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Kurzfassung

Fur eine nachhaltige Nutzung von Wasserressourcen bedarf es eines umfassenden Verstandnisses
von hydrologischen Prozessen in Einzugsgebieten. Zur Untersuchung dieser Prozesse kénnen die
stabilen Wasserisotope Sauerstoff-18 (*¥0) und Deuterium (°H) als natirliche Tracer im
Wasserkreislauf genutzt werden. Bisher gibt es jedoch wenige Isotopenstudien in grof3skaligen
Einzugsgebieten und nur selten sind Isotopengehalte tber I&ngere Zeitraume beobachtet worden.
Die Isotopengehalte der neun gréfiten Flisse in Deutschland wurden tber 12 bzw. 26 Jahre
gemessen. Diese Arbeit gibt einen Uberblick tiber die raumliche und zeitliche Variabilitat der
Isotopengehalte im Flusswasser in Deutschland. Die rdumlichen und zeitlichen Muster, die im
regionalen Niederschlag beobachtet wurden (Stumpp et al., 2014), lassen sich in den Flissen
allgemein wiedererkennen. Es zeigte sich, dass die Jahresginge der Isotope stark von den
Abflussregimen der Fliisse abhangig sind. Des Weiteren wurden in zwei der neun Flusse statistisch
signifikante Langzeittrends erkannt, wobei sich allerdings keine konkreten Riickschlusse auf die
bestimmenden Faktoren machen lassen. Die zeitlichen Variationen in den Isotopengehalten
ermoglichen es, den Anteil an direkten Abflusskomponenten im Flusswasser und deren
Verweilzeiten zu ermitteln. Auf der Grundlage von Lumped-Parameter Modellen wurden fir die
direkten Abflusskomponenten in den Einzugsgebieten Verweilzeiten von 1 bis 5 Monaten
abgeschatzt. Die Modelle ergaben zudem, dass die Flisse zu 60 bis 80 % aus Grundwasser gespeist
werden. Abweichungen zwischen den Isotopengehalten im Flusswasser und im Niederschlag
wurden in komplexeren Einzugsgebieten festgestellt. Diese Abweichungen kdnnen auf Prozesse
und Einflusse auf Einzugsgebietsebene zuriickgefiihrt werden, wie z. B. auf Verdunstung,
Speicherung und Stauung des Abflusses. Fir komplexere Einzugsgebiete konnten mit einfachen
Lumped-Parameter Modell keine zufriedenstellenden Ergebnisse erreicht werden. Hierfiir werden
flexiblere und differenziertere Modelle benétigt.

Stichworte: Stabile Isotope, Langzeitdaten, Trendanalyse, Verweilzeiten,
grole Flusseinzugsgebiete, Deutschland



Abstract

A sustainable management of water resources requires a full understanding of catchment
processes. The stable isotopes oxygen-18 (*¥0) and deuterium (?°H) are commonly used to
investigate hydrological processes in catchments. However, only a few isotope studies have been
conducted on a large scale and rarely over long time periods. The stable isotopic composition of
river water has been measured in nine large river catchments in Germany for the last 12 years and
26 years, respectively. This thesis provides a broad overview about the temporal and spatial
variability of the isotopic composition in German rivers. The spatial and temporal patterns which
have been observed in German precipitation (Stumpp et al., 2014) are generally reflected in the
rivers. The isotopic seasonalities appear to be linked to the discharge regime of the rivers.
Statistically significant long-term trends in the isotopic composition could be identified for two
out of the nine rivers whereby the determining factors are unclear. Temporal variations in the
isotopic composition enable to quantify the contribution of direct flow components and to estimate
their timescales. For the investigated rivers, mean transit times of fast flow components were
estimated to be between 1 and 5 months using lumped parameter models. Groundwater
contributions to discharge of 60 to 80 % were assumed. Deviations from isotopic compositions in
local precipitation were observed in catchments with complex flow systems. These deviations can
be ascribed to catchment processes and influences like evaporation, damming and storage. In
complex catchments, the mean transit time of fast runoff components could not be adequately
estimated with simple lumped parameter models, suggesting that more sophisticated and flexible
models are required.

Keywords: stable isotopes, long-term data, trend analysis, mean transit times,
large river catchments, Germany



1 Introduction

Human use of water is essentially dependent on river water as the majority of the global population
lives close to large rivers. It uses them for transportation, irrigation, water supply or power
generation (Gibson et al., 2002). The natural state of almost all rivers has been highly modified
for the last decades. Discharge regimes are strongly altered through dams and an extensive
straightening of rivers. In combination with other human impacts such as intense agriculture or
industrial water use, this leads to issues regarding water quantity and quality. In Central Europe,
for instance, floods frequently cause considerable damages and some rivers are polluted by
fertilizers and pesticides from agriculture. Therefore, it is important to assess the hydrologic
vulnerability of rivers. This becomes particularly important as we still have little knowledge
regarding the impact of climate change on rivers. It is necessary to fully understand catchment
processes for a sustainable water resource management. In order to assess the vulnerability of a
river, it is essential to quantify flow components and estimate their timescales. Stable water
isotopes are commonly used to investigate hydrological processes within catchments. The stable
water isotopes oxygen-18 (*¥0) and deuterium (?H) are ideal natural tracers since they are
constituents of the water molecule itself. Isotopic composition data for precipitation and river
water provide unique insight into processes from precipitation to discharge. Furthermore, isotopic
data enable to estimate timescales of runoff processes, which give information about storage and
flow paths. In order to understand how these processes are affected by climatic changes, long-term

data sets are needed.

1.1 Current state of research

Stable isotopes are ideal natural tracers of the hydrological cycle. They have been used in
hydrological science for decades and developed to a well-established tool. Initially, the research
focus laid on the analysis of isotopic composition of atmospheric waters. This resulted in an
extensive understanding of the fractionation processes of water isotopes. Although isotopes have
been used in catchment studies since the 1960s, in the beginning it remained limited to a few
studies (IAEA, 2012). The big advantage of analysing river water instead of precipitation is that
river water reflects the isotopic composition in a catchment better than precipitation since in river
water precipitation from the whole catchment is accumulated, whereby precipitation samples are
only gathered at single locations in the catchment (Kendall and Coplen, 2001). Additionally, river
water usually consists of at least two components: precipitation and groundwater. This enables to

trace runoff processes from precipitation to discharge as well as to estimate the contribution of



groundwater to the river water. The isotopic composition of river water is influenced by many
different factors such as the specific variability of precipitation, the contribution of other flow
sources and evaporation from the river. Combined with isotope measurements of the contributing
flow sources, it provides insight into various hydrological processes in catchments. With relatively
little monitoring effort, one can gain broad knowledge about the hydrological system.

