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Abstract. In the last decades, the18O/16O signature of me-
teoric water became a key tracer intensively used both in
hydrology and in paleoclimatology, based primarily on the
correlation of the18O/16O ratio in precipitation with tem-
perature. This correlation with temperature is generally well
understood as a result of Rayleigh processes of atmospheric
vapour during the formation of precipitation. The resulting
isotopic signals in precipitation are also transferred into the
groundwater body since the isotopic composition of ground-
water is determined by the precipitation infiltrating into the
ground. However, the whole variability of the18O/16O ra-
tio especially in temporal data series of precipitation and
groundwater can not be explained with temperature alone.
Here we show that certain interactions between different cli-
mate induced changes in local parameters prevailing during
precipitation events are able to explain a significant part of
the observed deviation. These effects are superimposed by
an overall isotopic pattern representing the large scale cli-
mate input primarily based on temperature. The intense vari-
ability of isotopes due to the particular topography of Austria
recorded over a time period of 40 years provides an unique
possibility to uncover this hidden information contributed by
relative humidity and type of precipitation. Since there is
a growing need to predict the variation of climate together
with its associated potential hazards like floods and dry peri-
ods the results of this work are contributing to a better overall
understanding of the complex interaction of climate with the
corresponding water cycle.

1 Introduction

It is of common understanding that isotopic depletion in at-
mospheric waters is based conceptually on a Rayleigh dis-
tillation process (Dansgaard, 1964; Clark and Fritz, 1997)
describing the fractionation that differentiates the heavy and
light molecules as to be strongly dependent on temperature.
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Although simple distillation models fail to consider the en-
tire history of moisture that leads to the final isotopic con-
tent of precipitation it is found that there is indeed some
correlation between the isotopic composition of precipita-
tion and the local temperature (Siegenthaler and Oeschger,
1980), but at all timescales examined a large part of the vari-
ance in the isotope data remains unexplained. Typically only
20% of this isotope variance can be explained by temperature
changes (Noone and Simmonds, 2002) and thus the accurate
acquisition of paleotemperature from isotope data has been
placed under scrutiny (Edwards and Wolfe, 1996; Jouzel et
al., 1997).

Most of the research regarding the relationship between
stable isotopes in meteoric waters and climatic parameters is
dealing with model approaches based on physical and me-
teorological processes. These models take into account the
complex dependences of the (isotopic) composition of atmo-
spheric vapour upon environmental conditions, such as the
transport pathways and the source region conditions. On the
other hand due to their wide scale such global circulation
models (GCM) are consequently neglecting the influences
on the final isotope concentration coming from the location
of the precipitation event itself. To cope with that new mod-
els have been recently developed mainly based on the local
climatic conditions (Liebminger et al., 2006b). Moreover it
has been shown that the spatial isotopic variability especially
in alpine regions is to a large extent due to meteorological
conditions prevailing at the sampling site (Liebminger et al.,
2006a).

Stable isotopes provide a seasonal meteoric signal in tem-
perate, continental systems (Clark and Fritz, 1997) with
amplitudes that become more and more attenuated in the
groundwater as the mean residence time (MRT) is increas-
ing which therefore decreases the possibility to obtain cli-
matic information from groundwater samples. Temporal
changes in the conditions affecting theδ18O of precipitation
can therefore only be expected to be seen in groundwater of
shorter MRTs. The attenuation of precipitation pattern by the
underlying catchment can be used to evaluate the MRT using
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Fig. 1. Time series of temperature measured at Wildalpen and mean
δ18O values of precipitation sampled at Wildalpen the recharge area
for Vienna drinking water.(a) Averageδ18O values of precipitation
for winter months Dec. to March;(b) Average air temperature data
for winter months December to March;(c) Averageδ18O values
of precipitation for summer months Jun. to Aug.;(d) Average air
temperature data for summer months June to August; For all plots
low pass filters are applied (dashed lines).

lumped parameter models assuming that the isotopic atten-
uation reflects the MRT of transport from recharge through
the entire flow system. These models are incorporating the
variation of the stable isotopes in precipitation as input func-
tion while the response function is obtained from ground-
water data. (Maloszewski and Zuber, 1996). Using monthly
δ18O values from precipitation samples an input function can
be calculated according to Maloszweski and Zuber (1996)
defined as follows:

