatures close to théimgepoint (i.e. lower altitudes). This
especially applies to the spring season. The imgedgin of different snow parameters (mean
snow depth, duration of continuous snow cover amdber of snowfall days) showed that the
1990s were the least snowy decade since the 193sriiser and Schneebeli, 2003).
Beniston (1997) attributed the decrease in the smmaunt to the presence of persistent high
pressure fields over the Alps in late fall and wmtaused by positive NAO phases.

Over multidecadal timescales a link between thesSwvglaciers mass balances and the
Atlantic Multidecadal Oscillation (AMO) was foundytHuss et al. (2010). The AMO is an
oscillation of the sea surface temperatures ovemMibrth Atlantic, with periodicity of 65-70
years (Schlesinger and Ramankutty, 1994) and amdelit-0.4 °C (Enfield et al., 2001). The
strength of the AMO is measured through the AMCeidasically the average sea surface
temperature over the North Atlantic detrended fbe trecent anthropogenic warming
(Trenberth and Shea, 2006; van Oldenborgh et @092 When the AMO is in its positive
phase sea surface temperatures over the Northtistisimow positive anomalies. Huss et al.
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(2010) found an anticorrelation between the AMO #mal extent of the Swiss glaciers over
the last 250 years, with a lag between the ocefanaing and the glaciers response of few

decades and negative mass balance since 1985.

2.3.4 Water stable isotope research in the Alpine area

The Alpine region has a long tradition of measunet®@nd analysis of water stable isotopes.
For Switzerlands'®0O was analyzed in terms of spatial coherence (Rakiagt al., 1992;
Schurch et al., 2003), altitudinal changes (Siduget and Oeschger, 1980; Schotterer et al.,
1997; Schirch et al., 2003) and isotopic/tempeeatialibration, from both, GNIP station
(Rozanski et al., 1992; IAEA/WMO, 2013) and icee®data (Schotterer et al., 1997; Eichler
et al., 2001).

The investigation of the altitude effect confirmeiet a lineas™®0 decrease of -0.2%0/100 m
occurs with altitude (Siegenthaler and OeschgeB01%chirch et al., 2003), but also
highlighted that over such limited region the lovadtitude stations located approximately 50
km northwest (Bern) and southeast (Locarno) from Allpine arc deviate from these trend,
indicating different precipitation regimes and @ih processes (Schurch et al., 2003).

Some evidences of a north-south isotopic gradiesreviound (Schotterer et al., 2001). The
more enriched isotopic values at the southern sierge explained with the generally higher
local temperatures and the influence of the Meditezan Sea (Schirch et al., 2003).

The analysis of thé'®0/temperature relationship revealed higher isotmsitivity over the
Swiss Alpine area, with a higher long-term slopd93+0.07)%./°C compared to the value
(0.63+0.04)%0/°C for the European region (Rozanskile 1992).

The deuterium excess was extensively studied inAbstrian Alps. Results show that
differences arise depending on the altitude andtioc with respect to the mountain range,
with valley stations having a minimum in summer dne higher elevation sites a maximum
between June and October (Rank and Papesch, 2@)sninger et al., 2006). The authors
explained this difference with the fact that theutdeium excess in precipitation tends to
decrease due to sub-cloud evaporation processgégharextent of this decrease depends on
the cloud-earth distance (Kaiser et al., 2001; kebret al., 2008). A similar seasonality with
lower deuterium excess in summer was observed eatla altitude Locarno station in
Switzerland (Schotterer et al., 1993). Moreovegyttound that the Bergeron-Findeisen
process is particularly strong in late summer-fatiditional kinetic fractionation induces the
beforehand-described seasonality (Liebminger eR@D6). The influence of the atmospheric

circulation on the isotopic composition in meteonater was investigated using European
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winter precipitation data (Baldini et al., 2008)gidficant positive correlation between the
NAO ands™®0 in precipitation in central Europe was found.sThias explained by enhanced
warm westerlies that carry isotopically enrichedishoe from the North Atlantic and the
Mediterranean, whereas in negative phases coldoaiing from Eastern Europe would lead
to more depleted values. Accordingly, Field (20@B3erved a correlation pattern of observed
and modeleds'®O in precipitation with the sea level pressure cehe with the NAO,
although shifted eastward. A similar pattern wasamled with the 500 hPa height and
interpreted as a possible link with Arctic Oscilbat or the Northern Annular mode
(Thompson and Wallace, 1998). Recently it was alsown that over central Europe the
precipitation intermittency (i.e. the bias introédcfrom the difference between the seasonal
mean temperature and precipitation-weighted tentperadoes not alter the main correlation
pattern of the winter NAO with winter central Euegm temperature @20 (Casado et al.,
2013). This confirmed the validity of isotopic saras proxy for NAO reconstructions. The
influence of atmospheric circulation pattern on th@opic signal was also detected in tree-
rings, showing that summeét®0 signal over the Alpine region is positively cdated with a

high pressure over central Europe (Saurer et@L2R
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2.4 Alpine ice cores investigated in this study

The ice cores used in this study come from twoigtadn the Swiss Alps (Figure 13 and 14),

the Fiescherhorn glacier (Northern Alps), and then@gletscher (Southern Alps).

Figure 13 (Upper panel) Location of the two glaciers in Switand. The insert gives the
location of Switzerland in Europe. (Lower panelggeherhorn glacier (left, photo by Aurel
Schwerzmann), Colle Gnifetti and Grenzgletschdlinlyisites (right, photo by Kai Hassler).
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Figure 14 Topographic maps of the glaciers and drilling sit@seft panel) Fiescherhorn,
where FH1989 and FH2002 indicate the two diffediting sites only 100 m distant (Jenk,
2006; Schwikowski et al., 1999). (Right panel) Gigletscher (GG) and Colle Gnifetti (CG).

Source: Atlas of Switzerland, http://www.atlasdémgeiz.ch/).

The Fiescherhorn glacier (FH) is located in thethenm Alps (46°33'3.2” N, 8°04'0.4” E), at
an altitude of 3900 m a.s.l. and has an extendatively flat accumulation area with a steep
cliff to the North (Figure 14). Two ice cores wetelled on this glacier (Schwikowski et al.,
1999; Jenk et al., 2006; Schotterer et al., 199042 Here the main investigations were
conducted on the core extracted in December 2@a2hing bedrock at a depth of 151 m. In
Chapter 4 the results from another ice core, drille1989 and only 100 m distant are used to
assess the reproducibility of the records (46°38'6.N, 8°04'4.02" E, 3900 m a.s.l,
Schotterer et al., 1997; Schwikowski et al., 1989)rehole temperatures indicate that this is
a cold glacier, frozen to the bedrock (Jenk, 20®é&iwerzmann et al., 2006). The firn-ice
transition occurs at a depth of ~50 m (Jenk, 2006 Fiescherhorn FH2002 ice core covers
the period ~1680-2002, with a dating uncertaintg®fyears back to 1899 rising to 5 years
over the period 1818-1899. At the bottom the datingertainty is +30 years (Jenk et al.,
2006). Dating was performed with annual layer countsing the stable isotope record and
wiggle matching with the FH1989 ice core by idanéfion of stratigraphic markers. Details
about the dating of the Fiescherhorn ice core @ described in Jenk (2006). The surface
accumulation was estimated to be 1.7 m w.e./yeamk(J2006). The stable isotope record
covers almost the whole period, except two gapshie 6D record over the periods
~1893-1895 and ~1935-1939 due to bad core qualtity raissing data. Fa'°O the gaps
cover the periods ~1890-1895, ~1897-1899 and ~19B®. The stable isotopes were
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measured with Isotopic Ratio Mass Spectrometry (B}Mfter CQ equilibration ford*20 or
chromium reduction for théD in the group of Climate and Environmental Physatghe
University of Bern. The analytical uncertainty 8fO and 8D was <0.05%. and <0.5%,
respectively (Jenk, 2006 and Chapter 3). Melt festwvere observed, with low to moderate
relocation of ions toward lower depths (Jenk, 200&)vertheless, the stable isotope record
was hot significantly affected as shown by Schettat al. (1997) and Schwikowski et al.
(1999). Past accumulation rate reconstructions \atsmpted by Jenk (2006) for the whole
record, revealing questionable results before 180® to dating uncertainty and resolution
loss. In Schwerzmann et al. (2006) a novel tectenigeasuring the vertical velocity of firn in
the borehole was used and compared to a reconetruzsed on a simple Nye model (Nye,
1963), for the period 1940-2002. In this studyeafiompleting analyses of the stable isotopes
and concentrations of major ions, the dating wadighy revised and the accumulation
reconstruction covering the uppermost 60 m w.ecKlt@ 1950) is presented in Chapter 4.
The ice core from Grenzgletscher (GG) located m Monte Rosa massif, Southern Alps
(45°55'28” N, 7°52'3” E), was drilled in October 94, reaching the depth of 125 m (Eichler
et al.,, 2000, 2001). The estimated glacier thickrasthe drilling site deducted from radar
survey is 190 m (Eichler et al., 2000). The drdlisite is located at an altitude of 4200 m a.s.l.
in the accumulation area southwest and downstrdaimecColle Gnifetti saddle (Figure 14).
This ice core presents melt features and the btedbmperatures indicate partly temperate
ice (Eichler et al., 2001). The firn-ice transiti@nlocated at ~20 m w.e. depth (Eichler et al.,
2001). The record covers the period ~1937-1994) witlating uncertainty <1 year over the
period 1970-1994 and %2 years over 1937-1969 (Eickdt al., 2000). The surface
accumulation at the Grenzgletscher is high, 2.7 m/year (Eichler et al., 2000). For this
reason thé®0 record was obtained measuring the values evésr sample resulting in the
upper layers in sample numbers up to 90 samplas/fesmall gap is present over the period
~1968-1970, due to bad core quality and a failnréhé cooling system of the cold room with
consequent melting of the corresponding ice coctises (Eichler et al., 2000). T was
measured only over a short period, ~1977-1983. &f@® was measured with IRMS after
CO; equilibration and théD after chromium reduction at the Paul Scherretitlits The
analytical uncertainties of the measurements d.(for 5°0 and 1%. foisD (Eichler et al.,
2000, 2001 and Chapter 3). A second sampling ofGrenzgletscher ice core covering the
period 1961-1983 was recently performed in ordeextend back in time the record of the
deuterium excess, measured with a Wavelength-Sda@awity Ring-Down Spectrometer

(Chapter 3). The analytical uncertainty on the ragsment was 0.1%. and 0.5%. for t6f€O
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and oD, respectively. Melt features observed in the Ggégtscher ice core over the period
1985-1989 did not significantly alter the stabletagpe signal (Eichler et al., 2001).

The Colle Gnifetti ice core is only one of the saveores drilled at this site (e.g. Wagenbach
et al., 1988; Sigl, 2009; Bohleber et al., 2013)/I€ Gnifetti is a saddle located just 300 m
upstream of the Grenzgletscher drilling site, ia onte Rosa massif. The drilling site is
located at an altitude of 4450 m a.s.l. (45°55'30M 07°52°33.50"E) where the glacier is
cold, as borehole temperatures ranged betweemd 214°C (Haeberli and Funk, 1991). The
firn-ice transition occurs at about 40 m (Sigl, 9DQColle Gnifetti, one of the highest glacier
saddles in the Alps, is orientated in a west-easttion, parallel to the main wind direction
(westerlies). In winter, when the wind speeds agh,hpreferential snow erosion occurs due
to the fact that the snow is cold and not stickyeo the partial loss of the annual signal,
accumulation rates at this site are particularly [@.33 m w.e., Sigl, 2009), rendering the
Colle Gnifetti records exceptionally extended batkime for an Alpine ice core. Using a
novel dating technique based on the radiocarbotenbof carbonaceous particles, Jenk et al.
(2009) showed that Colle Gnifetti core covers thdire Holocene with evidences of
Pleistocene ice at the bottom. The accumulatiogsrakhibit a strong spatial variability over
the saddle, due to varying wind exposure conditi@®shoner et al., 2002; Sigl, 2009;
Bohleber et al., 2013). The record discussed Isecalled “CG03” from an ice core drilled in
September 2003 and reaching bedrock at a depth.8fr8, with an update in 2008 through
the drilling of a 10.5 m firn core (Sigl, 2009). &lstable isotopess'tO and §D) were
measured along the whole ice core with IRMS aftgrolysis reaction (analytical
uncertainties 0.1%o and 0.5%. f6t°0 andsD, respectively, Sigl, 2009). The Colle Gnifetti
ice core did not contain significant melt featu®gl, 2009).

A qualitative comparison of th&'?0 signal from these three Alpine ice cores is shamwn
Figure 15, to make the reader immediately famiigth the type of record he/she will be
confronted to. Two main features are notable: theteqgood seasonality found in
Fiescherhorn and Grenzgletscher, with maxima/mintgraesponding to summer/winter and
the relative strong smoothing of the signal for alle Gnifetti record, with notable bias

toward summer values.
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3 Analysis of$'°0 and 8D in liquid samples with a
laser spectrometer

3.1 Introduction and motivation

The measurement of water stable isotopes ratidseirtores is one of the bases of ice core
research and is nowadays a routine operation. Mathods are available and offer different
solutions depending on the needs of the user @@me optimization, low analytical
uncertainty). A comprehensive description of thestmgsed techniques can be found in de
Groot (2004).

Conventional Isotopic Ratio Mass Spectrometry (IRNMSone of the most used methods for
the measurement of isotopic ratios of the waterecude (Mook, 2000). The principle of
IRMS is to measure the different compounds by sd#jpey them according to their different
mass/charge ratio. In the IRMS the molecules arsitigely ionized by electronic
bombardment and subsequently accelerated usirgharbltage electric field (~MV). The ion
beam enters a magnetic field perpendicular to taetr&c field, where due to the Lorentz
force their trajectory is circularly deflected. Bese of their different masses the ions follow
different paths, with the heavier travelling alomdarger curvature trajectory with respect to
the lighter ones. The ions are eventually colledted~araday cups where the signal is
converted in electric current and their relativairadances can be obtained compared to a
reference standard.

Although it is in principle possible to directly asure the water ions with the IRMS, it is
commonly preferred to convert them into other coommuts as water tends to be adsorbed on
surfaces introducing strong memory effects (Platzb@97). Different methods are available
and the examples presented here illustrate thenigpobs previously used for the ice cores
analyzed by the Group of Analytical Chemistry ire tbaboratory of Radiochemistry and
Environmental Chemistry (LCH) at the Paul Schemstitut, Switzerland. Some of them, as
specified below, were employed in collaborationfwiihe Ecosystems Fluxes Group of the
Laboratory of Atmospheric Chemistry (LAC) at theuP&cherrer Institut and with the
Climate and Environmental Physics Group from then@le Physics Department (KUP) at
the University of Bern. For the measurement of&@f® one of the most used techniques for
IRMS is the CQ equilibration (Epstein and Mayeda, 1953), whewahvolume is filled with

an aliquot of the sample water and with £gfas.
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Through the intermediate formation ot®Ds, the equilibration of the products is obtained
after few hours according to the following reaction

H,"®0+C"0, — H,'°0+C"°0"0

The different CQ isotopologues are then measured with the IRMS tAnough the ratio
c'0™0/Ct0, the §*%0 is obtained5'®0 in the Grenzgletscher ice core was measured by
Eichler et al. (2000) with this technique in the CAat the Paul Scherrer Institut, using a
Finnigan MAT Delta S spectrometer. The analyticalcertainty was <0.1%.. The
Fiescherhorn ice co@®0 values were also obtained with this method anekweeasured in
the KUP at the University of Bern with a FinniganAWR50 system. The analytical
uncertainty was <0.05%o (Jenk, 2006).

The IRMS can also analyze tla®, but a different reaction is needed to reduceewad
hydrogen (H). For the Grenzgletscher and the Fiescherhornaces the chromium reduction
technique was used, in the first case in the LA@atPaul Scherrer Institut (Eichler, personal
communication) and in the second case in the KUBiatUniversity of Bern (Jenk, 2006).
This method is based on the following chemical tiead Gehre et al., 1996):

2Cr + 3HO — Cr0O3 +3H;

The reaction, i.e. water reduced with chromium,uogedn a reactor kept at temperatures
higher than 800°C. The hydrogen thereby producethés analyzed with the IRMS, a
Finnigan MAT Delta S (LAC, Paul Scherrer Institaiyd Finnigan MAT250 (KUP, Bern).
The analytical uncertainties 8D was <0.5%o in both cases.

Another technique that in principle can be usedbiath 5'°0 andsD is based on pyrolysis.
This method is described here in greater detaihbise it was applied for a second set of
samples from Grenzgletscher ice core covering tbeog 1961-1983 (see below). The
technique is based on conversion of the oxygehentater to CO in a pyrolysis reaction and
subsequent measurement with a mass spectrometeeparation of the different isotopes.
The IRMS used is a Finnigan DeltaPlusXP installedhe Ecosystems Fluxes Group (LAC)
at the Paul Scherrer Institut (Figure 1).

The sample water is injected into the Temperatuweversion Elemental Analyzer (TC/EA)
mainly consisting of a glassy carbon tube kept4&t0fC and filled with carbon grit in order
to maximize the yield of the following reaction (Kexl| et al., 1999; Saurer and Siegwolf,
2004):

H,O+C—CO+H,

The CO produced is then transported with carries @zelium) through a GC column

maintained at 70°C where a kinetic separation of f@& interfering gases with the same
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mass like Noccurs. The three main CO isotopologues are segzhirathe mass spectrometer.
The ions with mass 28%C*%0), 29 ¢3c*0), 30 {°C'®0) are collected in Faraday cups and
compared to a CO reference gas. Other rarer islutgpes can be present due to the different
isotopes of carbon and oxygen (€', 2’O). In this case a correction accounting for their
concentration is automatically performed. Throulgh determination of the mass ratio 30/28
it is possible to determine th&0/*°0 ratio hence th&'®0. The calibration to the international

standard (VSMOW, see section 3.3.4) is done by oreds internal laboratory standards

every 15 samples.

autosampler
He-carrier reference gas

@ P IRMS
an
furnace

open

GC-column split

[

capiliary
to IRMS

\
' 1 'I
28] |29] [30
® ascarite trap
fan
E computer
Modified Elemental Analyzer E]

Figure 1 (Left) Finnigan DeltaPlus XP mass-spectrometeduse the measurement of the

second set of GrenzgletschiefO samples (Table 1). On top the autosampler, otefhé¢he
TC/EA module (see text) and at the bottom the nspextrometer. (Right) Scheme of the
pyrolysis-IRMS system (Kornexl et al., 1999).

The analytical uncertainty of tH#°0 measurement is <0.2%. is shown in section 3.3 an
Table 1. With this instrument it is in principle gsible to measuréD from the H produced
during the pyrolysis, however the uncertainty shdwarge variations, achieving values
<0.5%0 but mostly approaching ~1%.. This latter valees considered too high and therefore
the Grenzgletscher samples were not analyzedDowith this technique. Neither were they
measured using the chromium reduction technique taltechnical issues.

The IRMS can provide through various methods egoélineasurements of the water stable
isotopes ratios. However, it is not always feastbleneasure oxygen and hydrogen isotopes

simultaneously due to the different settings of #lectro-magnetic fields needed. The
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Wavelength-Scanned Cavity Ring Down Spectrometr${@RDS) technique overcomes this
problem, measuring*®0 andsD at the same time. The instrument is technicaélgier to
operate compared to the IRMS and is more robustyilg application on the field. This is
fundamental in the investigation of ice cores, véhl@ngth can range from hundreds of meters
(Alpine ice cores) to kilometers (polar ice cores).

In December 2011 a WS-CRDS spectrometer (Picarrd3Q2) was purchased by the
Analytical Chemistry Group at the Paul Scherretifas for the measurement of the water
stable isotopes in ice cores.

This chapter focuses on the setup and charactenzat the WS-CRDS spectrometer and on
the measurements performed on the samples extriotadthe Grenzgletscher ice core. The
oD record was incomplete and covered only the lichiperiod 1977-1984. We therefore
decided to extend it back to 1961, in order to mere information about the deuterium
excess. Because of the high surface accumulatteratahis glacier (2.7 m w.e., Eichler et al.,
2000) with negligible thinning in the uppermosttpair the core and consequent time cost of
the analysis, the analyzed period was limited %©119983.

As explained in the following sections, for the @ed sampling thé'®0 was measured with
two different instruments, allowing for interlabtwey comparison. The techniques used and

their analytical uncertainties are summarized ihl@4d.

Year Laboratory Period Method Instrument  §'%0 Analytical
covered Uncertainty
2000 PSI, LAC 1937-1994 Co DELTA S, < 0.1%o0

equilibration Finnigan MAT

2011 PSI, LAC 1961-1983 Pyrolysis-CODELTAplusXP, < 0.2%0
production  Finnigan MAT

2012 PSI, LCH 1961-1983 WS-CRDS Picarro L2130-i < 0.1%o

Table 1 Chronology of thés*®0 measurements of the Grenzgletscher samples.sBirgpling
and measurements completed by Eichler (2000, 2@49dond sampling done in 2011 and
measurements performed in 2011 (with IRMS) and 20dth WS-CRDS), see the following

sections.

In section 3.2 the principles of the WS-CRDS teghgiare presented. The characterization of
the instrument is described in section 3.3. Inieac®.4 the method comparison of WS-CRDS

and the IRMS techniques is shown. Conclusions atldak are presented in section 3.5.
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3.2 Wavelength-Scanned Cavity Ring Down Spectrometry
(WS-CRDS) technique

The WS-CRDS technique was initially developed bKé&efe and Deacon (1988) with the
aim of improving the sensitivity of the conventibnabsorption techniques for the
measurements of trace compounds, e.g. in air palludtudies. There is nowadays a broad
range of applications, from emission to bio-pharewdical monitoring (e.g. Paul and
Saykally, 1997). In the case of environmental sssdcommercial systems developed by the
U.S. company Picarro measure water stable isotapesras well trace gas concentrations
(www.picarro.com). The focus of this chapter is the L2130-i spectrometer for the

measurement of the oxygen and hydrogen ratiogjindiwater samples.