1.1.1 Isotope studies in large river catchments (> 1,000 km?)

Researchers expect that the use of isotopes in large catchment studies has a high potential (Gibson
et al., 2002; Vitvar et al., 2007). On the contrary, the great complexity in large catchments is also
one of the main challenges in this field of research. In complex systems, the interpretation of
isotopic signals can be difficult since many different processes overlap. So far, most isotope-based
catchment studies have been executed on a small scale in well-instrumented catchments with an
area less than 100 km? (Buttle, 1998). Reliable methods to analyse runoff processes on a small
scale have been developed. In contrast, the application of isotopes to trace the hydrological cycle
of large catchments seemed like a scientific frontier and gained attention only in recent years
(Gibson et al., 2002). However, a few studies exist in which stable isotopes have been used to
investigate large river catchments (e.g. Frederickson and Criss, 1999 (Meramec River, USA);
Martinelli et al., 1996 (Amazon River, South America); Rank et al., 1998 (Danube River, Europe);
Yi et al., 2010 (Mackenzie River, Canada)). Initially, it needs to be figured out to what extent
methods applied on a small scale can be transferred to large catchments. There is also a lack of
long-term observations as a broad monitoring of isotopic composition in river water has been

considered to be valuable only recently.

1.1.2 Spatial distribution of stable isotopes in river water

Spatial patterns of isotopic compositions in precipitation have been first observed in the 1950s
(Dansgaard, 1954; Friedman, 1953). In the following decades, these spatial patterns have been
extensively investigated. As isotope data of precipitation is collected and shared through open
access by the International Atomic Energy Agency (IAEA) within the GNIP (https://nucleus.
iaea.org/wiser/), many studies on a local, continental and global scale exist (e.g. Bowen et al.,
2005; Dutton et al., 2005; Liu et al., 2010; Rozanski et al., 1993; Schotterer et al., 2010; Schirch
et al., 2003; Stumpp et al., 2014). All these studies have demonstrated that the isotopic
composition in precipitation is mainly dependent on the local temperature, continentality, latitude,
longitude and altitude. These effects are further discussed in chapter 2. They are well understood,
so that the isotopic composition of precipitation is reproducible even on a global scale with models
based on topographic and climatic data (Terzer et al., 2013). In Germany, the monitoring network

for isotopes in precipitation is dense, with 28 sites for which isotopic compositions have been
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recorded for up to 36 years (Stumpp et al., 2014). Most of these stations are part of the Global
Network for Isotopes in Precipitation (GNIP). In a recently published paper, Stumpp et al. (2014)
have provided an overview about the spatial variability of the isotopic composition in German
precipitation. The results indicate that in Germany, long-term averages of 5'0 and &°H are mainly
related to continentality, latitude, altitude and mean temperature of the station, whereas longitude
has a minor effect.

There have been a few studies which analyse the spatial distribution of isotopes in river water on
a continental and regional scale. Kendall and Coplen (2001), for instance, have created maps
showing the spatial distribution of stable isotopes in surface water across the USA. Based on the
maps by Kendall and Coplen (2001), Dutton et al. (2005) have compared the isotopic signature of
US precipitation and river water. They have found that the isotopic composition in precipitation
is well reflected in river water but they could also localise regions where the isotopic composition
in the rivers substantially deviates from the precipitation, which are worth further investigations.
Similar studies have been done for surface water in Ireland and Japan (Diefendorf and Patterson,
2005; Mizota and Kusakabe, 1994, M. Katsuyama 2015). In all these studies, the isotopic
compositions in river water are closely related to that of the local precipitation and show a good
correlation with climatic parameters. Furthermore, it has been shown that the spatial distribution
of isotopes in river water closely matches the topography. The isotopic compositions of rivers in
Central Europe have been surveyed only in single catchments, yet (Koniger et al., 2009 (Weser
catchment); Rank et al., 1998 (Danube catchment); Schotterer et al., 2010 (several catchments in
Switzerland); Uhlenbrook et al., 2002 (Brugga catchment)). However, a comprehensive study
about the spatial distribution of isotopes in German rivers is lacking. So far, we do not know

whether rivers in Germany are good proxies for the isotopic composition in precipitation.

1.1.3 Environmental and geographical controls

As stated, the isotopic composition of river water is determined by the isotopic composition of the
precipitation in the catchment. The isotopic composition in precipitation is, in turn, mainly
controlled by the environmental factors altitude, latitude, longitude and temperature (Clark and
Fritz, 1997; Dansgaard, 1964). Thus, it can be assumed that river water fed from precipitation is
subject to the same controls, which has been confirmed in several studies on different scales (on
regional scale (e.g. Katsuyama et al., 2015; Winston and Criss, 2003), on continental scale (e.g.
Dutton et al., 2005; Kendall and Coplen, 2001)). Several processes and conditions in catchments
lead to modifications of the isotopic input signal (in precipitation), e.g. groundwater inflow,

confluence with tributaries, delayed snow and glacier melt water input, evaporation or



anthropogenic influences such as reservoirs or irrigation (Dutton et al., 2005; Rank et al., 2012).
It has been often observed that the isotopic composition of river water deviates considerably from
that of the local precipitation due to such influences (Dutton et al., 2005; Gremillion and
Wanielista, 2000; Martinelli et al., 2004; Schurch et al., 2003; Simpson and Herczeg, 1991).
Dutton et al. (2005) have shown that the river water of some regions in the USA is on average
depleted in 80 compared to the precipitation. These rivers are fed by snowmelt driven discharges,
which are typically depleted in heavy isotopes. Yi et al. (2010) have found a negative correlation
between 880 and discharge in a three-year survey in the Mackenzie River catchment. The authors
ascribe this to the snowmelt driven discharge regime in the Mackenzie River. Dutton et al. (2005)
have also found that the river water is enriched by evaporation in some more arid regions of the
USA. Such evaporation effects have been observed by Gremillion and Wanielista (2000) and
Simpson and Herczeg (1991), too. On the catchment scale, it has been also shown that stable
isotope values increase downstream with lower values in the headwater region and higher values
in the lower catchment (Lu et al., 2012; Rank et al., 1998; Winston and Criss, 2003). This is mainly
due to the altitude effect (Rank et al., 1998) or an enhancing evaporation along the river course
(Luetal., 2012), whereas the evaporation effect is more relevant for arid and semi-arid zones than
for humid regions (Gibson et al., 2002).

1.1.4 Temporal variations

The isotopic composition of precipitation is not static. As it has been shown in several studies, it
is characterized by seasonal variations caused by climatic factors (e.g. Jacob and Sonntag, 1991;
Peng et al., 2004; Rozanski et al., 1992, 1993). During the transport of water through the
catchment, the isotope signal observed in precipitation can be substantially modified. The isotopic
variations in river discharge are generally damped due to catchment buffering and a high
contribution of groundwater, which has a relatively stable isotope signal (Halder et al., 2015).
Seasonal variations may be completely eliminated in catchments where the transit times are long
or the contribution of groundwater in the discharge is high. However, seasonal variations in the
isotopic composition of river water have been observed in a number of studies (e.g. Halder et al.,
2015; Lu et al., 2012; Rank et al., 2014; Speed et al., 2011). In the recently published study of
Halder et al. (2015), the seasonal variations of isotopic composition gathered at more than 200
river water sampling sites have been analysed. They showed that the discharge regime of the river
has a substantial influence on the seasonal patterns of the isotopic composition. Rivers with similar

discharge regimes are also similar in the seasonal variations of the isotopic composition.



