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Abstract

Accumulation and δ18O data from Alpine ice cores provide information on past tem-
perature and precipitation. However, their correlation with seasonal or annual mean
temperature and precipitation at nearby sites is often low. Based on an example we ar-
gue that, to some extent, this is due to the irregular sampling of the atmosphere by the5

ice core (i.e. ice cores only record precipitation events and not dry periods) and the pos-
sible incongruity between annual layers and calendar year due to dating uncertainty.
Using daily meteorological data from nearby stations and reanalyses we replicate the
ice core from the Grenzgletscher (Switzerland, 4200 m a.s.l.) on a sample-by-sample
basis. Over the last 15 yr of the ice core record, accumulation and δ18O variations can10

be well reproduced on a sub-seasonal scale. This allows a wiggle-matching approach
for defining quasi-annual layers. For this period, correlations between measured and
replicated quasi-annual δ18O values approach 0.8. Further back in time, the quality
of the agreement deteriorates rapidly. Nevertheless, we find significant correlations for
accumulation and precipitation over the entire length of the record (1938–1993), which15

is not the case when comparing ice core δ18O with annual mean temperature. A Monte
Carlo resampling approach of long meteorological time series is used to further explore
the relation, in a replicated ice core, between δ18O and annual mean temperature. Re-
sults show that meteorologically very different years can lead to quasi-identical values
for δ18O. This poses limitations to the use of δ18O from Alpine ice cores for temperature20

reconstructions in regions with a variable seasonality in precipitation.

1 Introduction

Alpine ice cores have been used as climate proxies to infer environmental conditions
in the past, including temperature and precipitation. Precipitation is reflected in the
net accumulation rate, and temperature in the δ18O isotopic composition. However,25

the direct calibration of these proxy variables with observed seasonal or annual mean
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temperature and precipitation is difficult and correlations are sometimes low. For in-
stance, for the case of the Grenzgletscher in Switzerland (4200 m a.s.l., see Fig. 1),
a high-accumulation site with presumably good data quality (Eichler et al., 2000, 2001),
the correlation between δ18O in the ice core and annual mean temperature from nearby
meteorological stations is low, while there is a significant correlation between accumu-5

lation and precipitation. In another ice core from the Swiss Alps (Fiescherhorn glacier),
the correlation between δ18O and annual mean temperature as well as between accu-
mulation and precipitation is reasonably high (Mariani et al., 2012).

There are many possible causes why δ18O might not correlate well with annual mean
temperature. For instance, temperature and precipitation may exhibit very local signals10

that are not captured by nearby sites, particularly in the complex alpine setting. Even if
local precipitation was available, local accumulation does not record local precipitation
as there may be a substantial re-distribution of snow (wind drift, erosion). Also, δ18O
does not record local air temperature, but depends on the origin and history of the
water vapour in the air mass including possibly multiple condensation cycles (e.g. Pfahl15

and Wernli, 2008). Postdepositional processes (e.g. diffusion, surface melting, lateral
percolation, sublimation and desublimation, etc.) lead to a smoothing and dislocation
of the signal within the ice core (Eichler et al., 2001) or to changes in the isotopic
signature. Ice flow may change the structure of the record. The snow sampled in deeper
layer of the ice core might have fallen further up on the glacier under different conditions20

(upstream effects). Finally, ice cores record climatic conditions only during precipitation
events, which may not be characteristic for the average conditions over a year or so.
The δ18O signal thus represents a precipitation-weighted temperature signal (Werner
et al., 2000; Läpple et al., 2011).

The direct comparison (e.g. correlation, regression) of accumulation or δ18O in ice25

cores with precipitation and seasonal or annual mean temperature works only if all
of the above processes can be assumed stationary. However, this assumption may be
problematic, specifically in the climatically complex environment of the Alps or mountain
systems in general. For instance, a seasonal shift in precipitation from winter to summer
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between the medieval period and the Little Ice Age might produce lower δ18O values in
medieval times than during the Little Ice Age even if temperatures were higher in both
seasons.