3.2.1 Principle of the WS-CRDS technique

The physical basis of the absorption techniqueesebn the Lambert-Beer law Eq. (1),
stating that the intensity of the light travelingrdugh a medium decreases due to the
interaction with the medium and is described byeerédasing exponential function. The rate
of absorption for a determined wavelength depemdghe sample concentration and on the
path length:

| =1, explax) (1)

lo and | are the light intensities before and after traveysthe medium,a=oN is the
absorption coefficient, witk(1) the absorption cross section for a determined lgagéh and

N the density of the samplejs the path length.

For conventional absorption techniques, given apéaraf thicknesd., and measuring and

lo, the corresponding coefficient and eventually the species concentnai® obtained.
However, this approach is not sufficiently sengitvhen measuring very low concentrations
and the signal to noise ratio is too low.

An alternative way is offered by the WS-CRDS teduei (Figure 2). The main idea is to
increase the path length in such a way to get anrate determination of the time constant
of the intensity decay, hence, of the sample canagon.

This technique is based on infrared (IR) lasersabse the main vibration modes of the water
molecules are in this frequency range. An IR laseed on the water molecule absorption
wavelengths enters a cavity containing two higkeagivity mirrors (reflectivity R=99.999%).
Three-mirrors cavities like in the case of the RizdVS-CRDS spectrometer better support
the traveling wave. When a threshold is reachesl ldBer is shut off and the light bounces

between the mirrors. Their high reflectivity extenthe path length by a factor of °10
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allowing for an accurate determination of the dawgyight intensity. The intensity obviously
decreases due to the not perfect reflectivity ef mirrors, i.e. at each reflection the light is
partly transmitted. The intensity decrease follalwe Lambert Beer law. A photodetector
located behind one of the mirrors measures thismamptial decay with high accuracy because

the sampling time is much lower than the decay tamigBusch and Busch, 1999).

Ringdown
cavity Detector
Laser pulse
Tunable = r| [ o=l I -
laser "A s Sample -
>
R L R

Computer uE: lwm
i R T = [iif i
Digital ]. .'.'l. ALLAARARARAA £
storage Time
oscilloscope | :

Figure 2 Scheme of a CRDS with a cavity length L and tworons of reflectivity R.
Adapted from Paul and Saykally (1997). For the RPac&2130-i a continuous wave (CW)

laser is used.

The time constant of the decay, called also “ring down” from the lagg with the sound of

a bell ringing down, can thus be determined giwimg “empty cavity” factor, i.e. the decay
only due to the cavity characteristics (size andars reflectivity). When a sample is present
in the cavity the intensity decrease is faster suéhe additional absorption by the sample
(Figure 3).

Measuring the total absorption (though the timestamt) and knowing the “empty cavity”
factor it is therefore possible to retrieve theajeonly due to the sample absorption, hence,
its concentration. This technique is particularlytable in the case of low concentrations

where the high time constant of the decay allowsaecurate estimation of the absorption

coefficient.
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Figure 3 Scheme of the ring down time of the cavity with@blue) and with (green) the

absorbing species (sample). Source: www.picarro.com

3.2.2 Mathematical description

For the mathematical description of the technigleage refer to (Busch and Busch, 1999)
and Figure 2. Tuneable IR diode laser light engeta/o-mirror cavity of reflectivityR and
lengthL, respectively (a completely analogue derivatiory iha obtained considering three-
mirror cavities). If the cavity does not containyaabsorbing species, the laser intensity
decreases with time following the Lambert-Beer lawth a loss given by the following

factors:

I(t) =1, ex —( Loss j Numberof reflectiors (Number of round trips)
Reflection Round trip

The first factor is simplyl-R, considering that the transmittivity is given through the
Kirchoff's law, with T=1-R. The second factor corresponds to the numbereofrtinrors, in
this case 2. The last factor is the path coverdteatimet by the laser photons travelling at
the speed of light (c=3-1@n/s), i.etc/2L, where a roundtrip corresponds to the total lewdgth
the cavity, in this case 2L. The intensity at tineett is then given by Eq. (2):

|a):uex{—@—R{tj} 2)(

The time constante of the decay due to the empty cavity losses istithe after that the

initial intensity b has decayed by a factor e, i.¢)/I;=€™:

r =@ (3)
2(1-R)

wheretg= 2L/c is the transit time for a round trip.

If the cavity contains an absorbing species, tlss Is given by the loss per round trial(,
with « the absorption coefficient usually expressed ifnfctimes the number of round trips

(tc/2L). The total loss can now be expressed as:
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Total loss= (1~ R)t—f+ aLt—f =[a-Rry+ oa_]tfC @

Eq. (2) thus becomes:
I(t) =1, exp{[— (1-R)+ aL]tLC} (5)

Analogue to the empty cavity case it is possibledéine a time constant for the total decay
TT-

. L (6)
T d@-R) +aL]

Obviouslytr < 1g, because the intensity decay is enhanced by themresof the absorbing

species.

The absorption coefficient can finally be retrieved combining Eg. (3) and (6)

azl(l_l] @
C\t, T,

Physically this means that knowing only depending on the cavity characteristics, and
measuring zr it is possible to retrieve the absorption coeéiiti hence the sample

concentration.

3.2.3 Description of the L2130-i Picarro laser spectromedr
A photo and a scheme of the Picarro L2130-i spewtter are shown in Figure 4. The

instrument consists of an autosampler (Leap Tecywd PAL, model HTC-xt), a vaporizer
usually kept at 110°C, a 25 cm long cavity (33°cinserted in a metallic box containing the
hardware as well, two wash stations for the pret post-cleaning of the syringe (containing
ultrapure water, 18.2 Bicm at 25°C and methylpyrrolidinone solution, hereaMPD), and
two pumps (external units for the A0211 module)gidpurity N (>99.999%) is used as
carrier gas and is supplied to the instrument & &rm and at a pressure of 2.5 psi (172
hPa). The pre- and post-cleaning procedure candapted upon the user's need. The
analyzer software controls the measurement andagispt on a screen connected to the

instrument.

The measurement procedure we adopted is describfdl@vs. The water samples obtained
from molten ice are stored in 2 mL clear glass svidhfochroma, model G074B-12/032-

Si/Te-H). No previous filtering is applied sincesicore samples are particularly pure and
there is no need of pre-treatment for this typeawdlysis. The vials are collocated in two

autosampler trays with a capacity of 54 sample$.eafter a pre-cleaning with the sample
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(70% of the syringe volume), the syringe extracisL2that are injected into the vaporizer
(A0211 module), and vaporized at a temperaturel®F@. The water vapor is flushed into
the cavity that is constantly kept at subatmosghpressure of 67 hPa. This reduces the
broadening of the spectral lines. The temperaturety is stabilized at 80°C. Picarro
guarantees both, high pressure and thermal syaffll®03% of an atmosphere and 0.006% of
room temperature, respectively, www.picarro.cont)e Bmall volume of the cavity allows

fast gas exchange rates. The laser used is a 5CWWliode laser.

:@I Sample
gas inlet

" 5
High-finesse optical :O g;iztge
*Ring-down” cavity with

3 high-reflectivity mirrors 0 Temperature
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4 | [XCflow
(to pump)
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Optical
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Figure 4 (Left) Photo of the Picarro L2130-i spectrometertire Analytical Chemistry
Laboratory OFLG/203 at Paul Scherrer Institut. (RigScheme of the Picarro WS-CRDS
(Source: www.picarro.com). The system consists ofuaable diode laser, wavelength
monitor, cavity with high reflectivity mirrors witthigh stability temperature and pressure
controls, photodetector and electronics for thedallection and analysis. The water sample
is previously vaporized and injected through thes galet and after the measurements
removed with the pump system.

After the build-up phase lasting tenth of microsetsy the laser is abruptly shut off. The
circulating light decreases because of both, “engatyity” and sample absorption factors.
The decay constant (order of magnitude n&pfor a selected wavelength is retrieved and the
laser is then tuned to a different wavelength, stcana range of wavenumbers between
7199.80 crit and 7200.40 cih(corresponding to 1.3888n and 1.388%m respectively, see
Figure 5). A patented wavelength monitor can sartipespectrum at a very high resolution
(AMX=10"), corresponding to 2MHz for the frequencies comsid here (www.picarro.com).

The absorption due to the “empty cavity” factoratrieved using baseline at the wavelengths
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without specific absorption. The three peaks inuFeg5 correspond to the concentrations of
the three main water isotopologues. The analyzer italeed measure the absolute
concentrations of the different molecules, nevéeg® it returns the quantities in the

conventionab®0, D scale.

Command/Log | Laser1 | Laser2 | Laser3 | Laser+ | WarmBox | HotBox | Pressure | WavelengthMontor | Ringdowns | Statstics | Shel

sof

Loss (ppmicin)

7199.85 7192.90 7199.55 7200.00 00.05 7200.10 7200.15 7200.20 7200.25 7200.30 7200.35 7200.40

Wavenumber (1/cm)

Figure 5 Snapshot of a single scan of the isotopologuesrptisns of a water sample as a
function of the wavenumber from the Picarro Com¢molThe loss due to the absorption is
expressed in ppm/cm, the wavelengths are giverairenumbers (ci). Each red line shows
the absorption for a certain scanned wavelengtle fhinee peaks correspond to the three
isotopologues b°0, H,*®0, HDO. When no sample is present in the cavitg, ithss is
between 1.01 and 1.03 ppm/cm.

Every sample measurement consists of several seandllustrated above and the
corresponding peak for typical water content in ¢heity is usually 20000 ppm compared to
the 150 ppm of the empty cavity, as shown in thpengpanel of Figure 6. Due to the high
stability of the instrument, every peak consista @lateau. Part of this plateau (the red line in
the graph) is then selected based on stabilitgr@aitand all the measurements in this part are
averaged to get the final value. One cycle of mesasant including pre-cleaning, injection,
analysis and post-cleaning usually lasts ~10 m@subBrie to memory effects, described in
section 3.3.1, Picarro suggests repeating the guveesix times. As a result one hour is
needed for the complete measurement of one sariple. pumps are connected to the

vaporizer and to the cavity, respectively. Thelithe sample away after the measurement
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cycle and keep the system at subatmospheric peedRight after the injection, the syringe is
cleaned once with ultrapure water and once with M#elution. This substance showed to

considerably prolong the syringe’s life by reducthg friction of the plunger.

Ml CRDS Data Viewer
Settings View Tools Help

PICARRDO Isotopic Water Analyzer

Alarms

S System Alarm
| C

& H20_High
. H20 Low

H20 (ppm)

CavityTemp (°C)

Delta_18_16 (%)

—

Shutdown ]

Restart User Loa(s) ]

Copyright Picarro, Inc: 1998-2012

Figure 6 Screenshot of the “DatViewer” interface. The watentent, cavity temperature and
580 measured with time are shown in the upper, middig lower panel, respectively. The
red highlighted parts correspond to the measuresnesed by the analyzer for the sample
evaluation. Note the high stability of the cavigynperature and of tf¢°0 during the sample
measurement compared to the empty cavity due tohije water content (~20000 ppm

compared to ~135 ppm).

Different types of syringes have been tested. FrsuL Hamilton syringe (number 203189)
was tried, adjusting the injection volume tquR. However, the water content injected was
unstable, exceeding the recommended value of 2@IMR:ppm. JuL SGE syringes (model
SG001982) were then used, but the plungers gotebrbk the autosampler. Other two types
of Hamilton syringes were thus tried: a D (model 80366) and a 10L gastight syringe
(model 203206). The latter was eventually chosaerab®e good stability in the water content

was observed. The amount of water injected wadlyisat to 2.1QuL.
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3.3 Characterization of the instrument and calibration of the
laboratory standards

The instrument characterization consisted in thierdanation of memory effect, drift and
analytical uncertainty. For this purpose two intdrtaboratory standards provided by the
Ecosystem Fluxes Group of the Laboratory of AtmesighChemistry (LAC) as well as

ultrapure water were used (Table 2).

Name 8'%0 (%) 3D (%o)

Haus3 -10.03%0  -71.7%o

Miki2 -20.2%0  ~-95%0
Ultrapure water  =-10%0  ~-74%o

Table 2 Isotopic composition of the waters used for theratirization of the WS-CRDS
spectrometer. Note that Haus3 and ultrapure wagebasically the same water, coming from
the Paul Scherrer Institut and that thie value of the Miki2 standard is only roughly

estimated.

For the Miki2 standard only an approximate valuéfis given. Moreover, the approximate
values of ultrapure watér'®*0 anddD, measured with the laser spectrometer, are dtieeto
fact that no calibration was made at this stages (section 3.3.4). However, for the
determination of the memory effect and drift theed not matter because the evaluations are
exclusively made on the measured values. The clodiosing more than one water standard
at this stage of the instrument characterizatios ea@ne in order to establish whether drift and
memory effect change with the isotopic value.

Subsequently three new internal laboratory starsdaete prepared and calibrated.
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3.3.1 Memory effect

A memory effect is observed when the measuremeatfésted by the previous one, due to
unavoidable traces of the previous sample in thiegy and cavity. In order to reduce this
effect, it is suggested to repeat the measurenteleiaat six times and utilize only the last
injections for the evaluation of the sample (wwwasro.com).

To determine the memory effect and establish thabmx of injections to be retained two
water standards Haus3 and Miki2 were used. Therdifice in theib*®0 values reflects the
typical summer to winter Alpine ice cores fluctwas (values typically ranging between
-10%0 and -25%o, Schwikowski et al., 1999; Jenk, 2686 Chapter 4). It is notable that the
oD difference of the standards is much smaller caeghdo the Alpine rangeA$D~25%o
compared to ~100%. for the Fiescherhorn record, J&tl06). It results to deviate
significantly from the GMWL (Craig, 1961; Rozansdi al., 1993), from which an estimated
value ofdD~-150%0 should be obtained. This is probably dusttong deuterium enrichment
in this water when the standard was prepared.

For the investigation of the memory effect two caseere considered: excursion from less
negative to more negative isotopic values and vasa. In order to do that 15 Haus3 and 15
Miki2 1 mL samples were measured alternatively {sjections for each of them). This way
it was additionally possible to estimate the dste section 3.3.2).

In Figure 7 thes*®0 value (blue line) and the water content (blagk)@lotted against time. It
Is possible to notice the memory effect on thet figections of each sample. The water

content resulted to be stable within the requireisien
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Figure 7 (Blue) 5'°0 of the measured standards Haus3 (less negatice)Vaki2 (more

negative). (Black) Water content detected at eagtiion.
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For the evaluation of the memory effect a simplprapch was used. The “true value” was
defined as the average of the isotopic value ofasethree injections5t®Ougn.etn i.€. from the
fourth to the sixth injection). The resulting memaroefficient M was then defined as
follows:

M=5"%0i/5"®0utn-6tn 8) (
where “i” denotes the i-th injection, from 1 to Without carryover from the previous
injections, M would be equal to 1. In reality it nts to 1 with time.
After changing from Miki2 to Haus3, the first vatuef Haus3 tend to be more depleted,
giving a coefficient slightly lower than 1. In thepposite case, the coefficient is slightly
higher than 1. In order to report both cases timeesaay, the quantity 1-(M-1) was used for
the isotopic changes Miki2-Haus3. The M coefficgeabtained for each isotopic change were

then averaged and are shown in Figure 8, for &8 andsD.
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Figure 8 Memory coefficients as defined in Eq. (8) &3O (left) andsD (right). Blue dots
indicate the isotopic changes from Miki2 (more a¢gdl) to Haus3 (less depleted), red dots
from Haus3 (less depleted) to Miki2 (more depleted)

The first injections are in fact affected by a meyneffect of less than 2% in bo#?0 and
oD. The memory effect significantly decreases to 2¥%er the last three injections. It was
therefore decided to inject each sample six timed ase the average of the last three

injections as result.
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3.3.2 Instrument drift
With the same test it was also possible to estirttagedrift of the isotopic values. Picarro

guarantees a 24 hours drift below 0.2/0.8%. for 3© andsD, respectively. In order to
characterize the drift for this instrument %180 andsD values as described in section 3.3.1
were taken, averaging the last three injectionstebd of performing the drift test repeating
measurement of the same sample several times, Stdeaided to use the previous test
because the alternating isotopic values betteecell real measurement. Results are shown in
Figure 9.

The drift was slightly dependent on the isotopitueawith stronger trends associated to more
isotopically depleted samples (Miki2). With respéstthe §*°0, it was found a trend of
0.15%c/day for Haus3 and 0.2%o./day for Miki2. For &i2the trend was 0.7%./day for Haus3
and ~1%o/day for Miki2. In general, a relative chargd 1% with respect to the isotopic value
was observed over 24 hours. It is also interestingiotice how the3*®0 measurements

approach the true value without calibration, whertiés is not the case for tiB.
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Figure 9 Drift effect for Haus3 (top) and Miki2 (bottom)h&5*20 andsD drift is shown on
the left and right, respectively.
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3.3.3 Determination of the analytical uncertainty

Before estimating the total analytical uncertaiatyevaluation of the instrument precision is
presented. Due to memory effect the precision wemed as the standard deviation of the
last three injections. Picarro guarantees a patisf 0.025 and 0.100%. fdi*°0 andsD,
respectively. In Figure 10 the standard deviatibr@aus3 and Miki2 is plotted as a function
of the measurement number, i.e. time. The time éetwone measurement and the following
is approximately two hours because of the altengatieasurements of Haus3 and Miki2. The
graph thus shows the variation of the standardadievi estimate over more than one day. For
the '%0 higher variability is observed in Miki2 whereas theSD no significant differences

are present between the two standards. The ermanstdshow particular trends over time.
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Figure 10 Instrument precision evaluated as the standarihtiew of the £-6" injection as a
function of time, for Haus3 (blue) and Miki2 (red}20 andsD values are shown in the upper

and lower panel, respectively.

The estimate of the total analytical uncertaintgugt take into account the additional sources
of error introduced by the memory and drift cori@et(sections 3.3.1 and 3.3.2), as well as
the propagation of the uncertainty associated ¢ostandards used for the calibration. This
latter quantity is shown in section 3.3.4, dedidatethe calibration of the internal laboratory
standards. The analytical uncertainty accountimdgHe correction factors was estimated to be

0.1%o for5*%0 and 0.5%. foBD.
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Compared to the IRMS techniques (pyrolysis and €Quilibration for5*°0 and chromium
reduction for 6D), the L2130-i spectrometer shows in general coaiga to lower

uncertainties in both parameters (Table 3).

Laboratory Method Instrument  §'%0 Analytical 8D Analytical
Uncertainty  Uncertainty
PSI, LAC COo, Finnigan MAT < 0.1%o
equilibration Delta S
PSI, LAC Chromium Finnigan MAT < 0.5%0
reduction Delta S
KUP, Bern COo, Finnigan < 0.05%0
equilibration MAT250
KUP, Bern Chromium Finnigan < 0.5%0
reduction MAT250
PSI, LAC Pyrolysis-CO DELTAplusXP, < 0.2%0 < 1%o
production  Finnigan MAT
PSI, LCH WS-CRDS Picarro L2130-i < 0.1%o < 0.5%0

Table 3 Analytical uncertainties a¥20 and3D for the different laboratories and techniques.
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3.3.4 Laboratory standards calibration

As explained in section 3.2.3, the spectrometemeaasure the absolute concentrations of the
three main isotopologues. Nevertheless it ret@fi® andsD values because this is the
convention internationally used. Offsets introdudsdthe instruments could be present. In
order to quantify and correct for these offsetssinecessary to measure standards whose
isotopic composition is known and transfer thisrection factor to the measured samples.

A water standard is a reference material of knosatopic compositions20 andsD in this
case) specifically prepared and distributed toléii®ratories in order to align the measured
values to a common, intercomparable scale. Theraliffierent types of reference materials,
according to the level of purity reached. The pryneeference material or “international
standard” is the material against which the samgplexpressed (Groning, 2004). These
standards are provided by the International Atomitnergy Agency (IAEA),
http://nucleus.iaea.org/rpst/ReferenceProductsf@ebeMaterials/Stable_Isotopes/2H180-
water-samples/index.htm. Currently they are VSMOWi2nna Standard Mean Ocean Water
2), with 8'®%0=0.00%0, 6D=0.0%, and SLAP2, with§*0=-55.50%0, 6D=-427.5%o
(International Atomic Energy Agency (IAEA), 2009)hose standards substitute the previous
VSMOW and SLAP materials that are almost exhaudBetause of the limited amount of
these waters, IAEA releases only 20 mL per laboyadwery three years. Thus is not possible
to use directly these primary reference materiatgie measurements. It becomes necessary
to prepare internal laboratory standards whosens&sasily accessible and available in large
amounts and calibrate it against the primary refegenaterials.

The range of isotopic values from Alpine ice coregyenerally between -10%o/-75%. and
-25%0/-175% for5*?0/5D (Schwikowski et al., 1999; Jenk, 2006). It wasréiore decided to
prepare three different internal laboratory staddacovering approximately this range. That
means obtaining a more depleted (~-25%o/-180%o) ngarmediate (-17%o/-125%0) and a less
depleted (-10%o/-70%o0) water standard. In order tatd, snow collected in Alpine regions in
Switzerland (Scuol, Rueras) and samples from Ahtarcwere used. The (uncalibrated)
isotopic value of the three waters was adjustedatiging the depleted Antarctica water
(uncalibrateds*®0~-32%., 5D~-260%0) and ultrapure water from the Analytical eBfistry
Group laboratory at the Paul Scherrer Institut &libcated §'%0~-10%o, 5D~-74%o).
Eventually approximately four liters of water foaah standard were obtained and were
distributed in two bottles of 2.5 L each. The miieof the bottles, amber glass, is such to

isolate as much as possible the material and rethecéractionation. These three standards
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were labeled “Scuol”, “Rueras” and “Labwater” degigrg on the origin of their major
component.