It has also been observed, that the isotopic composition of precipitation underlies long-term
changes (on a decadal scale) (Kaiser et al., 2002; Klaus et al., 2015; Lykoudis and Argiriou, 2011;
Rozanski and Gonfiantini, 1990; Stumpp et al., 2014). Lykoudis and Argiriou (2011) have
investigated isotopic composition trends in precipitation sampled at nine sites in Central Europe
and the Eastern Mediterranean area. At some stations, they have identified significant trends in
the time series. Time series of isotopic composition in precipitation gathered at 17 meteorological
stations in Germany have been also examined for long-term trends (Klaus et al., 2015). Significant
trends have been detected for three stations whereas two of these stations show a positive and one
station a negative trend. Interestingly, the three stations are all located at low elevations. Stumpp
et al. (2014) suggest that temperature change is an important factor controlling the long-term
behaviour of isotopic composition in German precipitation. However, there is evidence that other

rather local factors also play an important role.

If long-term trends can be observed in precipitation, isotopic compositions in river water may also
show long-term changes. This has been rarely investigated, yet. Only a few studies have been
published in which long-term time series of isotopes in rivers have been analysed (Panarello and
Dapefia, 2009 (Parana River, South America, 10 yr); Rank et al., 2014 (Danube River, Europe,
> 45 yr); Schotterer et al., 2010 (several Swiss rivers, Europe, 18 yr)). The presumably longest
time series of isotope data gathered in a large river catchment exists for the Danube (catchment
area ca. 103,000 km?) (Rank et al., 2014). The isotopic composition in the Danube has been
measured for stable water isotopes at a station located in Vienna since 1968 (Rank et al., 2014).
The data show a remarkable increase of §'80 in the 1980s, as it has been also observed in
precipitation in Central Europe (Rozanski et al., 1992). Similar trends have been found in other
Austrian rivers (Rank et al., 2012). Rank et al. (2014) explain the increase of & 80 with rising

temperatures caused by the climate change.

1.1.5 Mean transit time modelling

As the number of isotope-based catchment studies on a large scale increases, a growing interest in
estimating the mean transit time of large catchments by using stable isotopes can also be seen
(McGuire and McDonnell, 2006). The transit time is the time a water molecule needs from
entering the catchment until leaving it through the catchment outlet (Yurtsever, 1995). The
catchment transit time is a strong indicator for hydrological processes and the catchment’s
response to impacts like water extractions, contaminations or changes in land use (Vitvar et al.,
2005). As stated above, isotopic compositions in river water and precipitation are characterized

by seasonal variations. In a direct comparison, the seasonal variations in precipitation are reflected



in river water. They are, however, damped and time shifted. These seasonal variations can be
interpreted to estimate transit times of fast runoff components. The transit time of groundwater is
considerably longer with the result that variations of stable isotopes are nearly averaged out in
groundwater. Thus, other tracers must be used for transit time estimation of groundwater - most
commonly tritium (®H) (e.g. Koniger et al., 2005; Maloszewski et al., 1992; Michel, 1992).

The determination of mean transit times is usually done by modelling. One common approach is
the use of lumped parameter models, which simulate the integrated tracer transport through a
system (Maloszewski and Zuber, 1982; McGuire and McDonnell, 2006). The advantage of lumped
parameter models is that they do not require a detailed characterisation of the hydrological system
(McGuire and McDonnell, 2006). Therefore, they yield reasonable results even in catchments
where data availability is limited. There are a few other approaches to model the mean transit time
in a catchment such as the spectral analysis or the sine-wave approach. These methods are not
further considered in this thesis but a detailed review is provided by McGuire and McDonnell
(2006).

On the basis of stable isotope data, mean transit times have been estimated for large river
catchments around the world (e.g. Burgman et al., 1987; Frederickson and Criss, 1999; Kdniger
et al., 2009; Ogrinc et al., 2011; Rank and Papesch, 2010; Rank et al., 1998). In Central Europe,
the transit times of the Danube and the Weser catchment have been previously investigated
(Koniger et al., 2009; Rank et al., 1998). Kdniger et al. (2009) have estimated transit times for fast
runoff components in the Weser catchment by applying lumped parameter models. Their
simulations suggest transit times for direct runoff between 1 and 3.5 months. Rank et al. (1998)
have used a rather simple approach to estimate transit times of fast runoff components. They have
graphically compared long-term trends (seasonality was removed) of §'80 in precipitation and the
Danube river water sampled at Vienna. They have estimated the mean transit time of fast runoff
components to be around 1 year. In a later study, Rank and Papesch (2010) have adapted this
approach to determine transit times of base flow. By calculating ten-year moving averages, they
have removed not only seasonal but also short-term variations from 820 time series. They have
assumed that these smoother time series mainly represent base flow in the catchment. The

comparison of the two trend curves leads to a transit time of approximately 3 years.

1.2 Objectives

Stable isotopic compositions of river water from nine large catchments in Germany have been
measured at seven sites for the last 12 years and at another two sites for the last 26 years.

Additionally, stable isotopic composition of precipitation from 28 sites across Germany are

6



available covering the last two to three decades. The long-term data will be used to investigate the
spatial and temporal variability of isotopic composition in river water. This thesis is furthermore
aimed to quantify the contribution of direct flow components and their timescales as well as to
identify dominating catchment processes within the nine catchments and their environmental

controls. The specific objectives of this thesis are to

(a) provide an overview of the temporal and spatial variability of isotopic compositions in river

water;

(b) investigate which geographical and environmental parameters mainly influence the isotopic

composition of river water;

(c) determine whether there are long-term trends in the isotopic time series of river water;

(d) compare isotopic compositions of river water to that of regional precipitation;

(e) estimate mean transit times of fast runoff components and their contribution to river water.

The objectives will be obtained by using statistical analyses and mathematical modelling. The
results shall give a basic notion to the stable isotopic nature of the major rivers in Germany. This
will be valuable for future research in isotope hydrology and catchment studies, in particular in
Central Europe and other regions with similar climatic conditions. The results may help to better
understand the relation between isotopic compositions in river water and precipitation including
the controlling factors. This in turn may gain expertise to what extent methods developed for
smaller scales can be adopted and how stable isotopes can be used as proxies for anthropogenic
influences and climatic changes. With the long time-series available, it is hoped to enhance
understanding in long-term changes of isotopic composition and how these are related to

environmental changes.