In this paper we consider one of the problems mentioned, namely that of the irregular
sampling of weather events by the ice core. We address this by replicating the sampling5

in daily meteorological data using a very simple forward model. We further study the
problem of the definition of annual layers in comparisons between meteorological data
and proxies. Finally, a Monte Carlo resampling approach of long meteorological records
is used to investigate uncertainties in the relation between ice-core proxies and mean
climate due to the fact that ice cores only represent precipitation events.10

The paper is organised as follows. Section 2 gives details about the ice core and
meteorological data used in this paper. Section 3 describes the forward modelling ap-
proach. Results are presented and discussed in Sect. 4, including analyses with the
Monte Carlo resampling approach. Conclusions are drawn in Sect. 5.

2 Data15

2.1 Ice core data

We use data from an ice core drilled at the upper Grenzgletscher (45◦55′ N, 7◦52′ E), at
an elevation of 4200 m a.s.l. (see Fig. 1). The Grenzgletscher is situated in the Monte
Rosa Massif and is a high accumulation site. The core studied here was collected in
October 1994 and reached down to 125 m (Eichler et al., 2000, 2001). The time period20

covered by the ice core is 1937–1994, with a mean annual accumulation rate of 2.7 m
water equivalent (w.eq.). The density of each ice core section of about 50 cm length
was used to calculate the w.eq. depth in order to correct for compaction of the firn part
of the core. Sampling resolution was 5 cm for analyses of δ18O, corresponding to about
70 and 20 measurements per year for the periods 1984–1993 and 1938–1947, respec-25

tively. Between 1953 and 1987, only every other sample was analysed with respect to
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δ18O. The core indicated perturbations in the period 1985–89, strongly affecting the
chemical composition but leaving the δ18O mostly undisturbed. Eichler et al. (2001)
concluded that these perturbations were most likely due to lateral percolation of melt
water.

In addition to δ18O, concentrations of major ions were also determined. Although5

they are not directly analysed in this paper, they were sometimes used for support-
ing the identification of seasons. In general, annual layers were then defined as layers
between the coldest (lowest) δ18O sample of a winter season and the coldest δ18O
sample of the next year’s winter season (referred to as “cold point year” in the follow-
ing). Annual accumulation rates were calculated from the obtained annual thicknesses10

accounting for thinning of annual layers with depth by using a simple ice flow model
(Nye, 1963), for details see Eichler et al. (2000).

2.2 Meteorological data

Local meteorological data are used from three main sources: station data, ERA-Interim
reanalysis (Dee et al., 2011), and the Twentieth Century Reanalysis (Compo et al.,15

2011).
The station data is from the Gr. St. Bernhard, ca. 50 km to the west of the ice core

site, at an altitude of 2450 m a.s.l. (see Fig. 1). The station is at a saddle (a pass) on the
main alpine crest and thus influenced both from the north and the south. The station
was erected in 1817; sub-daily data reach back to 1819. However, the data have not yet20

been fully homogenised. A visual inspection revealed a large, likely unrealistic trend in
precipitation up to the 1930s. For the period after 1938, when ice core data is available,
no clear inhomogeneity was detected. However, precipitation at Gr. St. Bernhard is
measured near a south-facing wall, which is expected to affect the measurements due
to shielding effects.25

As an alternative to the station data, we further included reanalyses data. On the one
hand we used ERA-Interim data from 1979 to the present (Dee et al., 2011). This data
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set represents the latest generation reanalyses. On the other hand, for going back fur-
ther, we also used the ensemble mean of the Twentieth Century Reanalysis, version 2
(20CR, Compo et al., 2011) which goes back to 1871. 20CR is a global 3-dimensional
atmospheric reanalysis dataset at 6-hourly temporal resolution reaching back to 1871
(Compo et al., 2011). It provides a 56-member ensemble of analyses based on an5