For the calibration of the internal laboratory stards it was decided to use other four IAEA
standards that better cover the isotopic range Y&aMOW?2 and SLAP2. These standards
were used for the fourth IAEA interlaboratory compan exercise (WICO 2011, Ahmad et
al., 2012). Their isotopic values are given in Eadl

Name 8°0 (%o) 3D (%o)
OH-13 -0.96+0.04 -2.29+0.94
OH-14 -5.59+0.05 -37.69+0.82
OH-15 -9.37+0.04 -78.01+0.77
OH-16 -15.41+0.04 -113.81+0.94

Table 4 Isotopic composition of the four WICO2011 standanded for the calibration of the
internal laboratory standards. The values wererated at the IAEA Isotope Hydrology
Laboratory. The errors indicate the standard uag#st for a single measurement given at 1
level (Ahmad et al., 2012).

For each of these standards, provided by the EtawyEluxes Group at the Paul Scherrer
Institut, 1.5 mL was taken. In order to minimize ikotopic jumps between the samples, they
were measured in the following order: OH-13, OH-13H-15, OH-16, Scuol, Rueras,
Labwater. As mentioned before, each of the intetalbbratory standards is stored in two
bottles, thus, one sample from each of the bottles taken, labeling it with the suffix “1” or
“2”, respectively. Each sample was measured onbedsix injections) to minimize possible
drift effects. In total, every run lasted approxieig ten hours. After each measurement the
caps were replaced with new ones to further reduditional exchange through the hole
produced by the needle. The complete run was regesat times. After few weeks the entire
procedure was repeated using new samples, i.eigtadmother 1.5 mL of the WICO and
internal laboratory standards. In this second tdaseuns were repeated eight times.

In total 14 measurements of the WICO standardstiegewith the internal laboratory
standards were obtained. For the calibration a legsares linear regression of the certified
WICO values versus the measured ones was perfofonegach of the 14 runs. The “true
value” of each internal laboratory standard couddtben established from the regression

equation, see also Figure 11.
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As a quality check of the runs the uncertaintiesailed for both theé'0 andsD were
inspected. It was decided to exclude a run whenavereasurement gave simultaneously
errors bigger than 0.1%. for tl#%0 and 0.5%. for théD. With this threshold two runs were

excluded.
0 1 1 1 1 1
g 5 OH13|
ooo 10 4 Labwater OH14 i
o OH15
O
L -15 Rueras _ B
© _ OH16
2 20 P y=(0.993+0.003)x + (0.126+0.030)
© Scuol - 2_
3 - R?=0.9998
25 L
T T T T T
25 -20 -15 -10 5 0

Measured §'°0 (%0)

Figure 11 Calibration line (black) obtained from the four @0 standards for the first
calibration run. The dashed red lines show preatichiound at & level. The values for Rueras

and Scuol are extrapolated from the fit. The statierror of the estimate resulted to be 0.03,

not visible at this scale.

The weighted average of the remaining data was tesaslsess the final calibrated values. For
the weights the quantity /svas used, wheré svas the prediction boundd{level) obtained

for the sample. This way it was attributed lessghieto those measurements that resulted less
predictable. The values obtained are shown in Table

The 5'®0/5D relationship derived from these valuess3=(8.00+0.16§*%0+(10.17+2.79),
with a R=0.998. This result is in agreement with the GMWtained by Rozanski et al.
(1992) for the long-term annual mead®=(8.20+0.07)*0+(11.27+0.65).

Name 580 (%o) 3D (%o)
Scuoll  -23.77+0.03 -181.0+0.3
Scuol2  -23.77+0.03 -181.6+0.3
Ruerasl  -17.08+0.02 -124.2+0.2
Rueras?2  -17.10+0.02 -124.0+0.2

Labwaterl  -9.96+0.02  -70.8+0.2
Labwater2 ~ -9.93+0.02  -70.4%0.2

Table 5 Final isotopic values of the internal laboratoryargtards obtained from the

calibration procedure and subsequent weighted gwgraThe uncertainties given here were
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calculated as the error on the weighted mean,vifi8re SZ(1/5) and i=1,...12 (the number
of the calibration runs utilized). The two valueseach standard are compatible within the

uncertainties.

3.3.5 Measurement protocol and instrument performance

Here a brief description of the samples preparatod of the evaluation procedure is
presented. The samples are obtained by cuttingltve.water obtained from melting the ice
samples is transferred into 2 mL vials via pipeitel the vials are sealed with caps. No
filtering is needed for the stable isotopes measards. The storage at very low temperatures
(-20°C) is suggested to prevent additional fractam.

For the evaluation of the samples a Microsoft ERc&orksheet is used. Prior to the
measurement, the first standard (Scuol) is measweg (12 injections) in order to reduce
memory effects from the previous measurement. Badhe three standards is measured once
(6 injections) in the order Scuol-Rueras-Labwatasrg 10 samples to monitor the drift. The
throughput is 20 samples/day, which is lower coragan 60 samples/day achievable with
the IRMS. One run can range from 20 samples upOteamples depending on the users’
needs. Longer measurements are discouraged beadustrong drifts and possible
instabilities that might arise. The data are saagdcsv files and imported into a Microsoft
Excel® file where a series of automatic evaluatimsione. The water content of each
injection should be always plotted as well as tlaDAcquisition System (DAS) temperature
in order to see whether there are instabilitiese DIAS temperature usually ranges between
40 and 45°C. It was noticed that it tends to oatll following the diurnal cycle of
temperature, with excursions in the order of 1-2fCwinter it follows the heating system
cycle of the laboratory with a peak at around 17a8@ a minimum at 5:00. Outliers in the
measurement might be revealed by jumps in the D&Bperature or strong trends. The
standard deviation of the last three injectionsaugsomatically evaluated in the worksheet
where it is immediately possible to verify whethibere are measurements exceeding the
thresholds established fér%0 and&D. Plots of the trends of the uncalibrated stanslard
(Labwater, Rueras and Scuol) are generated in dodsee whether there are outliers in the
measurements. If this is not the case, the caidiras done using the first measurement of the
three standards and evaluating the equation ofepeession line. The goodness of the fit is
assessed through thé. Rl the following samples are then calibrated iagathis regression
line. This procedure differs from what is suggedigdPicarro in the PostProcess tool, where a
set of 10 samples is evaluated against the prewwtarglards. It was thought that the several
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calibrations performed for each set of 10 sampleghtrhave introduced discontinuities and
therefore it was chosen to use only the first $standards for the calibration and if necessary
to correct for drift secondly. The evaluation oé ttirift is done by both checking the plotted
standards values against time and, if a trendasqmt, estimating the difference between the
lowest and the highest value. If the differenckarger than the analytical uncertainty, as most
of the times (indicating also that the major souofeuncertainty is given by the drift), a
correction is performed.

The reference value for the drift correction is Rwsebecause it represents intermediate
isotopic values. A linear regression is done basedthe Rueras standards and the estimated
drift is therefore subtracted from all the sampldsually trends involve all the standards
(perhaps with different amplitudes), however ial&ways suggested to check case by case. In
some measurements a drift was detected i@ values but not in th&D. After the trend
correction, a final check of the uncalibrated, lm@ted and drift corrected data is done
evaluating the average and standard deviation effittal values obtained from the three
standards. This way it is possible to monitor theldy of the calibration and correction for
each isotopic standard.

Another possibility for the evaluation of the datas proposed by Gréning (2011). In a
Microsoft Excel® spreadsheet it is possible to agldhe measurements and perform an
automatic evaluation procedure similar to what wessented previously. This spreadsheet
accounts for different measurement techniques aclddes calibration and drift correction.
For the memory effect, a special correction inahgdall the injections is used attributing less
weight to the first measurements so that it isnetessary to exclude the first injections. This
tool might be used in parallel for checking quabfythe two evaluation procedures.

The stability of the instrument performance wasrabterized evaluating the analytical
reproducibility over the period April 2012 - Janya2013. The three internal laboratory
standards Scuol, Rueras and Labwater were selanteatder to characterize possible
variations of the reproducibility dependent on thetopic value. Each of th&'?0 andsD
values listed in Tables 6 and 7 was extracted fiteensecond measurement block of the three
standards, i.e. after the first 10 samples accgrtinthe measurement protocol. This block of
standards is not used to obtain the calibratiorvewut instead treated like a block of
samples. Therefore the final values contain alluheertainties due to calibration, correction
for memory and drift. The analytical reproducilyilitan then be defined as the standard

deviation of the values obtained from independeeasnrement series shown in Tables 6 and
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7 (twelve different days). The data indicate thghhilegree of stability of the measurements
(Figure 12).

For the three isotopic values the retrieved repeiiity is <0.11%o. and <0.4%. fo$'%0 and
oD, respectively. This is in good agreement with élnalytical uncertainty estimate of 0.1%o
and 0.5%o given in section 3.3.3. The obtained mianthe individual standards is not
different from the reference value (Table 5) withie given analytical uncertainty, which is

further indicating that those estimates are redslena

8180 (%o)

Date Scuoll oamething Ruerasl oamenin, Labwaterl ocan-sthinj
1) 04/04/2012 -23.69 0.02 -17.05 0.03 -9.89 0.01
2) 13/04/2012 -23.61 0.02 -17.07 0.02 -9.74 0.04
3) 23/04/2012 -23.51 0.04 -17.02 0.01 -9.92 0.01
4) 30/04/2012 -23.49 0.01 -17.04 0.02 -9.94 0.02
5) 07/05/2012 -23.70 0.02 -17.07 0.04 -9.90 0.03
6) 16/05/2012 -23.54 0.03 -17.05 0.02 -9.95 0.05
7) 21/05/2012 -23.71 0.02 -17.07 0.03 -9.92 0.02
8) 30/05/2012 -23.88 0.02 -17.05 0.02 -10.06 0.03
9) 26/06/2012 -23.78 0.02 -17.08 <0.005 -9.91 0.04
10) 13/08/2012 -23.70  <0.005 -17.05 0.01 -9.94 0.01
11) 14/12/2012 -23.61 0.02 -17.15 0.03 -9.99 0.03
12) 25/01/2013  -23.72 0.02 -17.09 <0.005 -9.91 0.02
Mean (%o) -23.66 -17.07 -9.92
6 (%o) 0.11 0.03 0.07

Table 6% from Scuoll, Ruerasl and Labwaterl samples medsiuring the period April
2012 - January 2013, together with the the analpeecision given as the standard deviation
of the last three injections. The calibraté8O was corrected for drift and memory. Mean and

reproducibility are shown in the last two rows.
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3D (%)

Date Scuoll oamething, Ruerasl oamenin, Labwaterl ocan-sthinj
1) 04/04/2012 -181.0 0.2 -124.1 0.2 -70.7 0.1
2) 13/04/2012 -180.2 0.2 -124.0 0.1 -70.7 <0.05
3) 23/04/2012 -180.3 0.2 -123.8 <0.05 -71.0 0.1
4) 30/04/2012 -180.1 0.2 -123.9 0.1 -71.0 0.2
5) 07/05/2012 -181.3 0.2 -124.3 0.1 -71.3 0.2
6) 16/05/2012 -180.5 0.2 -124.1 <0.05 -71.3 0.3
7) 21/05/2012 -181.3 0.2 -124.3 0.2 -71.1 0.2
8) 30/05/2012 -180.9 0.2 -123.4 <0.05 -70.6 0.2
9) 26/06/2012 -181.1 0.2 -124.1 0.2 -71.1 0.2
10) 13/08/2012 -180.9 0.2 -124.1 0.1 -71.3 0.1
11) 14/12/2012 -180.8 0.2 -124.3 0.1 -71.1 0.2
12) 25/01/2013 -181.3 0.2 -124.2 0.1 -71.1 0.2

Mean (%o) -180.8 -124.1 -71.0
6 (%o) 0.4 0.3 0.2

Table 78D from Scuoll, Ruerasl and Labwaterl samples medgiuring the period April
2012 - January 2013, together with the the analpeecision given as the standard deviation
of the last three injections. The calibratddl was corrected for drift and memory. Mean and

reproducibility are shown in the last two rows.
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3.4 Measurement of3*°0 and 8D in Grenzgletscher ice core
samples

After the calibration procedure was completed iswassible to start measuriafO andsD

in samples of the Grenzgletscher ice core. Thenguttas done following the dating given in
(Eichler et al., 2000). Knowing the time scalewds possible to select the samples thickness
for each core in such a way to get on average 2Gples per year, distributed in an
equidistant way. A gap covering approximately tkearg 1968-1970 is due to the loss of three
ice core sections (number B157-B159), that werdadddecause of a failure in the cold room
cooling system. With respect to the previous samgplit was possible to cut also the section
B156, consisting of several chips, covering apprately the second half of the year 1969.
The number of samples prepared for this periodeng 100 ice core sections of length 50-
55 cm, was finally 523. The samples were meltedhllwas transferred into 2 mL vials
which were sealed with caps with rubber/PTFE sépfachroma, model GO03-AC-Ru/Te).
The vials were then stored at a temperature of €Qhtil analysis.

3.4.1 Comparison of3'®0 measurements with WS-CRDS and IRMS

As explained beforehand*®0 from the second set of Grenzgletscher samplesweasured

in spring 2011 with an IRMS (pyrolysis technique)the Ecosystems Fluxes Group, LAC at
the Paul Scherrer Institut. The measurements df &30 andSD of the same samples were
performed with the WS-CRDS, installed in Decemb@L2 This way it was possible to
obtain a comparison of the measurements oétf@ with two different instruments.

The comparison between the measurements made kathRIMS and with WS-CRDS is
shown in Figure 13. They are plotted against tlotig® number. This way it was possible to
compare the results with the previous measurenpamtsrmed by Eichler et al. (2000), where
a different sampling resolution was adopted (séewje The general agreement between the
IRMS and the WS-CRDS measurements is very goody witstandard deviation of the
residuals (root mean square error, RMSE) of 0.3%b discrepancies of 0.2%. on average
(mean of the absolute values), within the analiticecertainties of the two instruments. More
generally, the values oscillate between -0.5%0. ah&%o (Figure 13 middle and lower panel).
The Pearson correlation coefficient resulted t® 896 (p<0.001). There are however several
values between the section 120 and section 14Gkimar systematically higher discrepancies
(up to +2%o). This would mean that somehow thosepdasiresulted enriched when measured

with the WS-CRDS spectrometer. Probably those sasngncountered some isotopic
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exchange during the storage period (one year). Mgkt be due to no proper closing of the
caps or exchange with the air because of the hdleei cap produced by the needle.

Another comparison was done with the results obthifrom the previous sampling by
Eichler et al. (2000). In that case #1€O was measured with a G@quilibration technique.
The analytical uncertainty was estimated to be %0.(Mable 1 and Eichler et al., 2000).
Figures 14 and 15 show the comparison of this tgcenwith the WS-CRDS and IRMS
(pyrolysis), respectively. For the discrepanciest phe means*®0 for each section was
evaluated averaging all the points belonging tostaion.

In both cases the values are significantly coreglatvith a Pearson correlation coefficient of
0.84 (p<0.001) for the comparison with WS-CRDS argb (p<0.001) with pyrolysis-IRMS
measurements3t?O averaged over the section). The discrepanciew shanean value of
-0.52%0 and -0.40%o. for the first (Figure 14) andmet (Figure 15) comparison, respectively,
indicating an offset between the two measuremaevith,isotopically lighter values in Eichler
et al. (2000). The RMSE evaluated regressing ligethe WS-CRDS on the IRMS (GO
equilibration) and the two IRMS techniques (pyradyagainst C@equilibration) was in both
cases 1.9%o, indicating lower agreement betweerd#t@sets when considering the averages

over the sections.
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3.4.2 Deuterium excess

Figure 16 shows the complete records810 and deuterium excess measured with the WS-
CRDS. The analytical uncertainty of the deuterixness data is evaluated propagating the
uncertainty of bott$*20 andsD. It results to be (0%0.5)Y?~ 0.5%a Contrarily to the3*0,

the deuterium excess does not show any particeémonal cycle and the record is affected by

high frequency fluctuations.
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Figure 16 (Upper panelp'®0 (Middle panel) deuterium excess raw data measwid\WS-
CRDS. (Lower panel) Discrepancy plot as in Figuse 1

Notably, samples with extremely low deuterium escalso showed the highest discrepancies
of the3'%0 measurements with the IRMS. This result seentondirm that between the first
measurement in 2011 and the second one in 2012thimse samples an additional
fractionation occurred, most likely due to evapowatfrom the vial and subsequent

enrichment in thé'®0 and decrease in the deuterium excess.
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Finally a qualitative comparison with the deuteriencess obtained with G@quilibration
(6*%0) and chromium reductioB) is shown in Figure 17. The analytical uncertgiot 5D

was 0.5%o, resulting in an uncertainty for the deute excess 0£0.5%o.

1984 1983 1982 1981 1980 1979 1978 1977
o5 | | | | | | | |
. 20 4 L
o\g 4
w15 *\ S ; . ‘ I\ i
a { RS \ } N A\ * i
§ — )‘\‘ " Y‘J‘ ‘ ‘ ! w ‘,‘? \‘t" .\ ' 4 ‘wl
D 10 1 [ \) " | T ! M
5 I |
5 s | :
5 !
()
D 0 - |
—— IRMS-CO,EQ/CHR
—— \WS-CRDS
'5 T T T T
o\g 8 1 1 1 1
=
T
5 i
2
o
O -
?
0
[m]
a i
Q
n
'Og -8 T T T T
83 93 103 113 123 133

Section Number

Figure 17 Grenzgletscher deuterium excess retrieved from IRM® CO, equilibration
(5*%0) and chromium reduction techniqudj in green and from WS-CRDS*O andsD).
(Upper panel) Deuterium excess (d) raw data. (Lopaarel) Discrepancy plot ofw@d.cros
drvs-coeqichr Note that the time axis on top is not linear doghe different number of
samples per year.

Excluding the part where evaporation occurred etals (~1977-1979) the raw data show,
except few sparse outliers, that there is a gooekemgent in the trend, whereas the
comparison of the mean values for each core revegher discrepancies. This is due to the

influence of single point-to-point discrepancieghe averaging process.
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3.5 Conclusions and outlook

The WS-CRDS laser spectrometer installed in thelysical Chemistry Group at the Paul
Scherrer Institut was characterized in terms of wmwdrift and analytical uncertainty. The
calibration of the internal laboratory standards wane considering the typical isotopic range
in the Alpine ice cores. The measurement of the doee samples coming from the
Grenzgletscher was performed and was useful insssge the discrepancies with two
measurements previously done, with a pyrolysis-IR@&me sampling) and with a €O
equilibration-IRMS technique (first sampling, Eiehlet al., 2000). Results showed a good
agreement within the analytical uncertainties @ theasurements, although some samples
likely experiences evaporation with consequentaamnent in the3*?0. A confirmation of
that was obtained from the deuterium excess valsleswing accordingly lower values.
Compared to the short record of deuterium excetsrad by Eichler et al. (2000), the values
measured with WS-CRDS show a good agreement iriréimel, whereas the point-to point
discrepancies introduce significant differences nvisemparing the mean core values. The

developed method resulted to provide high quakiiad
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Abstract

Water stable isotope ratios and net snow accunoulati ice cores are commonly interpreted
as temperature or precipitation proxies. Howevely o a few cases a direct calibration with
instrumental data has been attempted. In this stgdipok advantage of the dense network of
observations in the European Alpine region to wgsty test the relationship of the annual
and seasonal resolved proxy data from two highdpiteed ice cores with local temperature
and precipitation. We focused on the time perio61t2001 with the highest amount and
quality of meteorological data and the minimal uteiaty in ice core dating (x 1 year). The
two ice cores were retrieved from the Fieschertybawier (Northern Alps, 3900 m a.s.l.), and
Grenzgletscher (Southern Alps, 4200 m a.s.l.). Aalpel core from the Fiescherhorn glacier
allowed assessing the reproducibility of the iceeqaroxy data. Due to the orographic barrier,
the two flanks of the Alpine chain are affected digtinct patterns of precipitation. The
different location of the two glaciers therefordeo$ a unique opportunity to test if such a
specific setting is reflected in the proxy data. ®mseasonal scale a high fractions6O
variability was explained by the seasonal cycléeofiperature (~60% for the ice cores, ~70%
for the nearby stations of the Global Network aftéges in Precipitation (GNIP)). When the
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seasonality is removed, the correlations decrearsallfsites indicating that factors other than
temperature such as changing moisture sourcesrgprépitation regimes affect the isotopic
signal on this timescale. Post-depositional phem@maay additionally modify the ice core
data. On an annual scale, tl°O/temperature relationship was significant at the
Fiescherhorn, whereas for Grenzgletscher this vimes dase only when weighting the
temperature with precipitation. In both cases thaction of interannual temperature
variability explained was ~20%, comparable to tlaugs obtained from the GNIP stations
data. Consistently with previous studies, we fouan altitude effect for thes'®0 of
-0.17%0./100 m for an extended elevation range comgidata of the two ice core sites and
four GNIP stations. Significant correlations betweeet accumulation and precipitation were
observed for Grenzgletscher during the entire permf investigation, whereas for
Fiescherhorn this was the case only for the lessnteperiod (1961-1977). Local phenomena,
probably related to wind, seem to partly disturd Eiescherhorn accumulation record. Spatial
correlation analysis shows the two glaciers torifi@@nced by different precipitation regimes,
with the Grenzgletscher reflecting the characteriptecipitation regime south of the Alps
and the Fiescherhorn accumulation showing a pattene closely linked to northern Alpine

stations.
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4.1 Introduction

The stable isotopes ratios in meteoric watB®of£°0 and, similarly’H/*H, not discussed in
this paper) are widely used as temperature prox@wig, 1961; Dansgaard, 1964).
Commonly these ratios are reported in the deltatitst ¢'°0 and &°H or D) with &
denoting the deviation from an international refee standard (e.g. VSMOW, Vienna
Standard Mean Ocean Water) in per mil (%o).