1.3 IAEA Coordinated Research Project

This thesis is integrated in a Coordinated Research Project (CRP) initiated by the IAEA (IAEA,
2014). The title of the project is “Application and development of isotope techniques to evaluate
human impacts on water balance and nutrient dynamics of large river basins”. Motivated by the
water quantity and quality issues stated above, the project is aimed to enhance expertise and skills
in the use of environmental isotopes for tracing processes in large river catchments. Further, it is
intended to improve existing analytical and sampling methods as well as to develop new methods.
Research outcomes will contribute to the establishment of the IAEA’s Global Network of Isotopes
in Rivers. In 2002, the IAEA initiated the Global Network for Isotopes in Rivers (GNIR)



complementary to the Global Network for Isotopes in Precipitation (GNIP). These networks are
aimed to establish long-term data collections of global isotopic signatures in precipitation and river
water. The systematic survey of water isotopes in precipitation has a long tradition. As early as
1961, the IAEA and the World Meteorological Organization launched the GNIP. Owing to a well-
working cooperation between numerous scientific institutions, it has become possible to maintain
over 1,000 meteorological stations in more than 125 countries (IAEA, n.d. a). The GNIR works
similar to the GNIP which is based on the voluntary partnership with scientific institutions
worldwide (IAEA, n.d. b) and has been operating since 2007. Currently, around 750 sites in 35
countries are part of the GNIR network (IAEA, n.d. b). The sites are located in large river
catchments over various climate zones. They cover approximately 20 % of the continental land
surface and 30 % of the global river water in total (Gibson et al., 2005). Until now, around 21,000
stable water isotope records and 12,000 tritium records have been added to the database (IAEA,
n.d. b). A number of pilot projects and coordinated research projects has been started in order to
support the establishment of the GNIR by testing and evaluating methods and techniques.
Moreover, they are aimed to improve expertise, address open research questions and provide

scientific exchange in this field of research.



2 Theoretical Background

2.1 Stable isotopes in water

In nature, most of the water molecules consist of the oxygen and hydrogen isotopes oxygen-16
(*%0) and protium (*H). The stable isotopes oxygen-18 (*0), deuterium (°H) are also natural
constituents of the water molecule, but they are rare. The abundance of these rare isotopes is a
characteristic fingerprint of water, which gives evidence to the origin of the water. Therefore, the
stable isotopic composition of water can serve as a tracer for the hydrological cycle. Since the
stable isotopes 80 and 2H are inherent components of water, they are ideal natural tracers, i.e. they

have the same flow paths as water and do not need to be injected.

2.1.1 Notation
The abundance ratio of an isotope is defined as the ratio between the rare isotope N; and the more
abundant isotope N (Leibundgut et al., 2009).

N;

k=% (1)

Isotope ratios are expressed relatively to a certain standard. For water isotopes the Vienna Standard
Mean Ocean Water (VSMOW) is used

180
Ris, = < > =2005.2+0.45-107°
B vSMOwW

16
160 0 (2)
2H .
Rp = (— = 155.76 4 0.05 - 10"
H H)ysmow (3)

(Leibundgut et al., 2009).

The isotope ratio of a sample is related to the respective standard, which gives the d-value. This
common notation provides information whether a sample is enriched or depleted in heavy isotopes
(Leibundgut et al., 2009). A negative 6-value indicates that the sample is depleted regarding to the
standard, while a positive 5-value denotes an enrichment regarding the standard. In most cases,

d-values of fresh water samples are negative since sea water is relatively heavy.

Rsample - Rstandard

6= -1000

Rstandard (4)



2.1.2 Meteoric water lines

It has been found that 580 and 5%H observations of meteoric water reveal a clear linear correlation
(6%H = 8-80 + 10) (Craig, 1961; Dansgaard, 1964) whereby the given relation describes the
global average and is termed as Global Meteoric Water Line (GMWL). Depending on the local
conditions of rainout and condensation, this linear relationship may deviate from the GMWL
which results in Local Meteoric Water Lines (LMWLS) (Kresic and Stevanovic, 2009; Stumpp et
al., 2014) . From the GMWL, another measure is derived: the deuterium excess, which is defined
asd = 6 2H —8 - §'%0. On a global average, the d-excess is 10 %o, but it varies locally since it is
influenced by temperature, relative humidity and evaporation (Clark and Fritz, 1997). Therefore,

it can be used as an indicator for climatic conditions and evaporation processes.

2.2 Fractionation processes in the hydrological cycle

Isotopic variations in water are caused by isotope fractionation that happens during physical and
chemical processes (Leibundgut et al., 2009). Phase transitions between ice, water and vapour are
relevant for stable water isotopes. The different masses of the isotopes result in different physical
properties of the water molecules. Water molecules with heavier isotopes have, among other
properties, higher melting and boiling points than water molecules with lighter isotopes
(Leibundgut et al., 2009). Therefore, the isotope ratios in phases can change due to phase
transitions such as evaporation or condensation. There are two types of fractionation processes:
equilibrium fractionation and kinetic fractionation, which are in detail described in Clark and Fritz
(1997) and Leibundgut et al. (2009).

2.2.1 Equilibrium fractionation

Isotope fractionation under chemical equilibrium is caused by the different bond strengths of light
and heavy water molecules. In molecules, a bond between 20 and H is more stable than between
80 and H. Therefore, the vapour pressure of Hx'20 is lower than of H,'%O (Clark and Fritz, 1997).
During evaporation, for instance, the vapour phase gets enriched in %0 due to the greater vapour
pressure of 0. The remaining liquid water is consequently enriched in 0. Equilibrium
fractionation is the same for *H and ?H, only the magnitude of the fractionation is different (Clark
and Fritz, 1997).

2.2.2 Kinetic fractionation

Often, fractionation occurs under non-equilibrium conditions, e.g. due to fast changes in
temperature or when the product gets isolated from the reactants during the reaction (Clark and
Fritz, 1997; Leibundgut et al., 2009). In this case, kinetic fractionation takes place, e.g. when water

evaporates from a water body and water vapour is immediately transported further by wind.
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2.3 Observed isotope effects

The fractionation processes described above lead to isotopic variations within the hydrological

cycle. In isotope samples of precipitation and surface water, the following effects can be observed.
Temperature effect

The magnitude of isotopic fractionation is strongly dependent on temperature (Leibundgut et al.,
2009). Fractionation during phase transitions between vapour and water is stronger at low
temperatures. Thus, precipitation is more depleted at lower temperatures.

Altitude effect

Precipitation formed at higher altitudes is generally lighter than at lower altitudes. This can be
explained by the temperature effect combined with higher humidity at high altitude (Leibundgut
et al., 2009). Both, low temperature and high humidity lead to pronounced fractionation.