assimilation of surface and sea level pressure observations, i.e. the distribution of at-
mospheric mass. Assimilation was performed using an Ensemble Kalman Filter tech-
nique, with first guess fields generated by a 2008 experimental version of the US Na-
tional Center for Environmental Prediction Global Forecast System atmosphere/land
model (NCEP/GFS). Model boundary conditions were derived from monthly mean sea10

surface temperature and sea ice distributions (see Compo et al., 2011, for details).
We extracted meteorological data from the closest grid point (with a spatial resolution

of 1.5◦×1.5◦ and 2◦×2◦ for ERA-Interim and 20CR, respectively) to the Grenzgletscher
(see Fig. 1). The time interval of the atmospheric data was 6 h while precipitation in
both data sets was available at steps of 3 h from 12 hourly forecasts.15

We compared the three data sets on the level of daily averages (precipitation was
summed from 06:00 UTC to 06:00 UTC). From the reanalysis data sets we used tem-
perature at 600 hPa (which is close to the altitude of Grenzgletscher). For the remainder
of the paper, only analyses based on these daily data are shown. Comparisons were
performed on absolute values (i.e. no mean annual cycle was subtracted), for the years20

1980–2008. The agreement for temperature is very good between all data sets, with
Pearson correlations exceeding 0.95. For precipitation (Fig. 2), both reanalysis data
sets, but particularly 20CR (ensemble mean), overestimate the number of precipitation
days (i.e. days with ≥0.1 mm of precipitation). In these 29 yr, 5869 days were reported,
while the numbers for ERA-Interim and 20CR are 7501 and 8578, respectively. The25

total precipitation amounts agree relatively well, i.e. they are within 30 % of each other.
Correlations for precipitation are relatively low when considering individual days.

However, after binning observed precipitation into 21 classes and analysing reanal-
ysis precipitation for each class, the agreement improves (Fig. 2; note the logarithmic
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scale used for the x-axis for display purposes). Pearson correlations of 0.96 and 0.92
are found between class mean values from observations and ERA-Interim or from ob-
servations and 20CR, respectively. The relation is non-linear as high values are under-
estimated. This is expected since observations are point values whereas reanalyses
represent precipitation over large areas (also, 20CR is an ensemble mean of 56 mem-5

bers, additionally contributing to an underestimation of extremes and an overestimation
of precipitation days). Note also that orography is very crudely depicted in 20CR and
hence orographic effects are missing (see Stucki et al. (2012), for a discussion of the
accuracy of Alpine precipitation in 20CR and of processes leading to heavy precipita-
tion in the Alps, including orography).10

In all, the agreement for precipitation is satisfactory, but not excellent. We use all
three data sets in this paper.

3 Forward model

To address the signal preservation of climate variables by the ice core we mimic the
formation of an ice core from daily meteorological data (i.e. a simple forward model):15

Afwd daily = c1 · Pdaily (1)

δ18Ofwd daily = c2 +c3 · Tdaily (2)

where A is accumulation, P is precipitation, T is temperature and the subscript “fwd”
stands for forward model. Note that many other effects could also be incorporated into20

such a model, which however is not the focus of this paper. In the laboratory, samples
of 5 cm ice were analysed. They can be described as:

Afwd sample = Σ(c1 · Pdaily) (3)

δ18Ofwd sample = c2 +c3 ·Σ(Pdaily · Tdaily)/Σ(c1 · Pdaily) (4)
25
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where the sum is defined such that Afwd sample corresponds to a sample (mostly close
to 5 cm, but exact numbers, which may vary from sample to sample, were used). This
requires knowledge of c1, which is assumed constant over time and which is estimated
in the next paragraph. Constants c2 and c3 describe the relation between temperature
and the isotope ratio. Although values would be available from the literature, we did not5

take c2 and c3 into account at all. Only correlations, which are insensitive to the choice
of c2 and c3, are analysed in this paper. We therefore analyse only Σ(Pdaily ·Tdaily)/Σ(c1 ·
Pdaily), which we call “weighted temperature”.