δin(t) = δ̄ +
[
αiPi

(
δi − δ̄

)]
/

(
n∑

i=1

αiPi/n

)
(1)

whereδ̄ is the mean input which must be equal to the mean
output of monthlyδ18O values andn is the number of months
for which the observations are available,Pi is the amount of
monthly precipitation,δi the isotope composition andαi is
the recharge factor which is representative for the amount of
recharge in the sense thatα=0 means that no recharge takes
place whileα=1 indicates that all water is recharged.

2 Methods

The precipitation is collected on a daily basis in ombrom-
eters (500 cm2) and mixed to monthly samples. Samples
for this study were taken between 1961 and 2003. Analy-
ses of oxygen-18 have been made by the isotope laboratories
of Austrian Research Centers Seibersdorf (formerly Arsenal
research). All together more than 16 000 samples were col-
lected during this period. Climate data for this period were

provided by Central Institute for Meteorology and Geody-
namics, Vienna1.

3 Results and discussion

In the following the results of an analysis of an unique dataset
of almost 30 years of monthly Vienna drinking water samples
are presented together with temporal isotopic precipitation
data of the corresponding recharge area located in the Aus-
trian Alps (Wildalpen). The temperature data (correspond-
ing to δ18O data of precipitation sampled at Wildalpen for
summer and winter months respectively) explains 27% (r2

for Summer; p=0.006) to 32% (r2 for Winter; p=0.003) of
the variance in theδ18O pattern. While there is a significant
peak in 1989/90 present within the winterδ18O data (Fig. 1a)
which is also slightly visible in the winter temperature data
(Fig. 1b) the summer month do not reflect the same trends,
neither the temperature data nor theδ18O pattern (Figs. 1c,
d).

The δ18O fluctuations of the Wildalpen precipitation cor-
relate to a large extent (r2=34%; p=0.002) with those of
the North Atlantic Oscillation (NAO) index, especially for
the most extreme values during years 1989/90 and 1996
(Fig. 2a). The NAO has strong impacts on the mean wind
speed and direction over the Atlantic and the heat and mois-
ture transport between the North Atlantic region and sur-
rounding continents, especially Europe (Hurrel et al., 2003).
Since the NAO is particularly dominant in winter, average
values of the December to March period are shown in all the
time series of Figs. 2a–c. The ratio of snow to total pre-
cipitation (S/P) is a hydrologic indicator that like the NAO
is sensitive to climate variability and can be used to detect
and monitor hydrologic responses to climatic change (Hunt-
ington et al., 2004). Changes in S/P ratio over time could
influence the magnitude and timing of spring runoff and re-
cession to summer base flow. While the climate information
within the NAO index is primarily determined at the source
of the precipitation (Atlantic Ocean) the S/P ratio, although
also mainly based on temperature changes, is potentially in-
fluencing the final composition of the precipitation due to
non-equilibrium fractionation taking place at the location of
the precipitation event itself. The formation of snow as well
as sub cloud evaporation processes are both considered to
be kinetic processes shifting the final concentration of stable
isotopes in precipitation to opposite directions (Liebminger
et al., 2006a). Especially the non-equilibrium fractionation
during sub cloud evaporation processes of the falling rain
drops plays a key role in governing higherδ18O values. Rela-
tive humidity which is mainly responsible for sub cloud evap-
oration is consequently of increased importance. Liebminger
et al. (2006a, b) showed that this is especially true at inter

1CD-ROM: Klimadaten von̈Osterreich 1971–2000, Central In-
stitute for Meteorology and Geodynamics, Vienna ZAMG 2002,
(Auer et al., 2007)
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mountain valley stations where air masses arrive due to sur-
rounding mountains at a high level above the ground and at
large basins where convective movement of clouds due to
higher temperatures is prevailing. On the other hand, at lo-
cations in front of orographic barriers enhanced precipitation
amounts are occurring which leads to a faster saturation of
the ambient air during a precipitation event, thus limiting the
effect of evaporation on the falling rain drop.