To a first approximations*®0 in meteoric water can be considered as a proxytHe
condensation temperature in the cloud with itsataon within the water cycle described by
the Rayleigh distillation model. The heavy isotagples preferentially condense with respect
to the lighter ones and progressive distillatiosurs as the air mass loses moisture through
precipitation (Dansgaard, 1964). The primary mibnggical processes affecting this proxy
within the water cycle (equilibrium and non-equilibm fractionations) are known and can be
guantified (Dansgaard, 1964; Jouzel and Merlivag4t Ciais and Jouzel, 1994; Gat, 1996;
Araguas-Araguéas et al., 2000). However, severaofacmay change the isotopic signal
before, during and after the precipitation everdr Fstance, sub-cloud processes such as
exchange and re-evaporation may lead to additivaefionation, leaving an imprint in both,
raindrops and remaining vapor (Friedman et al.,2198isi et al., 2008; Field et al.,
2010).These secondary processes however do nat aiéid precipitation in the form of
snow (Friedman et al., 1962; Field et al., 2010).

Besides the microphysical processes, changes ahth&ture sources may additionally affect
the isotopic signal (Rozanski et al., 1993). Prigafipn intermittency (Casado et al., 2013) or
seasonality (Perrson et al., 2011) may bias % toward the season with more
precipitation. In this case th&®0 should be associated with the precipitation-weigh
temperature than the mean temperature (Jouzel, €t987a; Kohn and Welker, 2005; Sturm
et al., 2010). The interpretation of t#&°0 signal in natural archives may be further
complicated in the case of ice cores, where posbsigonal processes can lead to signal
alteration (e.g. Stichler and Schotterer, 2000;08eher et al., 2004). These processes may
involve melting and refreezing (Jouzel and Souctké8?), diffusion (Johnsen, 1977; Johnsen
et al., 2000), snow removal by winds (Wagenbachlgt1988; Schoener et al., 2002) and
sublimation (Stichler et al., 2001).

In order to understand such a complex signalsti® in precipitation can be investigated
following different approaches: using (i) obsergatl data from global precipitation
collection networks such as the GNIP data set (JAENO, 2013), enabling
3'®0/temperaturedt®0/T) calibrations for different regions in the wabi{Yurtsever and Gat,
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1981; Rozanski et al., 1992, 1993), (ii) natur@hares such as ice cores, tree rings and lake
sediments (e.g. Bradley, 1999) which allow accesgetords exceeding the period of direct
instrumental measurements, (iii) models to inveséghe underlying physical processes such
as simple Rayleigh distillation models (e.g. Jourel al., 1997b) or more complex
atmospheric general circulation models (GCMs) altgao track the water throughout the
hydrological cycle, accounting also for other pss=s such as changing moisture sources,
evaporation, and interaction with subcloud wateg.(€iais and Jouzel, 1994; Jouzel et al.,
2000; Jouzel, 2003; Noone and Sturm, 2010). Medewheveral isotope-equipped GCMs
are available and their output has recently beeesiigated through the Stable Water Isotope
Intercomparison Group (SWING2) experiment (Sturralgt2010; Conroy et al., 2013).

In the European Alpine region and specificallyhie Swiss area investigated in this study, the
interpretation of the isotopic signal results padarly challenging due to a distinct
topography, with the Alps acting as a divide betwé#ee Mediterranean and the European
continental climate (Barry, 2008). The Northern #\jre dominated by the influence of North
Atlantic air masses in winter and land evaporatiosummer whereas the Southern Alps are
characterized by higher intraseasonal precipitatiariability and substantial contribution
from the Mediterranean, especially in spring antiswn (Frei and Schar, 1998; Eichler et al.,
2004; Sodemann and Zubler, 2009).

Common features in precipitation may be observedwinter under the influence of
midlatitude cyclones arriving from the North Atlantby means of intensified westerlies.
Systems advected from the North or the South @@ faéquent (see e.g., Eichler et al., 2004;
Barry, 2008). In this case, precipitation affectpexcially one flank, often accompanied by
Foehn situations on the other side. In winter trev@iling directions of the cyclones are from
the Northern and Western quadrants. As a consequeragraphic precipitation over the
Northern Alps and consequently Foehn over the Swotilps is a common phenomenon.
Similarly, atmospheric disturbances arriving frame southern quadrants especially in spring
and autumn generate Foehn situations over the &lorhlps (Barry, 2008). It is nonetheless
known that Foehn events are not always associaithdovecipitation over the other flank, as
shown in Seibert (1989). Convective systems couiilbo the whole region’s precipitation as
well, especially in summer (Frei and Schar, 199&hler et al., 2004; Barry, 2008;
Sodemann and Zubler, 2009). The resulting climatpls such that in general there is more
precipitation over the Southern Alps, peaking irrgpand autumn and less precipitation over
the Northern Alps, with a large maximum in summiere{ and Schar, 1998; Eichler et al.,
2004; Sodemann and Zubler, 2009).
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Both, GCMs and also higher resolved regional modet¢snot able to spatially resolve the
Alpine subregions affected by their characterigpiecipitation regimes. However, an
extended monitoring network exists over this aeeal several studies have been conducted
for the time where instrumental records are avildlsiegenthaler and Oeschger, 1980;
Rozanski et al., 1992; Schirch et al., 2003). ®iation between altitude and change of the
isotopic value as well as the°0/T relation has been quantified, using 8180 data of the
GNIP station network. A lapse rate of ~-0.2%0/100 was obtained (Siegenthaler and
Oeschger, 1980; Schirch et al., 2003) and gendragher long-term slopes compared to the
rest of Europe were found (Rozanski et al., 198)cause of the changes in moisture
sources, the intraseasonal variability of prectta is relatively high, especially on the
Southern side where a mixture of sources origigatiom the North Atlantic Ocean, the
Mediterranean region, the North Sea and Baltic&eaell as from European land surface re-
evaporation contribute to the total annual preatmpn of a specific site (Sodemann and
Zubler, 2009) and may thus significantly affect 8120 signal. Such an influence of changes
in large-scale circulation patterns was observedline tree-rings (Saurer et al., 2012).
There is large potential offered by Alpine ice e terms of reconstructing past changes in
the climate and the hydrological cycle, but a beftederstanding of the signal deposited on
the glacier is needed. Some studies which comlnisteumental and Alpine ice core data are
available (e.g. Rozanski et al., 1997; Schottetreal.e 1997; Eichler et al., 2001; Sigl, 2009;
Bohleber et al., 2013). Ice cores extracted fromAlps proofed to be valuable tools for the
reconstruction of atmospheric pollutants and stdietheir transport (e.g. Wagenbach et al.,
1988; Schwikowski et al., 1999, 2004). Howeveramtioned before, the interpretation of
the isotopic signal is not straightforwait®0 records a signal only when snowfall occurs
(Jouzel et al., 1997a; Sturm et al., 2010) andasedsy of precipitation and post-depositional
effects can be very local phenomena, causing eagidititude site to behave uniquely.
Investigating the precipitation climatology neae tglacier can thus provide fundamental
information about the proxy deposition. Using tlaadfrom the Grenzgletscher ice core (also
investigated in this study) Bronnimann et al. (20&8ldressed the problem of irregular
sampling of weather events by natural archivesindpke forward model was developed to
replicate the ice core on a sample-by-sample basis daily meteorological data, which well
reproduced accumulation adtfO variations on a sub-seasonal scale over the reosht 15
years of the ice core record. The uncertaintiesiged by irregular sampling in the relation
between ice-core proxies and mean climate werestigated with a new reconstruction

method, a Monte Carlo re-sampling approach of langteorological records. Low
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correlations between annual mean temperature agapitation-weighted temperature were
obtained, as a given combinationsofO and accumulation can be achieved in many differen
ways.

Beside 5'%0-derived temperatures, also reconstructions ot pasumulation rates from
mountain glaciers are available (Henderson e28D6; Schwerzmann et al., 2006; Herren et
al., 2013). The reconstructed net accumulation lbanregarded as precipitation proxy,
considering few caveats. (i) In order to account tfinning effects, such reconstructions
require an accurate description of the glacierflloe by means of physical models. (ii) The
glacier only records the net balance between whed deposited and what was removed
during the year, e.g. by partial melting, wind @épasor sublimation. (iii) Precipitation at
high-altitudes can be a very local phenomenon. fegéon such as the Alps, characterized by
high temporal and spatial variability of the clincaparameters, the interpretation of the net
snow accumulation rate as a proxy for regional ipretion might thus be limited even in the
case of negligible post-depositional effects.

In this study we focus on annually and sub-annuadiyolved records 0820 and net
accumulation from two highly resolved ice coregrrthe Northern and the Southern Alps, in
order to investigate whether and how the tempegadnd precipitation signals are captured at
these sites with the final goal to improve the ustiading of the ice core proxié&0O and
net accumulation. We take advantage of the unigoporunity offered by the dense
observation station network over this region. Hos tetailed study, we focus on the most
recent decades (1961-2001), where amount and yjudlihe available instrumental data is
highest and the dating uncertainty in the ice caganinimal. In section 4.2 the datasets are
described. The analysis of th&®O/temperature and the accumulation/precipitation
relationship is discussed in section 4.3 and caiehs and implications are presented in

section 4.4.

4.2 Data

4.2.1 Ice core sites

In this study we investigate two Alpine ice coresge from the Northern Alps (Fiescherhorn,
FH) and the other from the Southern Alps (Grenzgle¢r, GG), see Figure 1. From the
Fiescherhorn glacier several ice cores have bedlectad (Schotterer et al., 1997;

Schwikowski et al., 1999; Schotterer et al., 2002k, 2006). Here we mainly focus on the
records from the core extracted in December 2082¢hing bedrock at a depth of 151 m
(46°33'3.2" N, 8°04°0.4” E, 3900 m a.s.l., Jenk0BY Additionally the results from the core

100



recovered in 1989 are used to assess the reprddycdd the records (46°33'6.28" N,
8°04'4.02" E, 3900 m a.s.l.,, Schotterer et al.,7199chwikowski et al., 1999). The two
drilling sites are 100 meters apart on an extenedatively flat accumulation area with a
steep cliff to the North. The ice core from Gremtgther in the Southern Alps (Monte Rosa
massif, 45°55’28” N, 7°52'3” E, 4200 m a.s.l.) waegracted in October 1994, reaching a
depth of 125 m, Eichler et al., 2000, 2001). Thdinly site is located in the accumulation

area downstream of the Colle Gnifetti saddle, werany other ice core studies were
conducted (e.g. Schotterer et al., 1985; Wagenbtah, 1988; Schwikowski et al., 2004).
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Figure 1. (Upper panel) Topographic map of Switzerland shgwhe position of the two
glaciers, Fiescherhorn (FH), and Grenzgletscher )(Gsburce: Atlas of Switzerland,
http://www.atlasderschweiz.ch/), together with theation of Switzerland in Europe (insert).
The numbers indicate the weather stations nearFtBscherhorn, according to Table 2.
Engelberg (1), Grimsel Hospiz (2), Grindelwald (&uttannen (4), Interlaken (5), Kleine
Scheidegg (6), Lauterbrunnen (7), Leukerbad (8),rikigen (9), Murren (10). Squares
indicate the location of the Jungfraujoch (whiteJdaGrand Saint Bernard (black) weather
stations and the triangle the position of the Idittale stations Bern (white) and Locarno
(black). (Lower panels) Topographic map of the ¢coee drilling sites (source: Swisstopo,
http://map.geo.admin.ch/). The left panel showsldication of the FH1989 and FH2002, the
right panel shows the position of the Grenzgletsdniéling site (GG).

4.2.1.1 Dating of the ice cores

The dating of the ice cores was established wittuli-parametric approach involving:

. Annual layer counting of the seasonally varyingnsig, like5'®0 (see Figure 2) and
concentration of Nif, whose maxima correspond to summer and minimaimoew
(Schwikowski et al., 1999)

. Horizons indicated by spikes in the records of dleahspecies which correspond to
well documented events: e.g., theé?Omaximum in 2000, 1977, 1990 as a tracer for a
prominent Saharan dust fall (Schwikowski et al93;9Jenk, 2006, triangles in Figure
2), 13'Cs for the Chernobyl accident in 1986 (Schwikoweskal., 1999; Eichler et al.,
2000, circles in Figure 2fH with a peak in 1963 from thermonuclear bomb tests
(Schwikowski et al., 1999; Eichler et al., 2000nkKe2006, squares in Figure 2)

. Nuclear dating using*°Pb (Eichler et al., 2000)

Due to the presence of stratigraphic markers arbpreserved'®0 seasonality (see Figure 3
and section 4.3.1.1) the resulting dating uncetyaior the period considered in this study is
+1 year for both ice cores. This value was emgligicastimated as number of ambiguous
annual layers that were attributed between thereet® horizons. The Fiescherhorn core
covers the time period from ~1680-2002 AD, and @renzgletscher core the period from
~1937-1994 AD. The latter has a gap in the dataHertime period 1968-1970, due to bad
core quality and a failure in the cooling systenth@ cold room with consequent melting of
the corresponding ice core sections (Eichler et2000). The FH1989 covers the period
1946-1989 AD, for further details see (Schotteteale 1997; Schwikowski et al., 1999).
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Figure 2. 5'°0 raw data from Fiescherhorn core drilled in 206#4,(top, first 60 m w.e.
corresponding to the period 1961-2001), and Grextggher (GG, bottom, first 70 m w.e.,
corresponding to the period 1961-1993, with a gafhé period 1968-1970). White and gray
alternating bars show the different annual lay&re reference horizons used for the dating
are indicated as follows. Triangles: Saharan dusnis (2000, 1990, 1977). Circles:
Chernobyl accident in 1986. Squares: tritium peak963. The stratigraphy of FH1989 was
extensively described in (Schotterer et al., 18hwikowski et al., 1999).

4.2.1.2 Ice core$*®O data

The 5'%0 in both ice cores was measured by Isotope RatissMspectrometry (IRMS) after
CO; equilibration in the Climate and Environmental Biog group at the University of Bern,
Switzerland for the Fiescherhorn (Jenk, 2006) anthe Paul Scherrer Institut, Switzerland
for the Grenzgletscher (Eichler et al., 2000). @halytical uncertainties were <0.05%o for the
Fiescherhorn and <0.1%. for the Grenzgletscher. Miatailed description of the analytical
procedures is given in Schwikowski et al. (1999 denk (2006) for the Fiescherhorn cores
and in Eichler et al. (2000, 2001) for the Grentggleer core. In the upper part discussed here
(see also section 4.2.1.3), the Fiescherhorn reconthins ~15-25 data points per year and
Grenzgletscher ~20-90 points per year. Assuminiysldn lengths of 7-8 cm typical for firn
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conditions, smoothing of the isotope signal dudiffusion (Johnsen, 1977) is negligible for
the investigated cores due to the high accumulataes. Annuald*®0 was obtained
according to the dating procedure (see sectiori 4.R.averaging all the values belonging to
the same year. To derive subannual values, the (gedined from minimum to minimum)
was split into twelve evenly spaced sections ditexar interpolation of the raw data and the
four seasonal winter to autuna®0 averages were calculated according to the coiorent
(DJF, MAM, JJA, SON). This procedure assumes that gignal is uniformly deposited
throughout the year, which might not be the case#sonality or intraseasonal precipitation
variability is present. In the Fiescherhorn iceeceome melt features were observed, with low
to moderate relocation of ions towards lower depfbsnk, 2006). The Grenzgletscher
concentration records were disturbed in the peti®85-1989 for certain major ions, due to
the inflow of meltwater (Eichler et al., 2001). @ontrast, the3'®0 was not significantly
affected by melting as shown in (Schotterer et #097; Schwikowski et al., 1999) for
Fiescherhorn and in (Eichler et al., 2001) for Grgetscher.

4.2.1.3 Ice core accumulation reconstruction

The annual layer thickness: was obtained from the depth differences between ate
markers of subsequent years. In order to corredhf®changing density in the firn, results in
meters total depth were normalized to meters wedeivalent (m w.e.) by multiplying the
depth of the sample with the respective densityctviivas derived from measurements of the
ice core segments (length typically between 307&hdm).

In order to reconstruct the net accumulation ri@sessary to account for the ice thinning with
depth (Cuffey and Paterson, 2010). We followed dperoach given by Henderson et al.
(2006) using Eq. (2):

A= (Ae)ho (@H)

where Ar is the reconstructed net accumulatidg, the annual thickness,y the annual
thickness estimated from an ice flow model, apthe estimated surface accumulation rate.
Here the correction factohy was determined with the ice flow model proposedNye
(1963), which assumes a constant thinning with ldephis assumption is generally only
valid for the upper two thirds of the glacier thigss of vast ice sheets (Hammer et al., 1978),
but could still be applied in the case of Fiescbantand Grenzgletscher ice cores, because we
deal with the uppermost ~60 and ~70 m w.e. of al tot 124 and 170 (estimated) m w.e.,
respectively.
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This model was previously used in two studies iavg Fiescherhorn and Grenzgletscher.
For Fiescherhorn it was compared to a more sophtsti accumulation reconstruction
derived from the measurement of the vertical vé&joof the ice (Schwerzmann et al., 2006).
Here, we do not apply the latter reconstructiorcalbige the dating of the Fiescherhorn ice
core was revised and is based now on an extendadetafter analyses of the stable isotopes
and concentrations of major ions were completed. Gienzgletscher the Nye model was
applied as an additional and independent datintgnigae (Eichler et al., 2000).

In order to obtair,, we first used the reverse Nye function to fit theda (Dansgaard and
Johnsen, 1969), using Eq. (2):

t=t,-H/ In(" 29 2)

where t is the yearg the drilling date (2002.92 for Fiescherhorn, 1834or Grenzgletscher),

H the glacier thickness (124 m w.e. for Fieschaerth@70 m w.e. for Grenzgletscher), z the
height above the bed in m w.e., agdhe surface accumulation rate in m w.e./yearreggd
by averaging the upper layer thicknesses for wthaiming can be neglected (1.7 m w.e./year
for Fiescherhorn, by averaging the layers from 1@90P002 (Jenk, 2006), 2.7 m w.e./year for
Grenzgletscher (Eichler et al., 2000)). The fitigracterized by a reducgt-0.93 over the
upper ~70 m w.e. in Fiescherhorn, correspondinchéopteriod 1950-2002, and a reduced
v*=0.67 for Grenzgletscher over the period 1938-1984. also obtained a reconstructed
accumulation for FH1989, witho=1.4 m w.e./year, after Schwikowski et al. (199and
t,=1989, giving a reducegf=0.39 for the whole period 1946-1989. The diffeehetween
the two Fiescherhorn corek) arises only due to the different period used fer élstimation
of the surface accumulation rate. We retrieved riimdeled depth corresponding to the

calendar year and formed, in analogy wighthe modeled layer thicknekg.

4.2.2 Weather data

For the analysis of the temporal and spatial vdiigtof the ice core proxies we used data
collected at weather stations near the glacievgedisas gridded data. The correlation analyses
were done by calculating the Pearson coefficiend #me relation betwee'®0 and
temperature was evaluated by regression analy$is. presence of possible outliers was
investigated by evaluating the jackknife residu@lse temperature and precipitation data are
from the weather stations operated by the FedeffadeQof Climatology and Meteorology in
Switzerland (Meteoswiss). When available, homogehidata were used. For Fiescherhorn
this is the homogenized temperature from the highm@ weather station at the Jungfraujoch,
only 6 km west of the site (46°33' N, 7°59'E, 3580a.s.l). Since precipitation is not
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measured at Jungfraujoch, data from nearby statiens considered instead (section 4.3.2.1).
For Grenzgletscher we utilized homogenized tempegaaind precipitation data from the
high-alpine station of the Grand Saint Bernard 23, 7°10'E, 2472 m a.s.l.), located 50 km
west of the site, as explained in sections 4.3dL.48.2, and from Locarno (46°10'N, 8°47'E,
367 m a.s.l.) in Ticino (Southern Switzerland). Tbeation of the weather stations is shown
in Figure 1. For the spatial correlation analysislded data of temperature and precipitation
were used. We selected the surface temperatur@@htiPa temperature from the Twentieth
Century Reanalysis Dataset (Compo et al., 2011A48RUppala et al., 2005), and NCEP-
NCAR R1 (Kalnay et al., 1996), respectively. Outluése the Twentieth Century Reanalysis
has the highest spatial resolution (2° x 2°). Welwded other higher resolution reanalysis
products like ERA-INTERIM, MERRA or CFSR becauseithdatasets only start in 1979.
We focused on the region from 40°N to 60°N and frd&IW to 25°E. For precipitation,
because of its sporadic nature in space and tiraeyse&d higher resolution data provided by
Meteoswiss (nominally 2.2 km, actually 15-20 kmyresponding to the mean inter-station
distance). This monthly, gridded dataset coversatiea of Switzerland, starts in 1961, and is
based on precipitation data collected within tha-gauge network of Meteoswiss (Frei and
Schar, 1998). Due to the scarcity of weather gtatiat high-altitude, the uncertainty of
precipitation data over the Alps is estimated t®25e80% (Meteoswiss, 2013). The resulting
period of overlap among the different datasets (Tigéh Century Reanalysis, Meteoswiss
gridded data) and the ice core data is 1961-198&fenzgletscher (with a gap between 1968
and 1970, as explained in section 4.2.1.1) and -P@&1 for Fiescherhorn.