Amount effect

During rainfall events, heavier isotopes rain out initially and the remaining vapour becomes
depleted (Dansgaard, 1964; Rozanski et al., 1993). Thus, precipitation gets increasingly depleted

with rising precipitation amount.
Continental effect

It has been observed that precipitation gets more depleted with further distance from the coast (e.g.
Rozanski et al., 1993). Air masses coming from the ocean get increasingly depleted with each rain

fall event - similar to the amount effect.
Evaporation

When water evaporates, the water molecules with lighter isotopes initially become gaseous, which

leads to an enrichment of the remaining liquid phase (Leibundgut et al., 2009).
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3 Methods

3.1 Study sites and monitoring data

River water samples were collected at nine locations in Germany (see Figure 1 and Table 2) on a
monthly basis. Sampling has been conducted by the German Federal Institute of Hydrology (BfG)
since 1988 at the Mosel and the Rhine and since 2001 at the remaining sites. The time series extend
to the end of the year 2013. Thus, data covering 26 and 12 years, respectively, are available.
Complementary to isotopic compositions in river water, discharge data from gauges close to the
isotope sampling sites are provided by the BfG (see Table 2). The data are given as monthly mean

discharge and cover the same time periods as isotopic time series.

The corresponding catchments are the major catchments in Germany covering almost the entire
area of the country. It should be noted that the catchments of the Main and the Neckar are sub-
catchments of the Rhine-catchment, while the Mosel enters the Rhine shortly after the sampling
site at the Rhine. The catchment areas range between 5,000 km? and 135,000 km?, with the Ems
as the smallest and the Elbe as the largest catchment (see Table 1). Catchments in the South of
Germany have in general a higher mean elevation than catchments in the North. Southern
Germany is characterized by highlands and mountains, whereas the terrain in Northern Germany
is predominantly flat (see Figure A 1, appendix). All rivers except for the Danube enter the North
Sea and Baltic Sea. The Danube flows further eastwards and enters the Black Sea. The climate in
Germany is temperate and annual precipitation amounts range between 400 mm in lowlands and
3,200 mm in alpine regions (BMU, 2003).

Table 1: Areas and mean altitudes of the catchments and flow lengths of the river networks.

Area Mean altitude Flow length

(km?) (ma.s.l) (km)
Danube 47,739 628 947
Elbe 135,000 281 2,046
Ems 5,051 70 198
Main 27,065 351 459
Mosel 28,000 342 429
Neckar 13,803 437 301
Oder 112,950 170 1,207
Rhine 109,954 574 2,010
Weser 38,154 223 1,140
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In addition, long term isotope data of precipitation samples gathered at 28 precipitation stations in
Germany are available (see Figure 2), which were published recently (Stumpp et al., 2014). At 16
of these stations, stable isotopic compositions have been measured since 1978 by several scientific
organisations, which are part of the GNIP. Another 12 stations have been operated by the
Germany’s National Meteorological Service (DWD) since 1997. The amount of precipitation was
recorded at the meteorological stations. Air temperature data and missing precipitation data were
derived from the DWD. Climate data from 78 meteorological stations operated by the DWD are

accessible for free online (http://www.dwd.de/cdc).

Table 2: Geographic locations of the river water sampling sites for isotopic composition and discharge.

Catchment  Sampling site Parameter Latitude (°) Longitude (°)  Record periods

Danube Hofkirchen Q 48.676643 13.115178

Vilshofen 380, 52H 48.641762 13.180312 10/2001 — 12/2013
Elbe NeuDarchau  Q 53.232298 10.888751

Geesthacht 5%0, 3°H 53.429427 10.335367 ~ 10/2001 —12/2013
Ems Dalum Q 52.595602 7.248462

Geeste 5180, 82H 52.598642 7.249473 ~ 10/2001 —12/2013
Main Raunheim Q 50.016150 8.448263

Eddersheim 510, §°H 50.043381 8.474723 ~ 10/2001 -12/2013
Mosel Cochem Q 50.143342 7.168247

Koblenz 5180, 52H 50.368984 7583490 ~ 01/1988-12/2013
Neckar Rockenau Q 49.438249 9.005011

Schwabenheim  §*°0, &°H 49.443056 8.632472 ~ 10/2001-12/2013
Oder Hohensaaten Q 52.870060 14.140858

Schwedt 510, 52H 53.039219 14311370 ~ 10/2001-12/2013
Rhine Kaub Q 50.085428 7.764934

Koblenz 510, 52H 50.351637 7597159 ~ 01/1988 —12/2013
Weser Intschede Q 52.964180 9.125735

Langwedel 5120, 52H 52.968197 9151965  10/2001-12/2013
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Figure 1: Map of the catchment areas and the river water sampling sites for isotopic composition. Figure 2: Map of the precipitation sampling sites in Germany

(from Stumpp et al., 2014).
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3.1.1 Measurement

Both, the precipitation and river water samples, are bulk samples. Therefore, they reflect the
mean isotopic composition of the whole month. The isotope analyses of the river water and
precipitation samples were conducted at the Helmholtz Zentrum Munchen. Samples were
analysed for 0 and 2H ratios without any pre-treatment. Up to September 2011, isotope ratios
had been measured using dual-inlet mass spectrometry. From then on, the cavity ring-down
spectrometer Picarro Isotopic Water Analyzer L2120-i has been used for isotope analyses. The
precision of the dual-inlet mass spectrometry is +0.15%o for & O and +1%o for &°H.
Measurements of the cavity ring-down spectrometer have a precision of £0.1 %o for 'O and
+0.5 %o for &°H.

3.1.2 Additional data for the Rhine catchment

In the Rhine catchment, the isotopic compositions of river water and precipitation have been
measured at further locations. The Swiss Federal Office for the Environment (FOEN) provided
long-term isotope data of five river water and one precipitation sampling sites. The stations
are part of the Swiss National Network for the Observation of Isotopes in the Water Cycle
(NISQOT). The river water sampling sites are located along the Rhine and the Aare, a main
tributary of the Rhine (see Figure A 2, appendix). The meteorological station is located in
Bern. For all stations, data is available for the time period from 1997 to 2014. At some stations
earlier measurements exist. Isotope values are either derived from bulk samples or from a
mixture of two grab samples, one taken in the beginning of the month and the other one in the
end of the month (Schiirch et al., 2003).

3.1.3 Data preparation

All data were checked for consistency and plausibility. Missing values in the data sets were
replaced by long-term monthly averages. For the analyses, the average precipitation isotope
signal for each catchment is required. For this purpose, the data of the meteorological stations
in the proximity of each catchment, preferably within the catchment, were averaged (see
Table 3).
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Table 3: Meteorological stations used for average precipitation signal.

Catchment Meteorological stations

Danube Regensburg HohenpeilRenberg Garmisch

Elbe Berlin Dresden Artern Hof
Ems Bad Salzuflen ~ Emmerich

Main Wirzburg

Mosel Trier Koblenz

Nekar Stuttgart

Oder Gorlitz

Rhine Weil Karlsruhe Koblenz Bern
Weser Braunschweig ~ Wasserkuppe Bad Salzuflen

3.2 Spatial analysis

Weighted long-term averages were computed for isotopic time series of precipitation and river
water. Isotope values of precipitation were weighted by the cumulated monthly precipitation
amount. Isotope values of river water were weighted by the average monthly discharge as
follows

5= év=1 6 - W;
T W, ®)
where W is the weight, i.e. precipitation or discharge amount, respectively.