Note that in reality, the relation between Afwd and P is non-linear but depends on
the type and amount of precipitation, and it may vary over time. Also, approximating10

snow accumulation on the glacier with precipitation from a distant measurement site or
a reanalysis inevitably carries a large error.

We applied the model for the period autumn 1979 to spring 1994, where the ice
core data show more pronounced seasonality than earlier and meteorological data
is better (automated rather than manual weather station) and more abundant (ERA-15

Interim data). We show results based on station data in the following. To determine
constant c1, precise start and end date of the given period must be defined in the real
ice core. We proceeded in the following way: we assumed that the last sample in the
ice represents 31 March 1994 and searched for the most likely location of 1 September
1979 in the ice core by smoothing δ18Ofwd daily and comparing with observed δ18O of20

that autumn until a good fit was found. Note that the error in c1 is relatively small (i.e.
corresponding to an error of a week or two over a period of 13 yr) and that the effect
of mis-specifying c1 also is small, especially for those analyses where the ice core is
re-dated, as described in Sect. 4. In this way c1 was set to 1.20. Subsequently, 5 cm
samples could be defined and Afwd sample and δ18Ofwd sample could be calculated. We25

call the result “artificial ice core”.
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4 Results

4.1 Sample-by-sample comparison

A first comparison on a sample-by-sample basis showed that the weighted temperature
in the artificial ice core is more variable than δ18O in the real ice core. This is expected
as several processes (surface melting and percolation, diffusion) lead to a smoothing5

of the signal across the sample within a layer of approximately 30 cm (Johnson et al.,
2000). We therefore smoothed the weighted temperature in the artificial ice core with
a five point triangular filter. Results are shown in Fig. 3. The agreement between this
curve and the ice core δ18O obtained in this way is over all very good. The summer
peaks are more smoothed out in the real ice core, most likely due to surface melting10

(see squared boxes), which however does not affect the winter season. In the other
seasons it is often possible to identify individual wiggles in both curves (see open
circles for examples). In order to quantify the agreement, the two curves need to be
brought onto the same depth scale (i.e. dated). Since the agreement is very good in
the autumn to spring season, we tried a wiggle-matching approach for dating. The wig-15

gles representing the lowest mid-winter δ18O values in the real ice core were matched
in the artificial ice cores samples. There was ambiguity in this process in about 3–4
cases where we consulted neighbouring wiggles. We did not change decisions ex-post
(i.e. after the analysis of the results), so the wiggle matching was not used to further
optimize correlations. The identified points are marked with filled dots in Fig. 3.20

The values of Afwd and the weighted temperature were then calculated for the pe-
riod between the points (i.e. the sum in Eq. 2 was taken over all samples between two
successive cold points). The result is a series of quasi-annual values shown in Fig. 4.
Pearson correlations between the artificial and the real ice core are 0.62 for accumu-
lation and 0.80 for weighted temperature (n = 14). The latter number would be even25

higher (0.92) when omitting the oldest, somewhat uncertain year. These high correla-
tions are surprising in view of the considerable horizontal and vertical distance of the
weather station and the ice core site and in view of all other uncertainties mentioned.
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It shows that the ice core does indeed record meteorological information, namely the
precipitation-weighted average of temperature.

4.2 Interannual resolution

It was not possible to extend the wiggle matching to the entire record as the agreement
of sub-seasonal variability deteriorated rapidly before 1980. Therefore, we used the5

annual mean values as defined in Mariani et al. (2012) and compared these to two
different integrations of the forward model (Fig. 5). In one version (termed “calendar
year”) we simply averaged the artificial ice core over the calendar year (dashed). In
the other approach (“cold point year”) we used the central date of the 60-day window
with the minimum averaged weighted temperature among a 180 day period during the10

winter half year (solid). This allows minima to occur in November or March, for instance,
while mostly they occurred at some point in January. The model was fed with different
meteorological data sets. For visualization, they were scaled with a regression model
calibrated against ice core δ18O in the 1979–1993 period. Corresponding correlations
are listed in Table 1 for the entire period as well as for the subperiod 1979–1993.15