We additionally used th&°0 measured in meteoric water at four GNIP statiGesn (541 m
a.s.l.), Meiringen (632 m a.s.l), Guttannen (1054.81l.), and Grimsel Hospiz (1950 m a.s.l.).
For their location we refer to Figure 1. The cdilee of monthly meteoric water at these
stations started in January 1970 for Bern, Aug9301for the others anif®0 measurements
were performed by the Climate and Environmental skisy Department of the Physics
Institute of the University Bern, Switzerland (IABAXMO, 2013). Since July 1992, the data
collection at the GNIP stations in Switzerland bhagn carried on by the Swiss Geological
Survey at the Federal Office of the Environment N}, through the NISOT network (Swiss
National Network for Isotopes in the Water Cycleh&ch et al., 2003).

For the comparison between the two ice cores, eékalting common period is 1961-1993
(with a gap in 1968-1970) and for the analysis wilte GNIP data is 1971-1993 (1980

excluded, as explained later).
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4.3 Results and discussion

4.3.1 "0 and temperature

4.3.1.1 Seasonal scale
Ice core rawd'®0 data from the Fiescherhorn and the Grenzgletssites span the

characteristic summer-to-winter values between -183b -25%. (Figure 3) expected for the
respective altitudes (Siegenthaler and Oeschg&0;1Sigl, 2009). Very good agreement is
found between the two Fiescherhorn series (r=0p&%).001), indicating that the mean
conditions are homogeneously recorded at the glaviee compared the seasor#fO
averages of the Fiescherhorn and Grenzgletscheoieewith the temperature data from the
weather station Jungfraujoch and Grand Saint Bdrnaspectively (see also section 4.2.2).
Ice cored™®0 records and temperature data agree well for wfaste years, clearly showing
seasonality in the isotopic records. The seasoy@é ¢s remarkably well captured in the ice
cores (r=0.70, p<0.001 for Fiescherhorn, period 112801, r=0.69, p<0.001 for
Grenzgletscher, period 1961-1993). Similar corretatvas found for Grenzgletscher when
using the precipitation-weighted seasonal tempezaétt the Grand Saint Bernard (r=0.71,
p<0.001, see also section 4.3.1.2).

In the case of Fiescherhorn, precipitation-weightivas not possible because no precipitation
data is available for the Jungfraujoch high-alt#sdation which might be most representative
for the Fiescherhorn. Also no clear relation betnwed&escherhorn accumulation and
precipitation at nearby weather stations was oleskrgee sections 4.3.1.2 and 4.3.2.1. The
results for Grenzgletscher are in good agreemetit wiprevious study by Eichler et al.
(2001), using a similar approach based on montatg &tom Grenzgletscher and Grand Saint
Bernard for the period 1980-1994 (r= 0.7).

In order to investigate the suitability of the icere 3'%0 signal as a temperature proxy we
compared the establishétfO/T relationship with results from the nearest GNt&ions. To
mimic the seasonal distribution of precipitatiorieafing thes*20 at high-alpine sites, the
seasonal precipitation-weighted mean from the mprafO GNIP data was used, following
the suggestion by Siegenthaler and Oeschger (18B0Oadjustment to the temperature data
accounting for the altitude difference betweenistatnd ice core sites was applied (moist
adiabatic lapse rate of ~-0.6°C/100 m), since ¢méyslope of thé'®O/T regression line is of
interest in this context. In order to check whetier obtained relationships are mainly due to
the seasonal cycle, seasonal anomalies (e.g. meviftom the mean of the seasonal
variation) of both5*®0 and temperature were analyzed in addition (Lial.e2010).
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Figure 3. (Left panel)§*®0 raw data from the Fiescherhorn ice cores (FH2@0&ck,
FH1989, blue), together with the monthly tempemtat the Jungfraujoch station (gray).
(Right panel)5'®0 raw data from the Grenzgletscher ice core (blatbgether with the

monthly temperature at the Grand Saint Bernardyjgra

The overlapping period with available station and core data is 1971-1993. Two years
(1971 and 1980) were excluded because of missirgevain winter 1971 in the
Grenzgletscher record and in summer 1980 in théa@oen station record. The results are

summarized in Table 1.

Seasonal scale

Seasonal scale (anomalies) Annual scale

Mean Slope Slope Slope

(%0)  (%0l°C) R>  (%0/°C) R>  (%0/°C) R?
Bern -9.89 0.32+0.02 069 045+0.14 0.11 O0.®/3 0.14
Meiringen -11.35 0.42+0.03 0.73 0.67+0.16 0.10.88+0.41 0.19
Guttannen -12.54 0.46+0.03 0.71 049+0.15 0.1R72+0.35 0.18
Grimsel Hospiz -14.23 0.43+0.03 0.70 0.57+0.10.23 0.68+0.20 0.36
FH2002 -16.53 0.47+0.05 055 -0.22+0.16 0.0244&0.22 0.17

GG (with Tunw) -17.34 053+0.05 056 0.28+0.21 0.02 0.27580 0.01
GG (with Tpw) -17.34 055+0.05 058 047+0.20 0.0/ 0.77320 0.22

Table 1 Mean values 06'%0 from the GNIP stations as well as from the iceesmver the
common period 1971-1993, together with the slopethef long-term&*®0/temperature
calibration and the Rfor the seasonal and the annual scale. For theosabscale, values
were calculated for the common period 1972-1993 {18nd 1980 excluded because of gaps
in the data). For the annual scale, the year 1988 @xcluded. The temperatures used to
calibrate the GNIR'®0 were measured at the respective stations, whévedle ice cores
the Jungfraujoch temperature was used for the Réekorn and the Grand Saint Bernard for
the Grenzgletscher. The suffix “UNW” stands for theweighted average and “PW” for

precipitation-weighted average.
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For the four GNIP stations we obtained slopes raptetween (0.32+0.02)%./°C (Bern) and
(0.46%0.03)%0/°C (Guttannen), comparable to the esiound by Siegenthaler and Oeschger
(1980) using monthly data over the period 1971-1@¥.85, 0.53, 0.55, and 0.44%./°C for
Bern, Meiringen, Guttannen, and Grimsel Hospiz, peesvely). For the
Fiescherhorn/Jungfraujod®O/T relation the slope is (0.47+0.05)%o0/°C*&R.55).

Similar values were found for th&0/T relation between GrenzgletsctiefO and Grand
Saint Bernard temperature ((0.55+0.05)%0/°C and3€0505)%./°C with B = 0.58 and 0.56
for the precipitation-weighted and unweighted terapee, respectively; see also section
4.3.1.2). This does not change significantly whiea ¢ntire period (1961-2001 for FH2002
and 1961-1993, 1968-1970 excluded for Grenzgletyeheonsidered: (0.46+0.04)%o/°C for
Fiescherhorn, (0.48+0.05)%./°C and (0.50+0.05)%./6€the Grenzgletscher unweighted and
precipitation-weighted temperature, respectively.general the fraction 03'°0 variance
explained by temperature changes is ~60% compared@®o in the GNIP data. However,
when removing the seasonal cycle this value deesdlas all sites and ranges between 0-10%
for the ice core data and 10-25% for the GNIP @tatlata, indicating that the major part of
the correlation is determined by the seasonal cythe slopes however, do not change
significantly between the seasonal and deseasedatiase and are smaller compared to what
would be expected from Rayleigh distillation prams suggesting that other factors such as
precipitation intermittency and changes in the ituoes source play a role. For the lower
elevation stations receiving liquid precipitatidrglow-cloud processes may further affect the
isotopic composition of water whereas for the ioeecdata, effects due to post-depositional
processes need to be assumed as indicated byrihlwecoefficients.

4.3.1.2 Annual scale

For paleoclimatic reconstructions t6&O/T relation on an annual scale becomes fundamental
because with depth, the proxy resolution decrel@sagew points per year due to glacier flow
induced layer thinning and seasonal resolution ctitre obtained anymore. The annual
averages 06'°0 are shown in Figure 4 to highlight the altitudieet. For the common time
period, the meas*®O ice core values decrease with increasing altitiide -16.53%o at
Fiescherhorn (3900 m a.s.l.) to -17.34%. at Grenggher (4200 m a.s.l.). This result is
consistent with the altitude effect resulting itapse rate of &%0/dz =-0.2%./100 m reported

by Siegenthaler and Oeschger (1980) and Schiirah @003). A similar value of&d®0/dz =
(-0.17+0.02)%0/100 m (R0.94) was found in this study for an extended aien range

combining data of the two ice core sites and the @NIP stations.
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Figure 4. Annual precipitation-weighte&*?0 from the GNIP stations together with the ice
core data. The sites are indicated as follows. B&ER), Meiringen (MEI), Guttannen
(GTT), Grimsel Hospiz (GRH), Fiescherhorn (FH), gletscher (GG). The gaps in the
GNIP data are due to missing data points for tmeesponding years. The altitude of each site

is indicated on the left.

For the correlation of the two Fiescherho3ffO series the resulting high correlation
coefficient (Figure 5, r=0.52, p<0.01, period 198188) demonstrates that on an annual scale
the two ice cores do representatively capture tmelicions at the glacier. In the following we
focus on the FH2002 core which also covers the mearent time period.

The recent warming (Appenzeller et al., 2008) idipalarly pronounced in the Jungfraujoch
temperature with a stepwise increase after the y&a84. At the Fiescherhorn a more gradual
380 increase is observed after 1984, more similéineédrends at the Grenzgletscher, the four
GNIP stations and the Grand Saint Bernard temperékigures 4, 5 and 6).

The annual Fiescherhord'®0 correlates significantly with the Jungfraujoch naal
temperature (r=0.44, p<0.01, period 1961-2001). Wewulting slope is (0.50+0.16)%0/°C
which is consistent with the result based on tresa@eal values. The slope is substantially
different from what was found by Schotterer et(4B97) for the annual values of FH1989
over the period 1969-1989 (1.1%./°C=R.74).
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Q Q0 3 © > Q % ™ © Q % 3
©° 0 © © £ QA A A A O Y O
NN N N NN N NSNS

P L L
NN NN
|

— - | | | | | | | | | | | | | | |
; 12
O -14 A r
c% 16 |
o -
0\\8/ -18 -+ r
O 204 —— 3°0GG .
224 T Tess (UNW) —
—— Tes(PW) r1
. -0
i L1 8
. F2 O
. 38
- SRS
1 L5
T T T T T T T T T T T T T T T T '6
\Q’@ '9@/ \q(bb‘ \Q’é) '\Q’@ \é\g 'é’\q/ & > \é\b \CS\% \°—>%Q \q%q/ \Q’%b‘ \°—>%Q) \q%(b \Q’QQ '9%% \qu‘
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temperature at the Grand Saint Bernard statiogrdy the unweighted (UNW) temperature,
in green the precipitation-weighted (PW) tempemtunbtained as described in section
4.3.1.2.
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In order to get a reasonable correlation, Schattgral. (1997) had to exclude four years with
strong anomalous data (1971, 1972, 1981, 1988)thén case of FH2002, even when
excluding two suspected outliers determined with jdckknife residuals (1963 and 1970),
despite a higher Pearson coefficient (r=0.54, p&D.,0the slope does not change significantly
((0.58+0.15)%0/°C). In the case of Grenzgletscherahnual temperature and 61€0 do not
show any significant correlation within the datungcertainty (-1, O, +1 year), neither with the
Grand Saint Bernard or the Locarno station datawitin the gridded data (not shown).
Because in first approximation t°0 is a proxy for the in-cloud temperature only when
precipitation occurs, one neglects a potential ctffldue to the seasonal distribution of
precipitation, when comparing tt3¢0 on the glacier with the mean annual temperaitie.
assume that at the Grenzgletscher the non-uniforow deposition throughout the year is
more pronounced than at Fiescherhorn (see seci®®. ), as it is generally the case in the
Southern Alps compared to the Northern Alps (Fred &chéar, 1998; Eichler et al., 2004,
Sodemann and Zubler, 2009). To account for thedmigtariability of precipitation at the
Grenzgletscher we calculated the precipitation-eid temperature according to Eq. (3):
SPT,
T, == (3)

ann

where Tn, is the annual precipitation weighted temperatitethe monthly amount of
precipitation used to weight the monthly tempemtd, P.., the annual amount of
precipitation. Since it is not possible to get suhal information from the reconstructed
accumulation (only annual layer thickness is regd, we mimicked the monthly
precipitation at the Grenzgletscher using the diata the high-altitude station Grand Saint
Bernard, instead. This is reasonable based onabeé ggreement between the precipitation at
that station and accumulation at the site (seeosedt3.2). The unweighted and precipitation-
weighted annual temperatures are shown in Figur@h@. precipitation-weighted annual
temperatures are lower than the unweighted tempesat(mean of -2.2°C compared to
-1.1°C), because of the observed higher precipitaith winter compared to summer at the
Grand Saint Bernard (607, 611, 419, 568 mm in wjingpring, summer, and autumn,
respectively, over 1961-1993, data provided by Meigess). As expected the correlation
significantly increases (r=0.45, p<0.05) with redp® the unweighted temperature (r=0.16,
p=0.20). We obtained a similar result when usirgguhweighted and precipitation-weighted
data from the lower altitude station of Locarnothahe correlation coefficients increasing
from r=0.12 (p=0.27) to r=0.21 (p=0.14). Due to thedter agreement with the Grand Saint
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Bernard station, the corresponding sIdpO/T for Grenzgletscher was determined using
high-Alpine temperature data from this site an@0i$8x0.26)%./°C (precipitation-weighted
temperature) compared to (0.39+£0.47)%./°C (unweidjiteamperature) for the time period
1961-1993. The obtaineéd®0/T relationship based on the annual ice core wascompared
with results from the near GNIP stations (Tabladlinfer differences between seasonal and
annual information. We considered again the comnpeniod 1971-1993 (Figure 7).
Suspected outliers were evaluated with the jackknésiduals, but the exclusion of these
points did not significantly change the slopesallrcases except for the GG unweighted data,
I.e. for both the ice core and station data, theegs capability to reproduce the temperature
is significant (at least p<0.10 for all sites). Tpercentage 06'°0 variance explained by
temperature changes is about 20% on an annual sdatd is comparable to the value
obtained for the deseasonalized data and is exguldg the reduced data set and the stronger
bias of the non-uniformity of precipitation on thanual compared to the seasonal scale as
well as by changes in the moisture sources thraughioe year and post-depositional
processes. As described above, no correlationsewighh the annual mean temperature for the
Grenzgletscher indicating that precipitation intétemcy and variability plays a fundamental

role there (Persson et al., 2011).
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Figure 7. Scatterplots of annual temperature antD data over the common period 1971-
1993. The sites are denoted as follows: Grenzdlets(GG), Grand Saint Bernard (GSB),
Fiescherhorn (FH), Jungfraujoch (JFJ), Bern (BERgiringen (MEI), Guttannen (GTT),
Grimsel Hospiz (GRH). “UNW” stands for the unweigtit temperature and “PW” for

precipitation-weighted temperature.
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4.3.1.3 Spatial correlations

We finally investigated the capability of the icere5'®0 to capture the regional temperature,
performing a spatial correlation analysis with gad instrumental data. The analysis was
done with the KNMI Climate Explorer tool availabbe http://climexp.knmi.nl (Trouet and
Van Oldenborgh, 2013). Figure 8a shows the spediaklation between Fiescherhorn annual
5'®%0 and the Twentieth Century Reanalysis temperauf®0 hPa, which was considered to
be most representative for the high elevation & #udied glacier sitesVe observed
significant correlation with temperature in Centald Southern Europe at 700 hPa and at the
surface level (not shown). Similar patterns werenseith the ERA40 and NCEP-NCAR R1
reanalyses (not shown), indicating no significaffecences between the reanalyses datasets.
We compared this result with the spatial correfafi@attern of the Jungfraujoch temperature
with the gridded data. Figure 8b shows the patteriered over Switzerland with coefficients
higher than 0.7 for most of Europe. If comparing tvo patterns it is clear that th&®0
captures less variability and is representative dosmaller region only, which is not
unexpected based on the fact that the temperatptaies only 20% of the isotopic variance.
For Grenzgletscher we found significant correlagi@i both 700hPa and surface level (not
shown) with the Twentieth Century Reanalysis priéaiipn-weighted temperature (each grid
point was weighted with the monthly Grand Saintred precipitation). This is in agreement
with the previous results where the ice core datapared to the Grand Saint Bernard and
Locarno station data showed a correlation with ghecipitation-weighted temperatures. A
similar pattern slightly shifted westwards and gated towards a west-east direction was
observed (Figure 8c, for the 700hPa temperatuehpared to the imprint of the regional
temperature on the Southern Alpine station (Figdae The latter is very similar to the
pattern obtained in Figure 8b for the northern Adpstation.

The results obtained for the station data indi¢htd temperature variations on an annual
scale are rather homogenous over entire Europs.sligigests that ice core based temperature
reconstructions (precipitation-weighted in the cas&renzgletscher) are in principal valid on
a regional scale and could be interpreted even@snéral European temperature. The result
further underlines that the two glaciers, distamyd0 km, behave significantly different in
the way the isotopic signal is recorded. At Fiescbm the annuab'®O in precipitation
reasonably represents the mean annual temperatupying a nearly homogeneous
preservation of precipitation throughout the year.Grenzgletscher because of the high

variability in precipitation throughout the seasonthe average temperature during
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precipitation deduced from the ice cas¥0 differs significantly from the annual mean

temperature.
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Figure 8. Spatial correlation maps of annédlO and temperature records with the Twentieth
Century Renalysis 700 hPa temperature, for Nortidpine (upper panels, period 1961-
2001) and Southern Alpine sites (lower panels,goeri961-1993, 1968-1970 excluded).
Correlation with a) Fiescherhoé'®0, b) Jungfraujoch temperature c) Grenzgletséh#
(using the Twentieth Century Reanalysis 700 hPaipitation-weighted temperature, Grand
Saint Bernard precipitation utilized to weight themperature), d) Grand Saint Bernard
temperature. Black dots indicate the location ef sites. Areas with correlation coefficients

statistically significant at the 5% level are shéde

4.3.2 Net accumulation and precipitation

4.3.2.1 Comparison with the station data

The time series of the reconstructed annual netwunackation at Fiescherhorn and
Grenzgletscher together with the annual precipitatfrom nearby weather stations are shown
in Figure 9a-b and 9c-d, respectively. For the memrt and southern sites we selected a low-
altitude (Interlaken, 577 m a.s.l. and Locarno, &8 4.s.l., respectively) and a high-altitude
station (Grimsel Hospiz, and Grand Saint Bernaekpectively). For their geographic

locations we refer to Figure 1.
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The two Fiescherhorn reconstructions are well ¢ated with each other (r=0.66, p<0.001),
indicating similar preservation of the precipitatiat the two sites, 100 m apart. With focus on
the common period 1961-1993, Grenzgletscher hasigheh mean accumulation and
interannual variability (2.7 m w.e.,c£0.8 m w.e. ~30%) compared to the Fiescherhorn
record (1.7 m w.e.,d=0.4 m w.e. ~23%), see Figure 9. This is in agregrnath higher
precipitation for stations in the Southern AlpseTitvo stations in the Northern Alps reveal a
mean precipitation and interannual variability d88 mm and 12% (Interlaken), 1881 mm
and 18% (Grimsel Hospiz), and the southern stati®8 mm and 19% (Locarno), 2214 mm
and 14% (Grand Saint Bernard). As shown in Figuner€cipitation increases with altitude at
the southern sites including the Grenzgletscher i@ northern stations the increase is even
more pronounced. However, Fiescherhorn accumulasolower than precipitation at the
Grimsel Hospiz. This could be explained by locakpbmena, probably related to wind
erosion at the exposed Fiescherhorn saddle. Ppssiienal processes could also be
responsible for the higher interannual variabiditthe glacier sites compared to the stations.
Comparing the precipitation records of the northstations with the Fiescherhorn record
(Figure 9, Table 2), we found a significant cortiela with most stations only in the earlier
part (1961-1977) when allowing the ice core settebe shifted by -1 year, which is within
the given dating uncertainty. The Fiescherhorn medation maximum around 1977 is not
recorded in the northern station data, but pronednat southern sites including the
Grenzgletscher. This might indicate that the comnpoecipitation features between the
Northern and the Southern sites are better captatrédue Fiescherhorn than at the respective
low altitude stations. No correspondence with griégiion in the most recent period (1978-
2001) was found, probably indicating a general glean the pattern of received precipitation
or the local influence of post-depositional proesssuch as wind erosion, but this is not
understood at this point. The earlier part domimatee overall correlation over the whole
period 1961-2001, as shown in Table 2.

For the Grenzgletscher we found a significant dati@n between the reconstructed ice core
accumulation, the Grand Saint Bernard (r=0.58, @&D. and the Locarno precipitation
(r=0.59, p<0.001), indicating that the sites lodatethe Southern Alps are likely affected by
the same precipitation regime (Figure 9c-d).