Linear regression models are used to estimate the linear relationship between §'%0 and §°H
observations in river water. In terms of river water, this linear relationship is referred to as
River Water Line (RWL).

3.3 Environmental and geographical controls

The geographical parameters catchment area, mean catchment altitude, latitude and longitude
as well as the flow length of the river network were determined using the GIS software
ArcGIS 10.3. Analyses are based on publicly accessible geodata. Geodata containing
catchment borders, river network and lakes within Europe are provided from the European
Environment Agency (European Environment Agency, 2008, 2009). Global digital elevation
maps with a spatial resolution of 7.5 arc-seconds are taken from the U.S. Geological Survey
and the National Geospatial-Intelligence Agency USA (http://topotools.cr.usgs.gov/gmted_

viewer/).
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Pearson’s correlation coefficient

In order to identify similarities between sample sites and variables, Pearson’s correlation
coefficient (Pearson’s r) was determined. Pearson’s r identifies linear associations and

measures the strength and direction of it. Pearson’s r is defined as

re nilizl:(xis:f><%_ )7) (6)

Sy

where n is the number of observations, Xiare the data points, x is the mean and Sx is the standard
deviation (Helsel and Hirsch, 2002).

Values close to 1 and -1 indicate a strong relation between the variables, whereby a Pearson’s r
of 0 indicates no correlation. Statistical significance of Pearson’s r was tested using a

hypothesis test. Null hypothesis is that r = 0, i.e. that there is no relation between the variables.

The test statistic ty is calculated as follows

rvn—2

t —_—

ToV1I—12 )
where n is the number of observations. Decision is based on the t-distribution (Helsel and
Hirsch, 2002). Correlation coefficients were calculated using the statistical software R (R Core
Team, 2014). This also applies to the following statistical analyses. In Table 4, the specific R
functions and packages are listed.

3.4 Time series analyses

3.4.1 Smoothing and normalisation

The time series were smoothed and normalised to make long-term trends visible. This was
done according to the procedure proposed by Rozanski et al. (1992). The seasonal variations
were removed by computing 12-month moving averages, which are the averages of a moving
period of 12 months. Moving averages are centred, i.e. the 12-month moving average at the
time t is calculated from the five previous data points, the data point at time t and the six

subsequent data points. The moving average of a data point at the time t is defined as

(1 m
= z Xeti if niseven
n i=—m+1
MA(xt) =«
m
1 o
= ( z xtﬂ-) if nisuneven
\ n i=—m (8)
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where n is the number of observations.

The normalisation was done by subtracting the resulting moving averages from the long-term
average of each time series. Then, the resulting data were smoothed again by computing

12-month moving averages.

3.4.2 Trend-Tests

In order to identify long-term trends in the time series, the Mann-Kendall statistical test was
used (Kendall, 1975; Mann, 1945). The Mann-Kendall test is a commonly applied trend test
in hydrological science (Yue et al., 2002). The null hypothesis Ho of the test is that the data
values are independent and identically distributed. The alternative hypothesis Hi is that the

data feature a monotonic trend.
The Mann-Kendall statistic S is defined as follows
n-1 n
S = Z Z sgn(xj — x;)
i=1 j=i+1 (10)
where X; are the consecutive data points, n is the length of the time series and

1 lf Xj — X >0
sgn(xj—xi)={ 0 iij—xl-=0
-1 lf Xj — X <0 (11)
It is assumed that the statistic S is nearly normally distributed when n is greater or equal than

8 with mean (E) and variance (V) as follows:

ES) =0 (12)

n

n(n—1)(2n+5) - z tpym(m—1)(2m +5)
V(S) = m=1

18 (13)

where tm is the number of ties with the extent m. The standardised test statistic Z is calculated

by the following equation
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The standardised statistic is normally distributed, i.e. it has a mean value of 0 and variance
value of 1. A positive Z-value implies that observations increase and a negative value that
observations decrease. Z is tested for its statistical significance whereby the decision is based
on the standard normal distribution (Helsel and Hirsch, 2002). Since it is a nonparametric test,
it is also applicable to non-normal distributed data. In addition, this rank-based test is not
sensitive to outliers (Helsel and Hirsch, 2002). However, the Mann-Kendall test requires non-
autocorrelated data. It has been shown that the result of Mann-Kendall test is biased when it
is applied to autocorrelated data (Zwiers and von Storch, 1995). Autocorrelation is present
when data points in a time series are systematically correlated with other data points in the
same time series but at different points of time. Hydrological time series which show seasonal

or daily patterns are in most cases significantly autocorrelated (Yue et al., 2002).
Trend-free pre-whitening

Therefore, Zwiers and von Storch (1995) proposed a method, in which the first order
autocorrelation is removed from the data and the Mann-Kendall test is applied to the adjusted
data. Yue et al. (2002) developed an advancement of this pre-whitening method, called trend-
free pre-whitening (TFPW) method. The authors found out that the removal of autocorrelation
reduces the magnitude of an existing trend. Thus, some significant trends might not be detected
in subsequent trend tests. They suggest to subtract the trend form the time series initially,
remove the autocorrelation and reunite both afterwards. The trend of the time series will be

only roughly estimated using the approach of Sen (1968).
Sen-Theil Slope

To quantify trends, the slope and direction is computed using the approach of Sen (1968). In
this approach, the slope between all possible data pairs is calculated. The Sen-slope is the

median of all these pairwise slopes.

3.5 Spatiotemporal analysis

Cluster analysis

Hierarchical cluster analysis was conducted to identify similarities between the sample sites.
In this method, objects are grouped into clusters based on their similarity to each other. First,

each object is assigned to its own cluster and then, the two most similar clusters are joined.
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This procedure is continued until all clusters are joined to one single cluster. Clustering is done
according to the complete-linkage method. Pearson’s r is used as measure of similarity. The
result of a cluster analysis is visualised in a dendrogram which is a graph that is structured like
atree.

Table 4: R-functions and packages used for statistical analyses (Packages from Bronaugh and Werner, 2013;
R Core Team and contributors worldwide, 2015).