As shown in Fig. 2b the S/P ratio is nearly in anti phase
to the δ18O pattern indicating that higherδ18O values are
prevailing when there is more rain among the precipitation
falling in the winter months (r2=29%; p=0.005). Since the
S/P – ratio is not independent of temperature the partial cor-
relation coefficient

r18O SP.T =
r18O SP − rSP T .r18O T√(
1 − r2

SP T

)
.
(
1 − r2

18O T

)
=

−0.50− (−0.22).0.59√(
1 − (−0.22)2

)
.
(
1 − 0.592

) (2)

for S/P – ratio andδ18O partialized by temperature (Eq. 2)
has been calculated in order to evaluate whether the S/P –
ratio toδ18O correlation can be traced back on the influence
of temperature on the S/P – ratio or if there is an additional
information in the S/P – data.

Since the absolute value of the partial correlation coeffi-
cientr18O SP.T (-0.46) is only a little smaller than that of the
unpartialized correlation (–0.50) there is no evidence that the
correlation of S/P – ratio withδ18O in precipitation is only by
virtue of its association with temperature. In order to prove
the incremental validity of the S/P - ratio factor the multiple
correlation of S/P – ratio and temperature withδ18O has been
calculated according to

R18O,SP T =

√
r2
18O T + r2

18O SP − 2.rT SP .r18O T .r18O.SP

1 − r2
T SP

(3)

The result of 0.70 forR18O,SP T in comparison with 0.59
for r18O T clearly points out that it is of interest to make
use of the information within the S/P - ratio data for isotopic
investigations.

Besides the S/P – ratio also relative humidity is in an-
tiphase with δ18O in winter precipitation of Wildalpen
(Fig. 2c; r2=25%; p=0.010). Considering a lower relative
humidity at these winter days with rainδ18O values are def-
initely more influenced by sub cloud evaporation than at
days with snowfall and higher relative humidity prevailing.
The assumption that a low relative humidity corresponds to
higher amounts of rain within the winter precipitation events
nicely fits to the observation of sub- cloud evaporation being
relevant at days with rain and lower relative humidity, since
evaporation of falling snow flakes due to the low molecu-
lar diffusion rates in ice can be neglected (Siegenthaler and
Oeschger, 1980) as well as with high relative humidity pre-
vailing. In order to provide a consistent picture on the con-

Fig. 2. Comparison time series forδ18O values of precipitation
sampled at Wildalpen (full lines) together with climate time series
(dashed lines) averaged for winter months December to March(a)
Comparison with NAO Index;(b) Comparison with snow to precip-
itation ratio (S/P);(c) Comparison with relative humidity calculated
as a relative deviation from the long term mean (Schöner, 2004).

tribution of the different factors to the total variance, an anal-
ysis of variance (ANOVA) was carried out. Although some
information within the dataset was lost because of conver-
sion of the factors into categorical data (5 factor levels each;
Table 1) the result of the ANOVA confirms that a significant
part of the variation of theδ18O data is explained by all the
single factors described above. While almost a third of the
total sum of squares is based on temperature data, 24%, 21%
and 17% are based on relative humidity, S/P ratio and NAO
index respectively, altogether on a significant p – level below
0.05. Figure 3a clearly shows that theδ18O pattern of the
precipitation time series of Fig. 1 and Fig. 2 marked by a con-
tinuous increase ofδ18O in the 1980ies followed by an op-
posite trend from 1990 to 1996 is also present within Vienna
drinking water samples. Since recharge is not a constant pro-
cess over the whole year, i.e. there is less recharge occurring
during seasons of warmer temperatures and stronger plant
growth due to enhanced evapotranspiration, it is essential not
to use the plain precipitation data from the recharge area for
comparison but to calculate an input function including an
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Table 1. ANOVA table for δ18O in precipitation sampled at Wildalpen based on the factors NAO – index, relative humidity RH, Snow to
precipitation ratio S/P and temperature T. ANOVA calculation based on a general linear model with sigma limitation and type VI sums of
squares.