In order to test how the precipitation and temperaproxies potentially affect each other we
correlated the ice coreg®0 with the respective reconstructed accumulatibtzavever, we
did not find significant correlations between thee@gletscher and Fiescherh@iO and

the respective reconstructed accumulation.
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Figure 9. a) Annual sum of precipitation from the high doev-altitude stations Grimsel
Hospiz (1950 m a.s.l., green) and Interlaken (57&.s1., orange). b) Reconstructed annual
accumulation at the Fiescherhorn glacier for FH2(@8lack) and FH1989 (blue). ¢) Annual
sum of precipitation from the high and low-altitud&tions Grand Saint Bernard (2472 m
a.s.l., green) and Locarno (367 m a.s.l., orardjelReconstructed annual accumulation at the
Grenzgletscher (black). Note that the panels aosvshon the same scale, to allow a direct
comparison of the records.
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Mean Annual

Precipitation r r

Altitude (1961-2001) (1961- (1961-
Station Latitude Longitude (m a.s.l.)  (mm) 2001) 1977)
1. Engelberg * 46°49' N 8°25'E 1035 1533 (11%) 50.2 0.54
2. Grimsel Hospiz*  46°34'N 8°20'E 1950 1908 (37% 0.26 0.53
3. Grindelwald 46°38'N 8°02' E 1158 1398 (14%) 00.2 0.49
4. Guttannen 46°39'N 8°17'E 1055 1732 (13%)p.32 0.66
5. Interlaken 46°40' N 7°52'E 577 1192 (13%)0.41 0.51
6. Kleine Scheidegg 46°35'N 7°58' E 2061 158841 0.13 0.42
7. Lauterbrunnen 46°36' N 7°54'E 818 1181 (13%)p.28 0.56
8. Leukerbad 46°23'N 7°38'E 1390 1224 (19%).40 0.55
9. Meiringen 46°44' N 8°10'E 632 1353 (13%)0.37 0.60
10. Murren 46°33'N 7°53'E 1638 1462 (14%)0.33 0.43

Table 2 Mean annual precipitation over the period 1961-2@@xl the stations near the

Fiescherhorn glacier, together with their interaadnuariability, expressed as 1 mean value

in percent (in parenthesis). Asterisks indicate tgemized data. Pearson correlation

coefficient of the precipitation with the annualt neccumulation (offset = -1 year) at

Fiescherhorn glacier. Values of correlation coédfits statistically significant at the 5% level

are bold.
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4.3.2.2 Spatial correlations

In order to see whether the two glaciers recorddifferent precipitation patterns expected
due to the orographic barrier, a spatial corretatoalysis was performed using the higher
resolution Meteoswiss gridded data. Figure 10a sh&gnificant correlations of Fiescherhorn
accumulation with precipitation in regions extergliftom the Southwest to the Northeast
(0.3<r<0.5). However, this was found only whenaogduicing an offset of -1 year as discussed
in section 4.3.2.1.
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Figure 10. Spatial correlation map of annual records witle tMeteoswiss gridded
precipitation for Northern Alpine (upper panelsripgd 1961-2001) and Southern Alpine sites
(lower panels, period 1961-1993, 1968-1970 exclud€arrelation with a) Fiescherhorn
annual net accumulation (where an offset of -1 yweas introduced), b) Grimsel Hospiz
annual precipitation c) Grenzgletscher annual netumulation, d) Locarno annual
precipitation. Black dots indicate the locationtloé sites. Areas with correlation coefficients

statistically significant at the 5% level are sthéde
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The observed pattern gets more pronounced wheridesimg the period 1961-1977 (not
shown) for which the highest correlation was foysde section 4.3.1.2). We investigated
whether the latter precipitation regime is refleicte the spatial correlations with the nearby
northern station (Grimsel Hospiz). We found that #mnual station precipitation is strongly
correlated with almost the entire Swiss area extegpho (Figure 10b). A similar correlation
pattern was found for Interlaken (not shown).

For Grenzgletscher, despite the considerable edisamal to interannual variability of
precipitation (Figure 9d) a good correlation wikte tinstrumental data was observed (Figure
10c). The most significant results (0.4<r<0.8) fduaver Ticino, Southern Alps, and
Northwestern Switzerland are consistent with theeeked spatial pattern over the region. No
uniform correlations were obtained nearby the Ggegigcher region. This may be explained
by the sparseness of the weather stations espeataiuch high altitudes, resulting in less
accurate precipitation interpolation in the griddddta. In an analogue approach the
correlation of the Southern Alpine station pre@pdn data from Locarno with the gridded
data gave very similar results, confirming the Gmetscher to be representative for southern
Alpine precipitation (Figure 10d). These resultsfoon that the two selected ice core sites

represent different precipitation regimes.
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4.4 Conclusions and implications

The study conducted with two Alpine ice cores lapdrtant implications on the way how
temperature and precipitation from high-alpine ssighould be reconstructed in order to
prevent from over-, or even faulty interpretatidrhee records.

1. The seasonal cycle is strongly affecting theretation of the isotopic signal with
temperature, with the fraction of variance expldifeing ~60% and decreasing to 0-10%
when removing the seasonality. Accordingly, the BMlations showed a decrease in the
fraction of variance explained from ~70% to 10-2bBfdicating that over the Alpine area the
seasonal temperature is only partially recordethad'®0 and additional factors such as
changes in the moisture sources and below-cloudepses have a significant impact on the
isotopic signal. Ice core data may further be affedy post-depositional effects.

2. On an annual scale the high variability of ppaation, especially at high-altitude sites,
might considerably bias the isotopic signal towtrel season with more precipitation. For a
glacier site with homogeneously preserved accumomathroughout the year the mean
temperature signal is partly preserved on annualesdn case of strong intraseasonal
precipitation variability the annual mean&fO is only representative for temperature during
precipitation and not for annual mean temperattoe.such a glacier site, a paleotemperature
reconstruction is not feasible.

3. Even for glacier sites in close proximity (or® km) within the same mountain range,
distinct local precipitation patterns can resulvamiations how the temperature proxy signal is
preserved. Thus, a careful individual calibratidrthe local5'°O/T relation is essential for
every ice core site.

4. The precipitation reconstruction from accumuolatis critical, since it is more sensitive to
post-depositional processes such as wind erosidnt@rinitial layer assignment than the
intrinsic core parameters like t#&°0. Further, precipitation at a high-alpine glacieay
reflect very local conditions not captured in weaittlata obtained at lower elevation stations.
Nevertheless, the distinct precipitation regimes tfte Northern and Southern sites were
observed in the respective accumulation recordghétGrenzgletscher the typical Southern
Alpine precipitation pattern was obtained in agreatiwith the Southern Alpine stations.

5. Even for high-resolution ice core records witlpranounced seasonal signal, the dating
uncertainty is rarely below £ 1 year and cannohéglected. The dating uncertainty cannot be
overcome but its influence can be minimized by agerg or smoothing of the annual data
still allowing for valuable ice core based temperator precipitation reconstructions of the
past climate.
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5 Investigation of seasona$'®O and deuterium

excess in the Swiss Alps

5.1 Fiescherhorn ice core versus the nearby Northern Aine

stations

Abstract

The interpretation of water stable isotopes inEneopean Alpine region is challenging due to
both, topographic-induced effects and high varigbibf the moisture sources. Here we
present a study involving seasoddlO and deuterium excess from three Global Network of
Isotopes in Precipitation (GNIP) stations and ahkadlitude ice core from the Fiescherhorn
glacier (3900 m a.s.l.), all the sites being <20 distant and assumed to be affected by the
same precipitation regimes. Within such limitedioegt was possible to analyze the spatial
coherence of the signal in terms of altitudinalrdgies. Theés*®0 was well correlated between
all the sites and with temperature and showed ttude effect slightly higher in summer
compared to the other seasons, explainable withapae-enrichment at the lower altitude
sites. Accordingly, significant relationship wassebved with summer relative humidity. For
the ice core low correlations were obtained, dueptecipitation seasonality and post-
depositional effects such as smoothing and windienoin winter. Additionally, the absence
of subannual stratigraphic markers introduces aremainty in the attribution of the ice core
winter and summer signal. The deuterium excessractexized by high frequency
fluctuations, showed no correlation between thecme signal and the lower elevation sites
and tends to increase nonlinearly with altituder Bos parameter we observed a weak
seasonal cycle, with lower values in spring andhéign fall that might be explained in terms
of in-cloud and sub-cloud kinetic processes. No tgemeous relationship with the
meteorological parameters was found. The commoreasing trend of summer deuterium
excess over 1993-2011 was explained with the isangafrequency of South-Westerly
weather situations, carrying moisture from the kigluterium excess Mediterranean basin. In
winter, the medium altitude site Grimsel Hospiz whd significant anticorrelation between
the deuterium excess and the NAO, suggesting fffitet time a connection between the

second order parameter and the atmospheric ciraulaver the Alpine region.

131



5.1.1 Introduction

Water stable isotopes are commonly used to inwgstighe hydrological cycle and
temperature changes. The first evidences ofdtfi® as temperature proxy were given by
Craig (1961) and Dansgaard (1964). The process$estiafy the5'°0 can vary depending on
different factors such as latitude, altitude, coatitality, amount of precipitation (Dansgaard,
1964; Rozanski et al., 1993; Clark and Fritz, 19%)mid-high latitudes however, the main
driving factor is the rainout distillation contretd by temperature, e.g. (Dansgaard, 1964;
Rozanski et al., 1992, 1993). The second ordempatiexr deuterium excess (d) retrieved from
the equation d8D-85'°0 depends on kinetic effects and can provide axftitiinformation
about the moisture source conditions (Merlivat dodzel, 1979). Supported by the results
obtained by GCM simulations, studies involving b@heenland and Antarctica polar ice
cores interpreted the deuterium excess as proxgearsurface temperature conditions of the
source area, e.g. (Vimeux et al., 1999; Stennil.e2801; Masson-Delmotte et al., 2005).
Other studies however suggest that the relativeiditymat the source region is the main
driver of the deuterium excess (Jouzel et al.,, 19¥ahl and Wernli, 2008; Pfahl and
Sodemann, 2013).

In Central Europe and more specifically in the Abpiregion the interpretation of baiffO
and deuterium excess is complicated by topograjniceluced effects (Siegenthaler and
Oeschger, 1980; Schirch et al., 2003; Liebmingerlgt 2006) and high intraseasonal
variability of the moisture sources (Frei and Sci808; Sodemann and Zubler, 2009).
Several studies have been conducted over the ra@giorder to better understand the spatial
variability of the isotopic signal in the Alps. Theountain chain extending approximately for
2000 km over Europe acts as a climatological divideveen North Atlantic, continental and
Mediterranean influence (Wanner et al., 1997; Ba2308). For the Swiss Alps two main
regions can be distinguished: Northern and SoutAgrs. The first one is more dominated by
North Atlantic air masses and continental climabe, latter is more directly affected by the
Mediterranean (Wanner et al., 1997; Sodemann aitkeZ2009). The precipitation regimes
result are quite different, with the Northern Alpetting more precipitation in summer and the
Southern Alps receiving most of it in spring andl, favith generally higher amounts
throughout the year. The variability of precipitetiis also higher at the Southern sites (Frei
and Schar, 1998; Eichler et al., 2004). In the Swlps analyses conducted using the GNIP
data (IAEA/WMO, 2013) as well as ice cores (Schettest al., 1997; Eichler et al., 2001)
showed generally highér®O/temperature sensitivity with respect to othertic@mtal stations

(Rozanski et al., 1992). Differences in the isotopompositions were observed between
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Northern and Southern Alps (Schotterer et al., 200 latter sites being more enriched due
to generally higher average temperatures and thamity to the Mediterranean sea (Schirch
et al., 2003). The altitude effect (i.e. the pra@gree depletion of the air mass in the heavier
isotopes with height due to orographic-forced wpdhd distillation) was quantified as
-0.2%0/100 m over the Alps using annual data (Sehettet al., 1997 and Chapter 4) or
seasonal data considering medium-low altitude sf&egenthaler and Oeschger, 1980;
Schirch et al., 2003; Kern et al., 2013). Howeitewas also shown that over such limited
region the lower altitude stations located appr@tety 50 km northwest (Bern) and southeast
(Locarno) from the Alpine arc deviate from thesentts, indicating other precipitation
regimes with different rainout processes.

The deuterium excess was extensively analyzed amlyhe Austrian Alps. Different
seasonality was observed at valley and higherudéitstations, the former showing a
minimum in summer and the latter a maximum betwdane and October (Rank and
Papesch, 2005; Liebminger et al., 2006). This dbfiee was explained in terms of (i)
subcloud re-evaporation processes that tend tedeerthe deuterium excess in precipitation
and whose effect clearly increases with cloud kes#a distance i.e. at lower elevation sites
(Kaiser et al., 2001; Frohlich et al., 2008), angddnhanced Bergeron-Findeisen process in
late summer-fall leading to increased kinetic fi@zation and higher deuterium excess at the
higher altitude sites (Liebminger et al., 2006).caaingly, at the low elevation station
Locarno, Switzerland, a minimum in the deuteriumcess in summer was observed
(Schotterer et al., 1993).

In this study we present and compare the seasiffal and deuterium excess records in
precipitation from three GNIP stations in the Nerth Swiss Alps and from an ice core record
extracted from the near Fiescherhorn glacier in22@gure 1). The aim is to systematically
investigate the spatial coherence of the isotojgicad on seasonal scale in a region affected
by the same precipitation regimes, but at locateirdifferent altitudes. For the seasonal scale
the particular focus is on the winter and summgnali Data from the three GNIP stations
Meiringen, Guttannen, and Grimsel Hospiz, only 1% kistant from the glacier were
considered, reaching a spatial resolution not aehie by any GCM or regional model
(Figure 1). The stations were selected since thegnlg to the same climatic region, the
Northern Alps as the Fiescherhorn glacier. The tpedod is limited by the short period
covered by the GNIP stations (data collection sthim 1971 for thé'®0 and in 1992 for the
deuterium excess). The sites and datasets areitibén section 5.1.2. Th&'?O and the

deuterium excess are analyzed in section 5.1.%4dnd, respectively.
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A discussion of seasonality and altitude effedhefisotopic signal is given in the subsections
5.1.3.1 and 5.1.4.1 fo3'°0O and deuterium excess, respectively. The investiyaof the
winter and summer signal is presented in subse&iar8.2 §'0) and 5.1.4.2 (deuterium

excess). Summary and concluding remarks are giveadtion 5.1.5.

5.1.2 Sites and datasets description

The three GNIP stations (Meiringen, MEI in FigureGttannen, GTT and Grimsel Hospiz,
GRH) and the Fiescherhorn glacier (FH) are locatettie Northern Swiss Alps, at a relative
distance <20 km (Tablel and Figure 1). One pecujiaf the GNIP stations is that they are
located in different points along the Haslital egll orientated approximately from north-west
to south-east, extending from the Lake of Brienadiizersee in Figure 1) toward the Alps.
Meiringen is situated at a lower altitude (632 m1g.and is 10 km distant from the Lake of
Brienz located at north-west. Guttannen is in atregrposition with respect to the valley
length at about 10 km distance from Meiringen andmaaltitude of 1055 m a.s.l.. Grimsel
Hospiz, 10 km away from Guttannen, is located atlioma altitude (1950 m a.s.l.), close to
the lake and the pass of Grimsel at 2164 m a.s.l..

The drilling site at Fiescherhorn glacier is siathin the flat accumulation area at 3900 m
a.s.l., with a steep cliff to the north (Jenk et 2006; Chapters 2 and 4 of this thesis).

All the sites belong climatologically to the NortheAlpine region. The main contribution to
precipitation in winter is from extratropical cydes developed along the storm track in the
North Atlantic sector. In summer the main moistaocairces are local land evaporation and
precipitation assumes more convective features @reé Schar, 1998; Eichler et al., 2004;
Barry, 2008; Sodemann and Zubler, 2009). The péakezipitation is usually in summer.

For the GNIP stations the data used &f® and deuterium excess in monthly precipitation
together with temperature, precipitation and re&@thumidity (IAEA/WMO, 2013). Since
1992 the Federal Office for Water and Geology (FOWfow Federal Office of the
Environment (FOEN), has been the responsible feratmalysis and data submission for the
GNIP stations in Switzerland (Schirch et al., 2003)

The Fiescherhorn ice core was drilled in Decemi®@22Jenk et al., 2006). Another ice core
was previously drilled on this glacier, e.g. Schovilski et al., (1999); Schotterer et al., (1997,
2004). In the 2002 campaign the bedrock was reaehed depth of 151 m and borehole
temperatures indicate that the ice is frozen tdodtarock (Jenk, 2006). Melting features were
observed and there is indication of low to moderatecation of ions toward lower depths.

However, the isotopic signal does not appear tdisteirbed (Jenk, 2006).
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Figure 1 Location of the three GNIP stations Melrlngen (6ﬁ2as l.), Guttannen (1055 m
a.s.l.), Grimsel Hospiz (1950 m a.s.l.), (light éldots), Fiescherhorn glacier (red) and the
Jungfraujoch weather station (yellow). The insenteg the location of this region in

Switzerland. Source: Swisstopo, http://map.geo.adrhi).

The ice core covers approximately the last threedhed years with a dating uncertainty
constrained by the reference horizons of +1 yeathe period ~1960-2002 (Chapter 4). The
estimated surface accumulation rate is ~1.7 m wegeivalent/year (Jenk, 2006). The data
resolution for the period 1971-2001 considered ligre8-25 points/year. Th&®0 andsD
were measured with Isotopic Ratio Mass Spectromatrthe Climate and Environmental
Physics department (KUP) at the University of Bana the analytical uncertainty is <0.05%o
and <0.5%o, respectively (Jenk, 2006). The resulumgertainty of the deuterium excess
given by the propagation of the errors:(5%o.

The time period analyzed in this study is consediby the overlap of the different datasets
and the dating uncertainty of the ice core that thale sufficiently low for the correlation
analysis at interannual timescale. FordH®© we investigated the common period 1971-2001.
For the deuterium excess no long common periodadable. We therefore took the shorter
period 1993-2001 for the comparison of the deuteraxcess between the sites and a longer
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period for the correlation analysis of the summed awinter signals (1971-2001 for
Fiescherhorn and 1993-2011 for the GNIP station$) whe meteorological data and the
relative 5'%0. Datasets were tested for extreme outliers withaBd 3-interquartile range
criteria. Trends significance was evaluated witMann-Kendall test. The time resolution
considered in this study is seasonal. For the ace sotopic record it is difficult to achieve
higher time resolution (Stichler and SchottereQ®0 This is due to the fact that, although a
seasonal variability can be seen in the ice carerde the attribution of monthly values might
be questionable due to the absence of subannasistphic markers. Moreover only in the
ideal case of uniform precipitation throughout ftear the isotopic signal matches the actual
cycle of temperature. This is almost never the dssmEuse seasonal cycles of precipitation
(Persson et al., 2011) or post-depositional presessich winter wind erosion or diffusion
(smoothing) both affect and may partially alter signal (Stichler et al., 2001). Therefore the
peaks and dips observed in an apparent well predeseasonal record might actually be
shifted or altered with respect to the temperatigeal. The seasonal values of the ice core
8'®0 and deuterium excess were obtained assumingartrstasonal distribution of snow,
linearly interpolating the raw data and then evihgathe seasonal averages. For the GNIP
data the precipitation-weighted seasonal meait°af and deuterium excess was taken. In the
few cases where gaps were present the seasonalwasaapproximated using two months

instead of three.

Altitude
Site Coordinates (ma.s.l.)
Meiringen 46°43'33.93"N, 8°11'8.60"E 632
Guttannen 46°39'23.18"N, 8°17'29.87"E 1055
Grimsel Hospiz 46°34'16.25"N, 8°19'53.90"E 1950
Fiescherhorn ice core  46°33'3.2"N, 8°04°'0.4"E 3900

Table 1 Location and altitude of the four sites used is gtudy.
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5.1.3 8*0

Figure 2 shows the monthiy*®0 data from the three stations Meiringen, Guttanard
Grimsel Hospiz together with th&%0 record extracted from the Fiescherhorn ice coer o
the period 1971-2001.
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Figure 2 Monthly data of 5'®0 from Meiringen, Guttannen, Grimsel Hospiz and
Fiescherhorn ice co@®0 (sampling resolution, 8-25 points/year) overkeod 1971-2001.
Dotted lines indicate the mean value: -11.61%0 (MELR.57%0 (GTT), -13.69%. (GRH),
-16.36%0 (FH), see also Table 2, column (a).
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All the records well reproduce the seasonal cytlemperature in agreement with previous
studies (Siegenthaler and Oeschger, 1980; Schiiraeh, 2003 and Chapter 4). The GNIP
3'%0 data show similar structures (see e.g. the years, 1982-1983, 1985, 1991). The
apparent smoothing in the FiescherhatfO is due to both, diffusion in the firn (Johnsen,
1977; Johnsen et al., 2000) and reduced numbeamngbles per year (e.g. in 1982, 1986, 1994
with less than 10 samples per year). Neverthekesstgres coherent with the GNIP data are
obvious e.g. in the years 1989-1990 and are gdpgradsent in the more recent part. The

isotopic variability over the whole record, her@essed asdl is 3-4%o (Table 2).

(a) (b) (©) (d) (e)
Site  All data (%o) Winter (%o) Spring (%)  Summer (%o) Fédbo)
MEI -11.61(3.86) -14.74(1.75) -11.98 (1.94) -7.622) -12.17 (1.70)
GTT -12.57(3.82) -15.60(2.18) -13.08 (1.41) -8.7408) -13.13(1.42)
GRH -13.69 (3.41) -16.26 (1.75) -14.16 (1.40) -10.4®() -14.73(1.28)
FH -16.36 (3.39) -19.70(1.93) -16.98 (2.27) -13.782) -16.59 (1.89)

Table 2 Mean value of thé'?0O at the GNIP stations and the Fiescherhorn ice ower the
period 1971-2001. Numbers in parenthesis indicate(d) Mean evaluated on the monthly
and sampling resolution data for the GNIP statiand Fiescherhorn, respectively. (b), (c),
(d), (e) Mean of the seasonal values, i.e. DecerttbEebruary for winter, March to May for
spring, June to August for summer and Septembélotieember for fall. For the GNIP data

the precipitation-weighted mean was used.

To qualitatively assess the degree of correlatibithe seasonad'®0 over the region we
calculated the Spearman correlation coefficiehetween all the series (Table 3). All the sites
are as expected significantly correlated, witkexceeding 0.9 between the three GNIP sites
and 0.6 between the stations and the Fiescherhorn.
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p MEI GTT GRH FH

MEI 0.95 0.94 0.69
GTT 0.93 0.67
GRH 0.62

Table 3 Spearman correlation coefficients of the seasbti@ at the sites, over the period
1971-2001, statistically significant at the 0.1&gdl.

5.1.3.1 Seasonality and altitudinal change

The seasonality of th&®0 signal and its variability are shown in Tablecdumns (b), (c),
(d), (e) and Figure 3. At all sites th¥0 clearly follows the seasonal temperature cyote. F
the GNIP stations there is a particular strongafimient in summer.

MEI GTT GRH FH

EWinter
. B Spring
§§ OSummer
O EFall
o

-25

Figure 3 Seasonal means of the isotopic values over thegp&@71-2001 at the four sites.