During the last period (1979–1993) all comparisons give satisfactory agreement,
although not as good as for the wiggle matching approach. For accumulation, correla-
tions approach 0.6 for the direct comparison with annual means and for the calendar
year approach, while they are lower for the cold point year. For δ18O (or weighted tem-
perature) there is hardly any difference. Note that n is low so that differences between20

correlation coefficients are not significant.
For the full period, correlations are lower as was already indicated by the failure of

the wiggle matching approach. While for accumulation, correlations are still significant,
this is no longer the case for δ18O and annual mean temperature. Both forward models
(calendar or cold point year) still give correlations between 0.3 and 0.4, and correlations25

are relatively stationary when using 21-yr moving window correlations.
It is interesting to compare within the Gr. St. Bernhard station data the annual

mean temperature with the precipitation weighted temperature using the calendar year
6120
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approach (Fig. 6). The correlation between the two series is low (r = 0.25 for the en-
tire 1865–2010 period, r = 0.45 for the 1934–2010 period), which suggests that the
main reason for the low correlations shown in Table 1 is the fact that the ice core does
not record temperatures during dry conditions (note that the definition of the year is
the same). The precipitation weighted temperature has a higher variance than annual5

mean temperature.
In the real ice core, additional effects such as dating uncertainties could further con-

tribute to low correlations. The precision of dating was estimated to be ±1 yr for the
period 1970–1994 and ±3 yr for 1937–1969 (Eichler et al., 2000). With respect to ob-
servations, the low value in 1951 appears as an outlier. However, Eichler et al. (2000)10

attributed this value to cold, snowy conditions in January and February of that year
causing a large number of avalanches (Pfister, 1999). Also, 20CR shows a slightly
lower value in that year. It does appear, however, that negative extremes deviate more
strongly from the observations than positive ones, suggesting that the extreme condi-
tions at high-alpine sites are not well represented in some of the data sets.15

This analysis shows that the further back in time one goes, the more uncertain the
information from ice cores is. It also shows, however, that there still is a significant
correlation between ice core and temperature but not with annual mean temperature.
There is almost no difference between the calendar year and the cold point year. While
the former is simpler, the latter is more plausible given the sampling and arguably less20

affected by non-stationarity problems.
All attempts to develop the forward model further, i.e. to account for variations in

lapse rates between the Gr. St. Bernhard and Grenzgletscher (or to interpolate the
reanalyses to a fixed altitude) or to account for the main wind direction by sampling
reanalysis temperatures 3 h upwind did not improve the results.25

4.3 Low-frequency variability

Interannual variability might still be affected by post-depositional processes or dat-
ing errors. We therefore also tested correlations based on 5 yr averages (1938–1967,
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1970–1993; the last period was only 3 yr). The correlations improved considerably for
the forward model, to around 0.8 (Table 1), while they remained insignificant for the
annual mean temperature. This again shows that a temperature signal is contained in
the ice core. The definition of the annual average does not matter much as the corre-
sponding error in one year is largely compensated by the error of the next year.5

4.4 Analyses of artificial ice core

Reanalyses are available for 140 yr. The artificial ice core can thus be extended far
beyond the real ice core. This allows us to study the relation between annual mean
temperature and δ18O within the artificial ice core (Fig. 7 top). We used both the cal-
endar year and the cold point year. For the former, Afwd and annual mean precipitation10

have a correlation of 1 by definition. The Pearson correlation between δ18Ofwd and an-
nual mean temperature is 0.6, which is statistically significant. Note that the deviation
from a correlation of 1 is only due to the difference between the accumulation-weighted
average and the true average. Other potential errors such as the definition of the year
or uncertainties in meteorological data or ice core data are excluded by construction.15

For the cold point year the correlation between δ18O and annual mean temperature
drops further to 0.34. This value is similar to those found in the comparison between
the real ice core and the artificial ice core. Note that this experiment still assumes per-
fect data (no uncertainties in meteorological data or ice core data), thus demonstrating
that sampling alone is sufficient to account for the low correlations at interannual time20

scales. In other words, a given combination of δ18O and accumulation can be achieved
in many different ways so that conclusions about mean temperature are difficult.