DF SS % F p levels

NAO 4 1156.592 17.2 6.36519 0.008< −2; −2 − 0; 0 − 1; 1 − 2; > 2
RH 4 1580.762 23.5 8.69956 0.003 50–60; 60–65; 65–70; 70–75;>75
S/P 4 1385.376 20.6 7.62427 0.004< −5; −5 − −3; −3 − −2; −2 − −1; > −1
T 4 2143.509 31.9 11.79658 0.001< −3; −3 − −2; −2 − −1; −1 − 0; > 0
Error 10 454.265 6.8
Total 6720.504 100.0

Fig. 3. Time series of Vienna drinking Water and input factors at
the recharge area.(a) Monthly meanδ18O values of Vienna drink-
ing water(b) Input function calculated from monthly meanδ18O
values of precipitation sampled at Wildalpen the recharge area for
Vienna drinking Water;(c) Average air temperature data for winter
months Dec. to Mar. measured at Wildalpen;(d) Averageδ18O val-
ues of precipitation for summer months June to August sampled at
Wildalpen; For all plots low pass filters are applied (dashed lines).

appropriate recharge factor for this area. Figure 3b shows
the input function for Wildalpen, the concerned recharge area
of the Vienna drinking water calculated according to Mal-
oszewski and Zuber (1996) applying a periodical fit for the
recharge factor (McGuire et al., 2002):

αi = 0.9 cos4 (ωt + 8) + 0.07 (4)

8 is the phase lag in days between precipitation and
recharge,t is the calendar time andω the angular fre-
quency. Values for8 and ω have been chosen to be 141
andπ /365 respectively. The suggested periodical fit for the
recharge factor gives a more realistic adjustment compared to
a solely summer/winter recharge as proposed by Grabczak et
al. (1984) which would not account for the variations in evap-
otranspiration and water availability. The calculation of the

input function shows that the typical pattern of the ground-
water (peak in the beginning 1990ies) is reflected also in the
precipitation input when weighted according to higher im-
pact of winter precipitation. An output (i.e. mean residence
time MRT) has not been calculated since it is hard to apply
a model for the pathways of drinking water! The above de-
scribed observation again is supporting the assumption that
the colder months are mainly responsible for the typicalδ18O
pattern observed in the Vienna drinking water as well as in
Wildalpen precipitation (see above). This conclusion is es-
pecially important because if the data set would be analyzed
according to the concept of groundwater being generally re-
flected by annual mean precipitation (cf. Clark and Fritz,
1997) the information about climate impacts as pointed out
will be lost.

Figures 4a and b further prove strong evidence of local
influences on theδ18O variation as they show two differ-
ent situations with the one issue in common, that the ob-
served trends can not be explained by temperature alone. The
first situation is characterized by two stations (Innsbruck and
Patscherkofel) located very close to each other but showing
quite different trends forδ18O (Fig. 4a). From Fig. 5 it can
be seen that this difference can not be attributed to tempera-
ture because there is almost no difference in the temperature
trends of Innsbruck and Patscherkofel. Whereas the slope of
δ18O for Patscherkofel is almost the same as for temperature,
this is not the case for the valley station Innsbruck. In gen-
eral almost no difference regarding the temperature trends
between Austrian mountain and valley stations could have
been observed (Auer et al., 2001). Since 1850 there has been
an increase in annual mean temperature of∼1.8◦C at high
as well as at low elevations. Another important result which
can also be seen from the trends in Fig. 4a is that theδ18O
difference between the valley station Innsbruck (577 m a.s.l.)
and the mountain station Patscherkofel (2245 m a.s.l.) has
increased significantly over the last 30 years.