The error bars indicates(Table 2).

In all the seasons it is possible to identify thigumle effect as can be seen from the mean
values, see Table 2 column (a). In previous studss the Swiss Alps a lapse rate of
-0.2%0/100 m was reported (Siegenthaler and OescA@80; Schotterer et al., 1997, 2001,
Schirch et al., 2003; Chapter 4 of this thesisyehee quantify the change of altitude effect
throughout the seasons including the Fiescherluarcaore (Figure 4). In all the cases a linear

relationship was found. In winter, spring and fak variation of thé'®0 signal with height
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is the same within the error (-0.15%./100 m), whsré&a summer it is slightly higher
(-0.18%0/100 m). This is in contrast with a recetoidy using a new precipitation isoscape, a
spatial map of isotopic variation involving sevesthtions over Switzerland and its border
zone for the years 1995-1996 (Kern et al., 2018 @uthors observed a steeper gradient in
winter with the higher altitude sites (>1000 mlg.ardly affected by altitudinal difference.
They explained this outcome with the seasonal tranaof the planetary boundary layer
(PBL). In winter the PBL is located below the higle¢éevation sites that are thus affected by
more well-mixed conditions with higher isotopic hogeneity compared to the lower stations.
In our study we used only the stations close toRilescherhorn glacier and explain our result
in terms of partial re-enrichment at the lower taltes due to subcloud re-evaporation,
especially strong in summer (Ambach et al., 1968pininger et al., 2006; Frohlich et al.,
2008; Risi et al., 2008). This is consistent whh fact that Alpine precipitation in summer is
mainly due to convective systems (Frei and Sch@®8LEichler et al., 2004; Sodemann and
Zubler, 2009).
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Figure 4 Seasonab'®0O mean from the sites against their altitude. Mealnes calculated
over the period 1971-2001, the error bars indidateThe regression line obtained by least

squares regression is given together with the spaeding slope and’R

5.1.3.2 Analysis of seasonab*®0

In order to investigate to what extent %180 signal is coherent over the studied region we
analyzed its seasonality together with the respectemperature, precipitation-weighted
temperature, relative humidity and seasonal sunmpretipitation at the sites. For the
Fiescherhorn the temperature and relative humuabtiy measured at the nearby high-alpine
Jungfraujoch station (6 km west, 3500 m a.s.l.)thwy Federal Office of Meteorology and
Climatology (Meteoswiss) were used. Precipitat®mot quantified at this site due to strong
wind drift (Schotterer et al., 2001). We thereftested the assumption of approximating the
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ice core seasonal distribution of precipitation hwithe medium altitude Grimsel Hospiz
precipitation data. However, caution should be usdtlie association of this parameter to the
Fiescherhorn ice core accumulation. Although previstudies showed some agreement
between the two sites (Schotterer et al., 2001higstudy no clear relationship between the
local annual precipitation and the reconstructecuamilation at the glacier was observed
(Chapter 4). This might be due to very local preess(e.g. local, sporadic precipitation
events and partial snow removal in winter by winaisjurring at the glacier probably altering
the relationship between the annual accumulatigmasiand the precipitation at the near sites.
For the Guttannen station the temperature andvelhtimidity data are available only for the
period 1971-2008 and 1971-1996, respectively.

The seasonality of these parameters is shown ur&ig and Table 4. We considered both the
unweighted and the precipitation-weighted tempeeatthe first one to later investigate the
8'®0/temperature slope, the latter to see to whatnextee relationship changes/improves
including precipitation weighting that ideally battmimics the temperature signal deposition
occurring only during precipitation (e.g. Jouzebkf 1997a; Kohn and Welker, 2005; Persson
et al.,, 2011; Bronnimann et al., 2013). At all #ies the precipitation-weighted temperature
follows the seasonal cycle of temperature and mngtdistinctions can be made from the
unweighted case. As observed in Figure 2 &H© well reflects the temperature cycle.
Precipitation shows different seasonality for Megeén and Guttannen with a peak in
summer, whereas for the medium-altitude statiom&ei Hospiz it occurs in winter. This is
due to the location of this station, close to a ntain pass probably receiving precipitation
from both the flanks of the mountain. Not surprigyn the relative humidity shows opposite
cycles between low and high elevations. At lowtadte minima (maxima) occur in summer
(winter) due to the higher (lower) temperatures aigher (lower) humidity capacity. At
higher elevations the relative humidity is lowemimter whereas in summer it increases due
to the higher vertical extent of the planetary bidany layer. Temperature and relative
humidity tend to decrease with altitude, precipotatto increase. In the case of Grimsel
Hospiz and Fiescherhorn, the precipitation is nyaisblid throughout the year, due to

temperatures usually below 0°C (Table 4).
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Site Season T (unw) o1 T (pw) Io P il RH 1o
(°C) (°C) (°C) (°C)  (mm) (mm) (%)(%)

MEI Winter -06 14 -0.5 1.5 272 100 84 3
Spring 80 1.0 8.2 1.5 315 86 75 3

Summer 161 1.0 16.0 0.9 456 69 81 4

Fall 83 0.8 8.2 1.4 291 85 84 2

GTT Winter -06 1.6 -0.6 1.8 367 117 78 5
Spring 6.2 1.9 6.0 2.0 453 127 75 3

Summer 144 15 14.2 15 482 87 77 3

Fall 72 1.2 7.0 1.6 403 122 79 3

GRH Winter 48 1.2 -5.1 1.4 558 205 68 6
Spring 05 1.1 1.2 15 481 132 75 5

Summer 84 1.0 8.1 1.0 400 69 76 6

Fall 2.8 1.2 2.1 1.6 437 145 72 6

FH Winter -128 1.4 -13.3 1.6 558 205 69 8
Spring -99 11 -10.6 1.5 481 132 78 6

Summer -1.4 09 -1.7 0.8 400 69 78 5

Fall -6.1 1.2 -6.9 1.6 437 145 70 5

Table 4 Seasonal values of unweighted mean temperaturev(ju precipitation-weighted
temperature (“pw”), precipitation, relative humidiior Meiringen (MEI), Guttannen (GTT),
Grimsel Hospiz (GRH) and Fiescherhorn (FH) over pegiod 1971-2001. The standard
deviation is indicated bydl For Guttannen, the relative humidity was cal@daover the
period 1971-1996. For Fiescherhorn the Jungfraujeatperature and relative humidity and
Grimsel Hospiz precipitation were used.
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Figure 5 Seasonality 06'%0, unweighted and precipitation-weighted tempega{solid and
dashed lines respectively), precipitation, relatikemidity and deuterium excess for
Meiringen (MEI), Guttannen (GTT), Grimsel HospizR8) and Fiescherhorn (FH). Winter
to winter values are shown for better visualizatioihthe seasonal cycle. In black the
climatology related to the period 1971-2001, inebfor the common period of deuterium
excess data (1993-2001). Error bars indicateetaluated over the respective periods, see
Table 2, 4 and 7. For Guttannen the relative husnmaas calculated over the period 1971-
1996 (black) and 1993-1996 (blue). For Fiescherhiw Jungfraujoch temperature and
relative humidity and Grimsel Hospiz precipitatimere used. For the precipitation-weighted
temperature the Jungfraujoch temperature was wakghwvith the Grimsel Hospiz

precipitation.

Because of the easier detection of minima and maxifor the correlation analysis we
focused on the winter and summer seasons. We @adidhe December to February and
June to August precipitation-weighted me#flo and correlated it with the corresponding
seasonal temperature, precipitation and relativaidiity. For the Fiescherhorn, because of
the uncertainty introduced by both the precipitasampling and the attribution of the season,
we compared th&'®0 with different averages of the Jungfraujoch terapee in order to see
in what period the ice core “winter/summe6‘®0 presumably records most of the
temperature. This might be only a portion of thases, or might be shifted with respect to
the actual winter and summer. In order to verifgtftwe took for winter the period from
October to April and considered all the possiblerages of contiguous months i.e. two, three,
four months means. For the sumna®fO we analogously investigated the period April-
October. We repeated the same procedure also éoprtbcipitation-weighted temperature
using the Grimsel Hospiz precipitation. For wingfO the highest correlation was found
with the January-February (JF) unweighted mean éeatpre and October-November (ON)
precipitation-weighted temperature, respectivelgr Bummers*®0 the highest correlations
were obtained in both cases with August-Septemleamnntemperature (AS). We reported in
Table 5 only the Spearman coefficients for which fmend the highest correlations. The
corresponding precipitation and relative humidiplues were hence selected based on the

5'®0/temperature relation (i.e. JF, ON, AS values).
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Winter Summer

(@) (b) (€) (d) (€) (f) @ ()

T(unw) T(pw) P RH T(unw) T(pw) P RH
MEI 048 058 -0.09 -0.15 0.67 0.65 -0.04 -0.63
GTT 033 039 -0.16 -0.13 0.53 058 -0.36 -0.38
GRH 050 054 -0.13 -0.33 064 069 -032 -0.19
FH(*) 0.18 -0.07 -0.32 0.26 0.01 0.003
FH(*) 0.18 -0.18 -0.26 0.22 0.01 0.003

Table 5 Spearman correlation coefficients between the wiptecipitation-weighteds*20
and the corresponding (a) unweighted, (b) predipitaveighted temperature, (c)
precipitation, (d) relative humidity over the peti@971-2001. (f), (g), (h), (i) As before, for
summer values. (d) and (i) for Guttannen were etalliover the period 1971-1996. For the
Fiescherhorn marks (*) indicates the results basedhe correlation with the unweighted
temperature for JF mean in winter and AS in sumrf&y,with the precipitation-weighted
temperature ON mean in winter and AS in summeru®alstatistically significant at a 10%
and 5% level are shown in italic and bold, respetyt

For the GNIP station&'?O correlates significantly with temperature in btk seasons, with
higher coefficients in summer slightly increasinghwthe precipitation-weighted temperature
(Table 5). Guttannen shows generally lower con@hat In winter no significant relation was
found betweers*®0 and precipitation for neither of the sites. Therelations with winter
relative humidity are negative at higher altituddnis would mean that drier surface air
conditions might lead to sublimation a&tfO enrichment in the snow at these sites although
this effect is known to be small (Stichler and Strer, 2000). In summes*®0 is
anticorrelated with precipitation in Guttannen a@dmsel Hospiz indicating a possible
amount effect (Dansgaard, 1964; Risi et al., 2008}his case the negative correlation with
summer relative humidity is only observed at lowtsvations. We explain that in terms of
possible re-evaporation processes that tend te lde precipitation more enriched at lower
elevations stations, but do not affect significartie isotopic composition at higher stations,
similarly to what was found by Liebminger et al0(B).

The time series of wintef®0, temperature, precipitation and relative humiditg shown in
Figure 6. At all the sites the relationship betw@dtD and temperature can be observed
inspecting common peaks and dipss810 e.g. in 1975, 1990, 1997 (maxima), 1973, 1977,
1991 (minima). Interestingly the temperature minimin winter 1981 is not accompanied by

146



correspondingly lows*®0. Higher precipitation occurred at all the GNIBtisins but opposite
relative humidity conditions were observed betwt#enlow and medium altitude station. It is
possible that different factors may have led toeaodipling between the isotopic signal and
temperature in that winter.

The summer values show significant increasing sereflecting the temperature change
(Figure 7 and Appenzeller et al., (2008)). In Mejeén and Grimsel Hospiz tl&°0 has been
changing with a rate of (0.06£0.02)%./year and (@M62)%./year respectively, following an
increase in temperature of 0.06-0.07°C/year. Int&Bmen a similar trend was observed in
temperature and'®0, but thed'®0 trend was not significant. The relative humidityboth
Meiringen and Guttannen shows a significant deangasend of (-0.27+0.06)%./year and
(-0.25£0.07)%o/year respectively, indicating a pbkestransition toward drier summers in the
valley. The hot summer 1983 (Ropelewski, 1984) vem®rded at all sites. The peak in the
8'%0 might have resulted from high temperatures in lioation with low precipitation and
relative humidity. Interestingly, th&®0 peak in 1989 seems not to be clearly associated t

any of the other parameters.
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Figure 6 Time series of winted'®0 in Meiringen (MEI), Guttannen (GTT), Grimsel Hasp

(GRH) and Fiescherhorn (FH) together with the respe temperature, precipitation, relative
humidity. In gray the precipitation-weighted temgtewre. For the Fiescherhorn the
temperature and relative humidity from the Jungbelu station was used according to the
results shown in Table 5. In black the JF mean &atpre, in gray ON precipitation-

weighted temperature using the Grimsel Hospiz pretion data as weights. For the relative
humidity JF mean in black and ON mean in gray)nBicant trends (p<0.05) are shown with

a dashed line.
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Figure 7 As Figure 6, but for summer. In gray the prectmtaweighted temperature. For the
Fiescherhorn the temperature and relative humidiyn the Jungfraujoch station was used
according to the results shown in Table 5 (in bldok AS mean temperature, in gray AS
precipitation-weighted temperature using the Grintéespiz precipitation data as weights.
For precipitation and relative humidity AS valuesmh Grimsel Hospiz and Jungfraujoch

stations were used. Significant trends (p<0.05xshmvn with a dashed line.

The §'®0/temperature relation was evaluated with a leasar® linear regression of the data
(previously inspected with jackknife residuals) aadshown in Table 6. In agreement with

what was observed by (Schotterer et al., 1997)etlera general tendency for the lower

stations toward higher slopes in summer. For Fiebatn the variability 06?0 explained

by temperature is quite low, as already shown éncibrrelation analysis (Table 5). This result
is in agreement with what obtained in Chapter 4enetafter removing the seasonal cycle the

correlations significantly decreased.

Winter Summer
Slope R Slope R
ME| (0.56£0.21) 0.20 (0.82+0.17) 0.44
GTT (0.25+0.17) 0.07 (0.39+0.11) 0.32
GRH (0.65+0.23) 0.22(0.67+0.13) 0.48
FH (%) (0.16+0.20) 0.02 (0.17+0.24) 0.02
FH (%) (0.17+0.19) 0.02 (0.17+0.25) 0.02

Table 6 §'®0/temperature relation indicated by the slopes Bhdbtained for winter and
summer, respectively. For Fiescherhorn (*) marldcates the relation with the unweighted
temperature (JF mean for winter and AS for sumn(ie)) with the precipitation-weighted

temperature (ON mean for winter and AS for summer).
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5.1.4 Deuterium excess

For the analysis of the deuterium excess record dmw@mon period 1993-2001 was
considered. Figure 8 (a) shows the raw deuteriucesexfrom the Fiescherhorn ice core over
the period 1971-2001 together with the GNIP monttdya (panels (b)). At all the sites the
deuterium excess is characterized by high frequdlucyuations (at monthly scale in the
GNIP stations). Similar trends were observed amGel Hospiz and Fiescherhorn (panel (c)),
with the higher altitude sites showing lower vailip compared to the lower elevation
stations Meiringen and Guttannen. Interestinglyjegreasing trend throughout the whole
1999 and 2000 was observed. The apparent smooaititige Fiescherhorn signal over the
years 1993-1996 and 2001 is due a smaller numbeéataf per year (<15 compared to 20-25
of the other years).

The mean values over the period are shown in TaAbldumn (a), together with the standard
deviation. A general increase of the deuterium sxceith altitude is observed, with
Fiescherhorn and Grimsel Hospiz showing similarugal and the Fiescherhorn having a
smaller variability than at the other sites.

Site (a) All data (b) Winter  (c) Spring (d) Summete) Fall

(%0) (%o) (%0) (%o) (%o)
MEI  5.90 (3.36) 6.85(1.21) 4.65(1.57) 5.51(2.02§5.70 (1.85)
GTT 7.77 (3.97) 9.09 (2.41) 6.94(2.28) 7.41(2.63Y.88(1.92)
GRH 10.76 (3.22) 11.33(0.85) 9.19(1.87) 10.684)L. 12.20 (2.00)
FH 11.15 (1.99)  10.78 (1.24) 10.60 (1.37) 11.28Q}L. 12.06 (1.18)

Table 7 Mean values of the deuterium excess at the GNittoas and the Fiescherhorn ice
core over the period 1993-2001. Numbers in parsighiadicate &. (a) Average calculated
from the monthly and raw data for the GNIP statiarsl Fiescherhorn, respectively.
(b),(c),(d),(e) Mean of the seasonal values, i.ecdnber to February for winter, March to
May for spring, June to August for summer and Septr to November for fall. For the

GNIP data the precipitation-weighted mean was used.
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Figure 8 (a) Deuterium excess data from the Fiescherh@ricace over the period 1971-2001
(sampling resolution). (b) Data over the period 32901 for Fiescherhorn (FH), Meiringen
(MEI), Guttannen (GTT), Grimsel Hospiz (GTT), molytimesolution for the GNIP stations.
Dotted lines indicate the mean value over the pe®90%. (MEI), 7.77%oc (GTT), 10.76%o
(GRH), 11.11%0 (FH over 1971-2001), 11.15%c (FH 0ou&93-2001) see also Table 2.
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(c) Time series of the seasonal averages of deutesxcess smoothed with a 5 points

running mean filter.

The Local Meteoric Water Lines (LMWL) of the monthtiata (sampling resolution for

Fiescherhorn) for the period 1993-2001 show difieteehavior for the lower and the higher
elevations sites (Figure 9). Meiringen and Guttanhave both lower slope and deuterium
excess than Grimsel Hospiz and Fiescherhorn, itdgéhe presence of kinetic effects such

as sub-cloud re-evaporation for the former sitest will be explained in section 5.1.4.2.
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1 MEI + 0 41 GTT -0
+ -50 r-50

100 & - L 100

5D (
5D (%o)

r -150 F-150

r -200 -200

5D=(7.67+0.10)5'°0+(3.741.3) [
R?=0.981

5D=(7.75+0.09)5 '®0+(3.2+1.0)
R?=0.987

. . 250 ,
5180 (%) 5180 (%o)
30 25 20 15 10 5 0 30 25 20 15 10 5 0

-250

F -50

F -100

5D (%0)
5D (%0)

F-150

F -200

3D=(7.89+0.09)5'°0+(9.3+1.3) [ -
R%*=0.985

5D=(8.12+0.04)5'°0+(13.020.7)
R?=0.996
250 250

Figure 9 LMWL for Meiringen (MEI), Guttannen (GTT), GrimsdHospiz (GRH) and
Fiescherhorn (FH) for the period 1993-2001. Theealand intercept (deuterium excess) of

the regression line is shown together with the ficiefit of determination R

On seasonal scale the deuterium excess is codelagéveen the GNIP stations. The
Fiescherhorn shows significant correlations onlythwihe high altitude Grimsel Hospiz
station, implying possible common processes atwioehigh Alpine sites. Therefore Grimsel

Hospiz presents common features with both the loaviagh altitude sites.
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p MEI  GTT GRH FH

MEI 0.52 0.56 0.10
GTT 0.42 -0.11
GRH 0.35

Table 8 Spearman correlation coefficients of the seasoeatetium excess at the different

sites, over the period 1993-2001. In bold coeffitsestatistically significant at a 5% level.

5.1.4.1 Seasonality and altitudinal change
The raw data of the deuterium excess show lesoprmed seasonality thafO as indicated
by the seasonal averages andvdlues in Figure 10 and Table 7 (b)-(e).

16
14
12
10 | mwinter
;5'“ g I Spring
; O Summer
6 | mFall

MEI GTT GRH FH

Figure 10 Seasonal means of the deuterium excess in pia@agpitover the period 1993-2001

at the four sites. The bars indicate 1

All the sites show a general tendency toward higladéwes in fall-winter and lower deuterium
excess in spring, but they are also affected lyelamriability in contrast t6'°0 for which a
clear seasonality over the same period was foundldgously to Figure 3, not shown).
Generally, the deuterium excess in this region shewmaximum (minimum) in winter
(summer) due to lower (higher) relative humiditynddions related to the sea surface
temperature in the oceanic source regions (Jouzdl,e1997b; Schotterer et al., 1997). Due
to topographic effects and precipitation season#dital variations of the deuterium excess
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seasonality might occur. Similarly to what we obsér here, some of the Alpine Austrian
stations show a peak in fall and lower values mngp(Rank and Papesch, 2005; Liebminger
et al., 2006). According to that, we suggest that parameter is similarly driven by local
factors in the Swiss Alps, i.e. Bergeron-Findeigeacesses and sub-cloud re-evaporation
creating a sort of altitude effect (Liebminger &t 2006). Changes in the moisture sources
with stronger contribution from the Mediterraneanfall might as well affect the deuterium
excess over the region. We investigated the altitidchange of the deuterium excess
throughout the seasons and observed an apparetihngawnincrease with altitude, with
Grimsel Hospiz and Fiescherhorn deuterium excesdtieg undistinguishable (Figure 11). A
similar decoupling between lower and higher ele@ratsites was found in Antarctica by
Masson-Delmotte et al. (2008), with more homogengeisterium excess at lower altitudes
and a linear increase with height above 2000 nh dkis feature was attributed to different
moisture sources. In the case of this limited negio the Alps the altitudinal change of
deuterium excess with more homogeneous conditibhgyber elevations is probably related
to in-cloud and sub-cloud processes. At the lovievation sites the deuterium excess tends
to decrease because of sub-cloud re-evaporatiorea$hat higher altitudes it is more directly

affected by in-cloud kinetic processes.
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5.1.4.2 Analysis of seasonal deuterium excess
For the comparison with the weather parametersuwaiated the climatology over the years
1993-2001, clearly not differing significantly frothe longer period 1971-2001 (Figure 5).

The corresponding data are shown in Table 9.