Analysis R function Package
Autocorrelation acf() stats
Cluster analysis hclust() stats
Linear regression Im() stats
Moving averages filter() stats
Pearson’s r cor.test() stats
Sen-slope zyp.sen() zyp
TFPW; Mann- zyp.trend.vector() zyp
Kendall test

3.6 Mean transit time modelling

A common approach to estimate the mean transit time of a catchment is the use of lumped
parameter models, which have been introduced by Maloszewski and Zuber (1982). Lumped
parameter models use the temporal variations of the input tracer signal (Cin(t)) to estimate the
output tracer concentration (Couw(t)) (Leibundgut et al., 2009; Maloszewski and Zuber, 1996).
The predicted output concentrations are then compared to the observed output concentrations.
In the case of stable isotopes, the relation between Cin(t) and Cou(t) is described by the

convolution integral

= [ Cnle=t) g dt’

0 (15)
where ¢’ is the transit time and g(z’) is the transit time distribution (Maloszewski and Zuber,
2002). Two general assumptions of lumped-parameter models are that the hydrological system
is at steady-state conditions and that it is possible to determine representative input tracer

concentrations (McGuire and McDonnell, 2006).

Lumped parameter models are based on different transit time distributions (TTD) (Leibundgut
et al., 2009). As the flow paths through a catchment are diverse, distances to the catchment
outlet strongly vary, with the result that a water sample gathered at the catchment outlet
contains water with different transit times. The distribution of the transit times is dependent
on the catchment properties. In order to choose the appropriate model, the TTD must be
assumed based on the knowledge about the catchment (Leibundgut et al., 2009). Frequently

used kinds of models are the piston flow model, the exponential model, the combined
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exponential piston flow model and the dispersion model (Leibundgut et al., 2009). The
exponential model was chosen as model type since literature describes it as the most reliable
model for catchment studies (McGuire 2006, McGuire 2005). It is also the simplest model
with only one fitting parameter. Models with larger number of parameters may produce better
model results as they are more flexible (McGuire 2005), but with each additional parameter
the model complexity increases and it gets more and more difficult to deal with parameter

interdependencies.
Exponential model

In exponential models, transit times are exponentially distributed and range from zero to

infinity (Maloszewski and Zuber, 2002). The exponential TTD is defined as

N 1 t'
9y =g e <_ E) (16)
where t; is the mean transit time of a tracer. Using the exponential model, only one parameter
is unknown and needs to be fitted, the mean transit time of the tracer (t;). The transit time of
the tracer is identical with the transit time of the water since stable isotopes behave
conservative (Maloszewski and Zuber, 1996). Additionally, it is possible to include a constant
flow component (5). In the case of river water, the constant flow component is the groundwater
influx. The tracer concentration (Cg) of the constant flow component is assumed to be the long-

term average concentration of the surface water. The relative contribution of groundwater on

river water is unknown and needs to be fitted, too.

3.6.1 Model calibration

In the process of model calibration, parameter values are adjusted to fit the model predictions
to the observed values (Maloszewski and Zuber, 2002), i.e. in this case the observed 520
values in the rivers. The goodness of fit is measured by the Root Mean Square Error (RMSE),
which is the square root of the mean squared difference between the model predictions (P) and

observations (O). Low RMSE values close to zero stand for a good model fit.

ruse = |2z Pim 007
n (17)

The model performance is quantified by the Nash-Sutcliffe efficiency (NSE) (Nash and
Sutcliffe, 1970) which is defined as follows

100, — P)?

NSE=1— —/————=
i=1(0: = 0)? (18)

Values of the NSE range between minus infinite and 1. A NSE value of 1 indicates a perfect

model performance, while a NSE value of zero indicates that the model performs, on average,
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only as good as a straight line through the average of all observations. Thus, values above zero

and close to 1 stand for a good model performance.

The aim of the calibration process is to find the optimal parameter values for t; and f providing
the best goodness-of-fit and model performance. This can either be done automatically or
manually by a trial and error procedure. When using the software Flow PC (Manual and
Documentation: Maloszewski and Zuber, 2002), fitting is conducted manually. As only two
parameters need to be varied the effort is still reasonable and interdependencies between
parameters are assessable. Approximately two-thirds of the time series were used for model
calibration. The models were calibrated based on observation data from 10/2001 to 12/2009

for short time series and from 01/1988 to 12/2005 for long time series, respectively.

3.6.2 Model validation

In order to test whether the estimated model is an accurate representation of the real system,
the model is validated. In model validation, predictions derived from calibrated models are
compared to observations which were not used for model calibration before. As models are
calibrated on the first two-thirds of the time series, the last third is used for model validation.
If model predictions agree with new observations, it can be assumed that the model accurately
describes the real system. It must be noted, that the validation process is rather qualitative and

dependent on the evaluation of the modeller (Maloszewski and Zuber, 2002).
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4 Results

4.1 River hydrology

Long-term mean discharges (records from 2002 to 2010) of the rivers are diverse, ranging
between 46 m?/s in the Ems at Dalum and 1,700 m®/s in the Rhine at Kaub (see Table 5). The
discharge regimes of the rivers are shown in Figure 3 (for value variations see Figure A 3 in
the appendix). Rivers in Northern and Central Germany are characterised by pluvial discharge
regimes, i.e. the amount of discharge is mainly controlled by rainwater input. Discharge
maxima occur in winter and discharge minima in late summer. The Upper Danube (up to
Hofkirchen) is influenced by rainwater and water originating from snow melt, which is termed
as pluvio-nival discharge regime. Due to the influence of snow melt water, discharge
maximum is shifted to spring. The discharge regime of the Middle Rhine at Koblenz is even
more complex. In the headwater region, located in the Swiss alps, the Rhine has a runoff
regime which is dominated by melt water from glaciers and snow (Bormann, 2010). In
Germany, the runoff regime changes to pluvio-nival since large rainwater dominated

tributaries (e.g. Neckar and Main) enter the Rhine (Bormann, 2010).

Table 5: Long-term mean discharge of the rivers.

Long-term mean

River Gauge discharge [m?%s]

Danube? Hofkirchen 636
Elbe? Neu Darchau 758
Ems? Dalum 46
Main? Raunheim 223
Mosel® Cochem 321
Neckar? Rockenau 140
Oder? Hohensaaten 529
Rhine® Kaub 1,700
Weser? Intschede 317

8 Records from 01/2002 to 12/2013; b Records from 01/1988 to 12/2013
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Figure 3: Discharge regimes based on monthly mean discharge. Data from 2002 to 2013 were used, except
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for the Mosel and the Rhine for which data from 1988 to 2013 were used. Calendar year is used.

4.2 Spatial analysis

4.2.1 Long-term averages

For the nine rivers, unweighted and discharge weighted long-term averages of %0, §°H and
d-excess were calculated (see Table 6). Discharge weighted averages of §'80 and 8°H are in
general lower than unweighted averages (except for 2H in the Rhine), while weighted averages
of d-excess are higher than unweighted averages. Since all rivers have higher discharges in
winter and spring, the winter and spring discharges are underestimated in unweighted
averages. In weighted averages, the higher contribution of light winter and spring discharge is
taken into account. Therefore, weighted long-term averages better represent the average
isotopic composition in the rivers and will be used in the following analyses. Long-term
averages show that the Danube and the Rhine have on average the lowest 5'0 and 6°H values
(< -9 %o). Both catchments are located in the South of Germany. The Ems, the Mosel and the
Weser have relatively high 680 and 62H values (> -7 %o). These catchments are located in the
Northwest of Germany. Long-term averages of §'80 in river water show a clear linear relation

to long-term averages of the mean catchment precipitation (R?= 0.74) (see Figure A 4 and
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Table A 1, appendix). However, this cannot be observed for long-term averages of d-excess

(R?=0.09) and values are also not linked to geographic locations of the catchments.