The second situation is characterized by two sample sta-
tions (Kufstein and Weyregg) located in the same land-
scape profile (Northern hill slopes of the Alps, both at
∼500 m a.s.l.) but in more than 150 km distance. Despite
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Fig. 4. Comparison time series for different locations inδ18O and
δD. (a) δ18O values of precipitation sampled at Innsbruck (full
line) and Patscherkofel (dashed line). The mountain sample station
Patscherkofel at an altitude of 2245 m a.s.l. is located within 10 km
of geographic proximity to the city of Innsbruck (577 m a.s.l) in
the deep inner alpine “Inn-valley”.(b) δ18O values of precipitation
sampled at Weyregg (full line) and Kufstein (dashed line). Both
sample stations are located on the northern border of the Alps but
at a lateral distance of more than 150 km.(c) δ18O (full line) and
δD (dotted line) trends for Innsbruck;(d) δ18O (full line) andδD
(dotted line) trends for Kufstein. All time series represent average
values for winter season.

the large distance theδ18O trends for these two locations
are quite similar. The remarkableδ18O offset of almost 2‰
between the two locations (Fig. 4b) can again not be ex-
plained by temperature because at both locations there are
almost the same temperatures prevailing (cf. Liebminger et
al., 2006a). Together with the trends of theδ18O/δD – trends
both described situations can be interpreted as indicators for
increasing importance of sub - cloud evaporation which can
be explained by a decrease in relative humidity. Formayer
et al. (2001) showed that besides the well known increase of
temperature there is only one parameter showing a very sig-
nificant trend in Austria within the last 30 years: the decrease
of relative humidity!

For both examples above the overall year to yearδ18O
variation remains quite similar making the essential part of
the information which does not come directly from tempera-
ture quite hard to extract. In order to reveal this hidden part it
is necessary to compare theδ18O data of interest to a differ-
ent data set with lower or none dependence upon sub cloud
evaporation. This is the case for the above mentioned val-
ley/mountain example, because the influence of sub cloud
evaporation at the summit of Patscherkofel (2245 m a.s.l.) is
negligible. Another possibility is to compareδ18O with δD
since Deuterium will be enriched by a lesser extent during
evaporation processes. Figures 4c and d clearly show a de-
crease of the relative difference betweenδ18O andδD over
the last decades for sample stations Innsbruck and Kufstein

Fig. 5. Temperature trends for Innsbruck (full lines) and
Patscherkofel (dashed lines). Temperature data represent mean val-
ues for winter months December to March.

manifested in a steeper slope ofδ18O in comparison toδD
clearly indicating that sub cloud evaporation has become of
increased importance during the last 30 years.
The above described effect is either enhanced or lowered by
the amount of precipitation which is occurring during the
events as has been described by Dansgaard (1964) as the
amount effect especially for tropical areas. Drizzle or very
small rain drops are relatively more affected by sub cloud
evaporation as heavy rain during storm events. Therefore
smaller precipitation amounts have to be expected at times
with higherδ18O values and vice versa which is confirmed by
Fig. 6a showing an example of Vienna precipitation records
(which are averaged for winter months December to March).
From the local meteoric water lines (LMWL) drawn for this
location for the time periods before 1989 (Fig. 6c) and after
1989 (Fig. 6d) it can be seen that the slope of the later val-
ues is significantly lower than that of the earlier values which
is always a strong indicator of enhanced evaporation effects
(Clark and Fritz, 1997).

4 Conclusions

We summarize that the isotopic composition of meteoric wa-
ter is not only reflecting the influence of temperature but also
that of other local meteorological parameters which will def-
initely be of considerable interest for (paleo)climatic appli-
cations! Especially we show for the first time that younger
groundwater due to special recharge conditions is a poten-
tial reservoir of climate information bearing just more than
temperature. Although especially alpine regions are able to
deliver a lot of different and representative sample sites fu-
ture studies covering larger geographical areas will be neces-
sary in order to get more input on the extent of the obvious
and hidden information within the stable isotopes variation
in precipitation and groundwater.
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Fig. 6. Influences on stable isotopes in Vienna precipitation.(a)
Comparison time plot forδ18O values of precipitation (full line)
and amount of precipitation (dashed line) sampled at Vienna Hohe
Warte;(b) δ18O (full line) andδD (dashed line) trends for Vienna;
(c) Plot of the Vienna local meteoric water line forδ18O andδD
representing the winter months of the years 1961 to 1989;(d) Plot of
the Vienna local meteoric water line forδ18O andδD representing
the winter months of the years 1989 to 2003.
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