4.5 Monte Carlo resampling

In order to improve the data coverage and better populate Fig. 7, we applied a sim-
ple Monte Carlo sampling approach to (1) the station observations from the years25

1994–2010, representing present climate, and (2) 20CR from 1871–2008, representing
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a long record with a large range of climatic conditions. We formed artificial meteoro-
logical records of (1) 1000 or (2) 10 000 yr in length by stacking sequences of length
l = 15 days (representing an upper-limit of the long range memory of atmospheric cir-
culation). These sequences were randomly sampled from all years in the real records
(station observations or 20CR, respectively), but the calendar day was allowed to vary5

somewhat (i.e. we sampled the corresponding calendar day plus a Gaussian random
offset with µ = 0 days, σ = 5 days). Note that more sophisticated weather generators
could be used to produce realistic weather, but this simple weather generator serves
the purpose of illustrating the uncertainties in signal preservation by the ice core more
fully than in Sect. 3.4.10

From the artificial meteorological records we proceeded as before using both the cal-
endar and cold point years. Results are shown in Fig. 7 (middle and bottom). In terms of
correlation, the results confirm those obtained from 20CR without resampling. For the
calendar year approach, correlations between annual mean temperature and precipi-
tation weighted temperature are 0.47 and 0.29 for case (1) and case (2), respectively.15

For the cold-point year correlations drop to 0.26 and 0.10, respectively. Similar as the
artificial ice core from 20CR, the two Monte Carlo simulated ice cores show a slightly
smaller variability of annual mean temperature for low weighted temperatures.

4.6 Using Monte Carlo resampling for reconstruction or for quantifying
uncertainties20

The Monte Carlo technique could potentially be used for climate reconstruction or for
quantifying uncertainties in climate reconstructions. For instance, annual mean tem-
perature could be reconstructed from an ice core by searching, for each year in the ice
core, the closest analogue (or pool of close analogues) in the artificial ice core accord-
ing to the combination of δ18O and accumulation (i.e. sampling Fig. 7). For these years25

one could then analyse the mean and spread of the annual mean temperature (or any
other desired statistics).
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For illustrating the approach we used the 10 000-yr artificial records (both cold point
and calendar year), left out ten 56-yr periods within the records and then tried to re-
produce annual mean temperature for these ten periods using weighted temperature
and Afwd from the remaining years. For selecting analogues, we arbitrarily chose toler-
ances of ±0.4 m for accumulation and ±0.2 ‰ for δ18O. For the evaluation we used the5

mean of all analogues or the closest analogue (minimum Euclidian distance calculated
from standardized weighted temperature and Afwd). Results revealed interannual cor-
relations for annual mean temperature between 0.2 and 0.4. These results represent
an upper limit of the correlation that could be achieved with this approach as other
sources of errors (data uncertainties, dating) are not addressed. Moreover, the spread10

within the selected analogues was very large, i.e. meteorologically very different years
can give very similar values of δ18O and accumulation. An application of the recon-
struction approach to real ice core data (not shown) produced no correlations at all
with observed annual mean temperatures.

5 Conclusions15

The goal of this paper was to formulate a simple forward model that replicates the
preservation of the atmosphere signals by the ice core (precipitation event by precip-
itation event) and the processing of the ice core samples. The model shows that the
ice core does contain climate information even though there is only a low correlation
between annual mean temperature and δ18O. For the specific case of Grenzgletscher,20

it was shown that a given combination of δ18O and accumulation can be achieved in
many different ways. Hence, accounting for the signal preservation is important. Accu-
mulation is captured much better in the ice core. The model allows further tests and
thus serves as tool for understanding the climate signal in ice cores. Most importantly,
the model is not affected by the problem of the stationarity of the seasonal cycle (there25