Site Season T (unw) ol T(pw) Io P 1o RH 1o
°C) (€ (°C) (*C) (mm) (mm) (%) (%)

MEI Winter 03 1.2 03 10 279 130 84 3
Spring 9.3 1.0 98 13 311 105 75 2
Summer 16.8 0.6 16.6 0.7 474 38 79 2

Fall 84 09 91 12 293 82 84 2

GTT Winter 0.4 0.9 0.5 1.1 371 148 76 4
Spring 85 24 8.4 2 426 134 71 3
Summer 16.0 1.7 157 16 471 70 75 1

Fall 79 14 80 15 421 1212 77 1

GRH  Winter -43 0.8 47 11 560 272 68 5
Spring 0.6 1.0 -0.1 12 468 166 76 3
Summer 9.1 0.6 88 0.7 397 65 78 2

Fall 25 14 21 14 470 153 75 4

FH Winter -121 11 -126 13 560 272 66 6
Spring -9.0 0.6 -94 10 468 166 74 5
Summer -0.8 0.6 -1.0 0.6 397 65 75 3

Fall -6.2 1.2 -6.9 12 470 153 70 3

Table 9 Climatology of the seasonal values of temperattwaw(”), precipitation-weighted
temperature (“pw”), precipitation, relative humidifor Meiringen, Guttannen, Grimsel
Hospiz and Fiescherhorn over the period 1993-200&. standard deviation is indicated by
the Io. For Guttannen, the climatology of relative hurtyidivas evaluated over the period
1993-1996. For Fiescherhorn the Jungfraujoch teatpex and relative humidity and Grimsel
Hospiz precipitation were used.

There is apparently no link between the deuterinoess seasonality with minimum in spring
and the other parameters, except for Meiringen Gattannen where the cycle follows the

relative humidity. For the correlation analysis lwthe weather parameters and #180 a
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longer time period is needed. We used the periadd-P®01 for the Fiescherhorn and 1993-
2011 for the GNIP data. In contrast 8°0, there is no clear relationship with the
meteorological parameters, indicating that the el excess behavior is rather complex
over the region (Table 10). Generally summer tewmipees are positively correlated with the
deuterium excess at Grimsel Hospiz. The correspgneilative humidity shows a significant
anticorrelation only in Meiringen. From the resutibtained with the summ&t°0 we would
expect a positive correlation with the deuteriuncess, as re-evaporation would enrich the
precipitation in the heavier isotopes and accolglimecrease the deuterium excess. It is
therefore possible that other processes dominatdeahterium excess at this site.

A negative correlation was found between Grimsedpio deuterium excess and temperature
in winter. Such anticorrelation between the twoapagters was also observed in Antarctica
by Masson-Delmotte et al. (2008) and was explaingdrms of (i) possible changes in the in
equilibrium fractionation coefficients at low temmpaures, (ii) kinetic fractionation related to
supersaturation conditions and (iii) changes instuoe origin. However, the anticorrelation
between winter deuterium excess and temperatu@rimsel Hospiz and in Meiringen with
380 are not reflected in the respective isotopic @miperature parameters (columns (e) and
(a, b), respectively in Table 10), indicating tlemplex phenomena affect this isotopic
parameter at these sites. This result is not utawetsat this point. No significant results were

obtained with the precipitation.

Winter Summer
(@) b)) (@© (@ (o) () (@ (h) (i) ()
T T T T
) (ow) = RH &%0 unw) (pw) = RH &0

MEI 002 0.06 0.14 -0.15-045 0.04 0.07 0.27 -0.58 -0.17
GTT -002 -017 016 / -0.30035 0.34 -011 / 0.23
GRH -050 -053 -0.30 -0.14 -0.10 0.40 054 -0.15 -0.18 0.28
FH(*) -0.24 0.19 -0.09 0.24 -0.06 -0.06

0.01 0.10
FH(*¥) -0.17 0.12 0.1 0.23 -0.06 -0.06

Table 10 Spearman correlation coefficients between the ewingrecipitation-weighted
deuterium excess and the corresponding (a) unwexgh(b) precipitation-weighted
temperature, (c) precipitation, (d) relative hurtyidi(e) 5*%0 over the period 1993-2011
(GNIP stations) and 1971-2001 (Fiescherhorn ice)cdf), (g), (h), (i), (j) As before, for the
summer values. (a), (b), (f), (g) for Guttanneneavealculated over the period 1993-2008, (d)

and (i) were not evaluated because no relative tlityrdata are available after 1996. For the
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Fiescherhorn (*) indicates the results based on d¢beelation with the unweighted
temperature (JF mean in winter and AS in summét), With the precipitation-weighted
temperature (ON mean in winter and AS in summe®, sction 5.1.3.2. Values statistically

significant at a 10% and 5% level are shown indtahd bold, respectively.

Figure 12 confirms that the winter deuterium excasthe sites is quite heterogeneous, with
no common features at the stations.

In order to understand if the signal is affected rbgre complex atmospheric driver we
investigated the connection with the main telecatior pattern driving winter conditions
over Europe, the North Atlantic Oscillation (NAOu#tiell, 1995). Previous studies analyzed
the relationship between the NAO adtfO in Europe (Field, 2010), including the GNIP
stations here used (Baldini et al., 2008) and ofisgra general positive correlation between
the two parameters.

Here we extended the investigation to the deuteraxtess parameter. We took the DJF
Principal Component (PC)-based NAO index availainidhe NCAR Climate Data Webpage
(Hurrell and National Center for Atmospheric ResbaGtaff (Eds), 2013) for the GNIP
stations over the period 1993-2011 and over thiegdi971-2001 for the Fiescherhorn.

The correlation analysis between the winter deuterexcess and the NAO shows an overall
negative coefficient, although only in Grimsel Hasghis is significant §=-0.53, p<0.05).
The Spearman correlation coefficients for Meiringéuttannen and Fiescherhorn are -0.04,
0.14 and -0.18 (over 1971-2001), respectively. thar ice core no significant correlation
between thé'®0 and the NAO index was founp=0.04).

The spatial correlation pattern of Grimsel Hospgzitgrium excess with the ERA-INTERIM
(Dee et al., 2011) sea level pressure confirms terte is a NAO-like structure, although
shifted eastward (Figure 13). The mechanism leatbng higher deuterium excess in more
negative NAO phases might be related to the hifgfegjuency of cold and drier easterlies
over central Europe, whereas during positive phasesipitation over the Alps originates
from milder, low Atlantic deuterium excess air massThe fact that such feature is not

coherently observed in the other nearby GNIP sit@®t understood at this point.
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Figure 12 Time series of winter deuterium excess in Meirmg8uttannen, Grimsel Hospiz
and Fiescherhorn together with the respective teatye, precipitation, relative humidity
signal. In gray the precipitation-weighted temperat For the Fiescherhorn the temperature
and relative humidity from the Jungfraujoch statwas used according to the results shown
in Table 5 (in black the JF mean temperature, ay @N precipitation-weighted temperature
using the Grimsel Hospiz precipitation data as WesigFor the relative humidity JF mean in

black and ON mean in gray). Significant trends (80 are shown with a dashed line.
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Figure 13 Spatial rank correlation of Grimsel Hospiz wintiuterium excess and ERA-
INTERIM sea level pressure (left) and 500 hPa geap@l height (right) over the period
1993-2011. Analysis performed with the Climate Expt tool (Trouet and Van Oldenborgh,
2013). Shaded areas indicate the correlation coeffi significant at a 5% level. Coherent
patterns were found using other reanalysis (CFS&hgSet al., 2010), Twentieth Century
Reanalysis (Compo et al., 2011), MERRA (Rieneckeal.e 2011), NCEP/NCAR (Kalnay et
al., 1996)) with the core of the positive corredatextending over a region between 55°N and
70°N, approximately from Greenland to ScandinaViae cores of the negative correlation
with the Azores high were more limited to the Medianean region/North Africa in the
CFSR and Twentieth Century Reanalysis, whereas MERRd NCEP/NCAR showed a

similar pattern as Figure 13 (not shown).

The summer signal is shown in Figure 14. In all @MIP stations the deuterium excess
presents increasing trends over the period 1993-2@¢drying between 0.2 and &dyear).
Interestingly, the relative humidity decrease obsdrin winter at Meiringen persists also in
summer with similar amplitude (0.3£0.1%l/year). Themmer temperature increase over
1993-2011 is significant only in Guttannen.
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Figure 14 As Figure 12, but for summer. In gray the preaijan-weighted temperature. For
the Fiescherhorn the temperature and relative htyricbom the Jungfraujoch station was

used according to the results shown in Table bl@ok the AS mean temperature, in gray AS
precipitation-weighted temperature using the Grinkéespiz precipitation data as weights.
For precipitation and relative humidity AS mean wed from Grimsel Hospiz and

Jungfraujoch stations were used. Significant trgp&.05) are shown with a dashed line.

The hot summer 2003, clearly recognizable from pkeek in temperature anst®0 (not
shown) and the drop in precipitation and relativenidity at all sites, is characterized by high
deuterium excess indicating that it recorded thg dey conditions of that year (Schar et al.,
2004). Such situations might potentially introdugestrong bias in the annuat®o in
precipitation, as shown by Longinelli et al. (20@8)ng isotopic data from Italian stations.
They indeed found that despite the extremely hatditmns of that summer, the strong
reduction of precipitation during that season digantly biased the annuat®0 toward more
negative values due to the lower precipitation am®wompared to spring, fall and winter.
The ice core does not show any particular linkhi ¢ther parameters over the period 1971-
2001.

In order to understand the possible atmosphenednf such trends observed at the sites we
analyzed the change in the summer weather typgsidrney over central Europe using the
simple GWTWS classification scheme illustrated &blE 11(Schiemann and Frei, 2010),
provided by Meteoswiss. This scheme contains eagivective types and three convective
types and is based on the 500 hPa height as inplutte mean wind speed data used to
discriminate between advective and convective types Weusthoff (2011) for details.

The high pressure situation is the most frequeath bn winter and summer (25-28%),
followed by the westerly types (18-19%) and flatigtion, ranging from 10% in winter up to
22% in summer. The flat situation is characterizeyl flat pressure gradients with
development of local instabilities. Over the perib@93-2011 a decrease in both the high
pressure situation (from 35% to 20%) and northwhstgpe (from 12% to 5%) was observed
and simultaneously an increase in the southwestgdg occurred (almost doubling from
10% to 20%). This might explain the increase of shenmer deuterium excess, with more
moisture carried from the Mediterranean that isigh4ddeuterium excess basin (Gat and
Carmi, 1970).
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1993-2011

Winter Summer

West 18 19
SouthWest 9 15 (4.4)
NorthWest 14 8 (-4.3)
North 11 3
NorthEast 5 1
East 2 0
SouthEast 1 0
South 2 1
Low Pressure 5 1
High Pressure 25 28 (-7.8)
Flat Pressure 10 22

Table 11 GWTWS weather types winter and summer frequen@mesnber of days per
season) over the period 1993-2011. The numberarenghesis indicate the trends in terms of
change of weather frequency/decade significantl@a level (Mann Kendall test).

5.1.5 Summary and concluding remarks

In this study we presented and analyzedtfi® and deuterium excess records from four sites
<20 km distant each other in the Northern SwisssAlipree GNIP stations and one high-
altitude ice core). Such a high spatial resolufmmnthe investigation of local processes in the
isotopic records is hardly achievable in modelihgd®es. The scope was to investigate the
spatial coherence of the isotopic signal. For dH© an overall positive correlation with
temperature and anticorrelation with relative hutgichnd precipitation in summer were
found. The altitude effect follows the linear redaiship with orographic-forced progressive
distillation and slightly higher gradient in summehen sub-cloud re-evaporation and
isotopic re-enrichment affect the lower sites.

The deuterium excess, characterized by high fregyuélactuations is correlated between the
GNIP stations whereas the high-altitude ice comngd correlation only with the medium
altitude GNIP station. The seasonality of the digeanot strongly pronounced; it shows
higher values in fall and lower in spring and aayahnonlinear increase with altitude, with
comparable values at Grimsel Hospiz and Fiescheridrese results are in agreement with

previous studies explaining that at higher altitutiee Bergeron-Findeisen process enhances
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kinetic fractionation and leads to higher deuteriarcess whereas at lower elevations sub-
cloud re-evaporation partially decreases it (Liefger et al., 2006).

We explain the increasing trend of the summer druteexcess over 1993-2011 with an
increased frequency in the SouthWesterly weathee,tgarrying moisture from the high-
deuterium excess Mediterranean basin (Gat and Ca@wD). The winter NAO signal in the
deuterium excess was recorded only at the Grimse$pld site where a significant
anticorrelation was found. The spatial correlatpaiterns show the NAO centers, although
shifted eastward. A similar result was obtained Figld (2010) with the Europeadt®O
(positive correlation), suggesting that there cobkl a more general link to the Arctic
Oscillation. The use of isotope-equipped GCMs migbktp in better understanding the
influence of the atmospheric drivers on the isatogriability in the Alpine region. Back
trajectories capable to solve the complex Alpinpotgraphy might moreover identify the
different distillation paths, but such high spatiesolution is not currently available to our
knowledge.

In the ice core, despite tHE°0 shows a strong seasonal cycle, summer and wsigeal
seems to be not completely recorded. This mighiuze(i) seasonal values attribution and (ii)
precipitation variability and post-depositional pesses. The precipitation weighting of
temperature did not improve the results becaudbdiprecipitation at the Grimsel Hospiz site
might not be representative for the high-altitudeciggr accumulation (ii) post-depositional
processes might alter the accumulation destroyivegrelationship with the lower altitude

sites.
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5.2 Comparison with Grenzgletscher ice core

50 and 8D were measured in the Grenzgletscher ice core therperiod 1961-1983
(Chapter 3). Here a comparison with the Northerpid Fiescherhorn ice core is discussed
(for the Grenzgletscher the seasonal values weeenadl in analogy to what was done for the
Fiescherhorn, from linear interpolation and atttib of the season based assuming uniform
distribution of precipitation throughout the yeaFhe raw data 08'%0 and deuterium excess

over the common period 1961-1983 are shown in Eigor
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Figure 15 Data of Fiescherorn (FH, blue) and Grenzglets(B&;, red)s*?0 (upper panel)
and deuterium excess (lower panel) over the pear@fd -1983, sampling resolution.

Both §'®%0 series show a well pronounced seasonal cyclshasn in Chapter 4 with the
Jungfraujoch temperature for the Fiescherhorn andnd> Saint Bernard for the
Grenzgletscher. The mean values are -16.62%. atFtbecherhorn and -16.22%. at the

Grenzgletscher. The deuterium excess is charaeteby high frequency fluctuations, with
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slightly higher mean values at the Grenzgletsch&r80so) than at the Fiescherhorn (10.9%o).
In some periods the two sites show anticorrelasddhbsior (1966, 1967, 1974).

The LMWL of Fiescherhorn and Grenzgletscher datanfding resolution) for the period
1961-1983 show very similar values in both, slope deuterium excess (Figure 16).
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Figure 16 LMWL of Fiescherhorn (FH) and Grenzgletscher (G& ctore data, sampling
resolution over the period 1961-1983 (1968-1969lusbex]). The slope and intercept
(deuterium excess) of the regression line is shdagether with the coefficient of

determination R

The ice core$'®0 seasonality is similar in both, values and valitghbwhereas the deuterium

excess is not distinguishable (Figures 17, 18 aabler 12). As observed previously, the
Fiescherhorn tends to have slightly higher deuteraxcess values in fall. Grenzgletscher
shows higher values in both summer and fall, indigapossible enhanced contribution from

the Mediterranean moisture source (Gat and Ca@aQiL
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5%%0 Deuterium excess

GG FH GG FH
Mean 1o Mean 1o Mean 1o Mean 1o
(%o) (%) (%) (%) (%) (%) (%) (%o)
Winter -19.48 223 -19.73 1.97 116 21 10.7 09
Spring -16.82 3.18 -16.63 2.03 113 20 110 14
Summer -13.71 249 -13.94 1.87 126 16 109 13
Fall -16.01 236 -1547 177 127 14 116 11

Table 12Mean seasonal values and standard deviatiéff©fand deuterium excess from the
Grenzgletscher and Fiescherhorn ice cores evaluated the period 1962-1983 (1961

excluded because of not complete Grenzgletschdemdtata in 1961). The years 1968-1970
were excluded because of gaps and the 1976-197® dwspected secondary fractionation of

the samples in the Grenzgletscher record (Chapter 3

Winter Spring Summer Fall
0.0

-50 -

-10.0 4 EGG

B FH

520 (%s)

-15.0

-20.0

-25.0 -

Figure 17 Seasonal means of th&0 over the period 1962-1983 at the GrenzgletsdB&)(
and Fiescherhorn (FH). The bars indicate 1
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B GG
B FH

d (%o)

Winter Spring Summer Fall

Figure 18 Seasonal means of the deuterium excess over thedp#962-1983 at the
Grenzgletscher (GG) and Fiescherhorn (FH). The indisate &.

The seasonadl'®0 does not show any correlation with the respeddieterium excess at the
sites (Table 13). Th&'®0 is well correlated between the two ice cores icmirig that it is a
good indicator of the regional temperature, whetbasdeuterium excess does not show any
relationship suggesting possible different moiskoarces and secondary processes affecting
the two glaciers. The slightly higher deuterium esscat the Grenzgletscher might be due to
the contribution from the near Mediterranean maeesgource, as stated previously.

FH GG FH/IGG FH/GG
s8%o/d  sfoid 8o d
0.09 0.04 0.48 -0.08

Table 13Spearman correlation coefficients of #80 and deuterium excess (d) seasonal
time series over 1961-1983. Values in bold indicatefficients statistically significant at a

5% level.
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Outlook

In this study the suitability of the ice core paeders water stable isotope ratios and net snow
accumulation as climate proxies was investigatedr dhe recent time period by direct
comparison with instrumental temperature, predioitaand other meteorological data over
different time scales.

In Chapter 3 the setup and characterization of aGR®S Picarro L2130-i laser spectrometer
was described. Drift and memory effect were queadtifand the analytical uncertainty was
determined, resulting comparable with other techesg(<0.1%. fol*°0O and <0.5%. fobD).
Internal laboratory standards were calibrated usimgrnational reference materials. A
user-friendly measurement protocol for the calibrabf the samples including memory and
drift correction was developed and used for thesuesament of the Grenzgletscher ice core
samples, giving consistent results with what wakiokd by previous measurements with
IRMS technique.

The focus of Chapter 4 was on the analysis of teatpee and precipitation proxies from the
Fiescherhorn glacier, Northern Alps and Grenzghetsc Southern Alps. From the low
fraction of5'°0 variability explained by temperature (~20%) itisar that the isotopic signal
in this region is affected by additional processegh as topographically-induced effects and
changes of the moisture sources. Moreover, théior&hip of annuab'®0 with temperature
showed substantial differences in snow depositimh @eservation at the two glaciers only
60 km distant, with the Grenzgletscher affected tbgh intraseasonal to interannual
variability of precipitation and the Fiescherhorhatacterized by more homogeneous
conditions. The ice cores accumulation reconswustishowed the Northern and Southern
Alpine glaciers to be influenced by different pptation regimes, as expected from their
location with respect to the orographic barrier.

Chapter 5 addressed the interpretation of the daoteexcess parameter in the Alpine region.
Even over a limited area (<20 km) no homogeneolatioaship with the meteorological
parameters was found, with the deuterium excessrgky lower in spring and higher in fall-
winter. A nonlinear increase altitude was observébe influence of the atmospheric
circulation patterns was investigated, showing aticarrelation between the deuterium
excess and the NAO in winter at the Grimsel Hosiz. In summer the common increasing
trend of deuterium excess over the period 1993-204% explained with the increasing
frequency of Southwesterly weather types, carrymagsture from the high deuterium excess

Mediterranean basin.
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In future studies it would be desirable to betwentify the different contributions to the
isotopic variability. With further development dig spatial resolution of isotope-equipped
regional models and GCMs it might be possible t@#tigate the effects of different moisture
sources even for Alpine subregions affected byirdistprecipitation patterns. Another
promising approach would be tracking of the wateie over the Alpine region in the frame
of a comprehensive monitoring network. This seeeasible with the recent development of
laser spectrometers allowing continuous measuremeihboth the5'°0 and 3D in water
vapour and liquid water in the field.

Generally ice core records from Alpine glacierseofthe possibility to study climate proxies
over longer time scales, even before the beginafrigstrumental data. The Fiescherhorn ice
core contains a 350 years record and the Collee@ngpans with reasonably high time
resolution the last two thousands years. Althougivas not easy to interpret the isotopic
signal at seasonal and interannual timescale, ntljanges in temperature, precipitation or
atmospheric circulation patterns might be accessibl longer timescales. This is illustrated
with thedD and deuterium excess records from FiescherhatrCarie Gnifetti ice core over
the last 350 years in Figure 1.

Colle Gnifetti shows clearly a shift toward summelues, with a meamD=-97.2%o
compared to Fiescherhorn (medd=-120.8%o.), caused by the preferential erosion witev
snow. Due to the reduced number of points per gadrdiffusion effects, the Colle Gnifetti
record appears smoothed, whereas the Fiescheguordrpreserves the seasonal cycle.

The deuterium excess signal is characterized &t sitgs by high frequency fluctuations and
by higher values at the Colle Gnifetti (13.5%0) cargd to Fiescherhorn (10.6%o). This
probably indicates the influence of the high-ddutarexcess Mediterranean moisture source
at the Southern site. The most outstanding featutbe divergence of the two deuterium
excess records over the period 1850-1890. In gketleisa difference is 2-4%o. with lower
values at the Fiescherhorn, but over the period04&E®0 it increases to ~6%.. This
discrepancy might indicate a strong change in tloésture sources and/or local processes
affecting the parameter. This interesting feat@guires further investigations. These might
be conducted in parallel with other archives. Tegalopment of reanalysis data extended
further back to the past and the use of modelingies might help in understanding the

processes governing such feature.
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Figure 1 Raw data of Fiescherorn (FH, blue) and Colle Gni(€G, red)oD (upper panel)
and deuterium excess (lower panel) over the pdrg@D-2003.
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