are stationarity assumptions, but these will be close to the process level).
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Although for the case of Grenzgletscher, the comparisons between forward model
and real ice core data revealed difficulties, suitable forward proxy models could in prin-
ciple be used to assimilate (well-dated) ice core data into climate models in order to
obtain climate reconstructions (Bhend et al., 2012). Even simpler, Monte Carlo or other
resampling approaches could possibly be used for local climate reconstruction. Even5

though these approaches may not give better results than traditional regression ap-
proaches, they would suffer much less from possible stationarity problems and could
provide probabilistic information.
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Table 1. Pearson correlations between accumulation and δ18O from the Grenzgletscher ice
core with accumulation and δ18O from the forward model as well as with annual averages
of temperature and precipitation. Different data sets are used (OBS= station observations,
20CR=Twentieth Century Reanalysis, INT=ERA-Interim). Also shown are correlations for 5-yr
averages (1938–1942, 1943–1947, 1948–1952, 1953–1957, 1958–1962, 1963–1967, 1971–
1975, 1976–1980, 1981–1985, 1986–1990, 1991–1993). Coefficients in bold are statistically
significant (p < 0.05). Note that we did not account for autocorrelation in determining the de-
grees of freedom.

Forward model Forward model
Direct comparison Cold point year Calendar year

Annual average (Afwd or weighted (Afwd or weighted
(T or P ) temperature) temperature)

1979–1993 OBS 20CR INT OBS 20CR INT OBS 20CR INT
Accumulation 0.62 0.54 0.61 0.41 0.41 0.52 0.62 0.54 0.61
δ18O 0.51 0.43 0.38 0.45 0.53 0.57 0.52 0.48 0.39

1938–1993 OBS 20CR OBS 20CR OBS 20CR
Accumulation 0.40 0.40 0.26 0.31 0.40 0.40
δ18O 0.05 0.12 0.33 0.41 0.41 0.39

1938–1993
(5-yr averages)

OBS 20CR OBS 20CR OBS 20CR

δ18O −0.06 0.17 0.76 0.79 0.84 0.85
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Fig. 1. Map of the study site and the locations of Grenzgletscher and Gr. St. Bernhard. The
inset shows the drilling location of the Grenzgletscher ice core. Crosses show the locations
of the grid-points from 20CR and ERA-Interim, respectively. Printed with permission of the
Schweizerische Konferenz der Kantonalen Erziehungsdirektoren (relief) and swisstopo (inset).
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Fig. 2. Comparison of daily precipitation in observations from the Gr. St. Bernhard and from
ERA-Interim (left) and 20CR (right) reanalysis data in the period 1980–2008. Observed pre-
cipitation was binned (horizontal error bars indicate the bin size). The y-axes give the average
precipitation for each bin (error bars give the 10 and 90 percentiles).
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Fig. 3. Sample-by-sample depiction of the ice core δ18O (bottom) as well as the weighted
temperature from the forward modelling approach (top, using Gr. St. Bernhard station data).
Black dots denote the cross-dating using wiggle matching, open circles show examples of
matching sub-seasonal features. Squares show examples for possible melting processes.
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Fig. 5. Interannual variability of δ18O from the ice core and weighted temperature from forward
modelling (solid: cold point year, dashed: calendar year) based on different data sets.
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Fig. 6. Comparison of annual mean temperature versus precipitation weighted temperature
based on daily data from the Gr. St. Bernhard in the periods 1864–1924 (open circles) and
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Fig. 7. Annual mean temperature (colour) as a function of Afwd (accumulation) and weighted
temperature in the artificial ices cores using the calendar (left) or cold point (right) year. Top:
artificial ice core from 20CR. Middle: artificial ice core from a Monte Carlo resampling of the
observations from the Gr. St. Bernhard, 1994–2010 (1000 realisations). Bottom: artificial ice
core from the Monte Carlo resampling of 20CR, 1871–2008 (10 000 realisations). Note that the
temperatures in the top and bottom row represent 600 hPa temperatures but in the middle row
it is the Gr. St. Bernhard station temperature.
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