Table 6: Long-term averages of isotopic composition in river water.

Long-term averages unweighted Long-term averages weighted
3180 (%o) 8%H (%o) d (%) 3180 (%o) &°H (%o) d (%)
Danube® -9.69 -69.89 7.64 -9.73 -70.14 7.69
Elbe? -8.23 -59.51 6.31 -8.43 -60.60 6.87
Ems? -6.87 -47.52 7.41 -7.09 -48.85 7.85
Main? -8.35 -59.50 7.32 -8.57 -60.76 7.77
Mosel® -7.37 -51.12 7.84 -7.70 -52.94 8.69
Neckar? -8.55 -60.70 7.68 -8.74 -62.00 7.96
Oder? -8.48 -61.17 6.68 -8.64 -62.23 6.89
Rhine® -9.08 -66.76 5.90 -9.08 -66.67 5.95
Weser? -7.69 -54.21 7.31 -7.78 -54.75 7.50

aRecords from 01/2002 to 12/2013; P Records from 01/1988 to 12/2013

4.2.2 River water line

Overall, the values of $'%0 and 3*H observed at the nine river sampling sites range from -10.8
to -5.6 % and from -79 to -40 %, respectively (see Table 7). When 380 and §2H are plotted in
a dual-isotope plot, the linear relationship between both variables is obvious (not shown). This
relationship is termed as River Water Line (RWL). In Table 7, the intercepts, slopes and
coefficients of determinations (R?) of the RWLs for the nine rivers are listed. Compared to the
LMWL of Germany, 6 2H = 7.72 §*0 + 4.90 (Stumpp et al., 2014), slopes of the RWLs are
generally smaller (between 5.4 and 6.7). The intercepts, in contrast, have lower and higher
values than the LMWL. The fits of linear regressions are given by the coefficient of
determination (R?) which range between 0.68 and 0.86.

Table 7: River water lines and value ranges of $'20 and ?H.

Intercept (%0) Slope R? Range %0 (%o) Range 8°H (%o)
Danube? 477 6.72  0.77 -10.77 to -8.29 -78.45 t0 -58.90
Elbe? -12.59 5.70 0.83 -9.46to -7.17 -67.59 to -52.80
Ems? -7.89 5.77 0.70 -7.97 t0 -5.62 -54.90 to -40.40
Main? -7.29 6.25 0.85 -9.971t0 -7.13 -70.90 to -52.40
Mosel® -7.77 5.88 0.80 -9.07 to -5.99 -63.60 to -40.85
Neckar? -3.92 6.64 0.86 -9.86 t0 -6.95 -70.82 to -50.32
Oder? -9.63 6.08 0.82 -10.31t0 -6.10 -74.15 to -45.66
RhineP -13.27 5.89 0.83 -10.66 to -7.32 -77.90 to -56.00
Weser? -12.57 541 0.68 -8.91t0 -6.28 -62.67 to -46.90

2 Records from 10/2002 — 12/2013; b Records from 01/1988 — 12/2013
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4.3 Environmental and geographical controls

It was tested to what extent §'®0 and d-excess values are influenced by geographical
parameters. For that, linear regression models between long-term weighted 530 and d-excess
averages and geographical parameters of the catchments were established. Correlations with
the following geographical parameters were tested: mean catchment altitude, latitude,
longitude, flow length of the river system and catchment area.

4.3.1 Geographical parameters

In the figures below, only significant correlations are shown. Weighted long-term averages of
5180 in the rivers clearly correlate with mean catchment altitude and latitude (see Figure 4.a
and b). Catchments with high altitudes have obviously lower §'80 averages than catchments
in lowland. The altitude effect for the rivers is estimated to be 0.36 %o per 100 m. Catchments
located in the South have on average lower §'®0 values than catchments in the North. In
general, long-term &0 averages in river water follow a northwest-southeast gradient. The
relation to altitude is more distinct (R?= 0.69, r = 0.83) than to latitude (R?= 0.46, r = 0.68).
Long-term averages of d-excess correlate significantly with flow length and catchment area
(see Figure 4.c and d). The correlation coefficients are negative, i.e. d-excess values decrease
with increasing flow length and catchment area. The fit of the regression model between d-
excess and flow length is slightly better than between d-excess and catchment area.
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Figure 4: Correlations between weighted 380 long-term averages and mean catchment (a) altitude and (b)
latitude and between weighted d-excess long-term averages and (c) flow length and (d) catchment area.
Records from 2002 to 2013.

*Significant on a significance level of 0.05 **Significant on a significance level of 0.01
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Figure 4: Continued

4.3.2 Discharge

It was also tested how the amount of discharge affects the §'80 and d-excess values. Monthly
3180 and d-excess values were plotted against mean monthly discharge. Similar as for
geographical parameters, linear regression models and correlation coefficients were
calculated. Between 80 and discharge, correlations are generally negative, i.e. 50 values
are lower with increasing discharge (see Figure 5). The correlation coefficients are statistically
significant for all rivers except for the Rhine. They range between r = -0.3 and r = -0.7.
Although linear regression models do not fit well (R?> < 0.51), the relation between 530 and
discharge is obvious. For some rivers, it seems that the dependence between both variables is
rather exponential than linear (e.g. Mosel and Ems), which could explain the poor fit of the

linear regression models.
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Figure 5: Dependence between 320 and discharge separately for each river.
2 Monthly records from 2002 to 2013 ® Monthly records from 1988 to 2013

Figure 6 shows the d-excess observations plotted against the discharge observations.
Correlations between d-excess and discharge are rather weak. The correlations coefficients are
positive in all cases but only for six rivers statistically significant. In the Rhine, the Danube
and the Weser d-excess values do not significantly correlate with discharge. The fit of the
linear regression models are poor for all rivers. Here, relations also appear to be not linear but
exponential. Nevertheless, a tendency that d-excess values are lower at low water conditions

can be seen in some rivers (Elbe, Ems, Main and Mosel).
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Figure 6: Dependence between d-excess and discharge separately for each river.
2 Monthly records from 2002 to 2013 b Monthly records from 1988 to 2013

4.4 Seasonality
4.4.1 Oxygen-18

In Figure 7, time series of §'80 in the Ems river water and in precipitation at the station Bad
Salzuflen are shown as an example. In both time series, periodic variations are obvious
whereas the amplitudes of 580 variations in precipitation are larger than in river water. The
precipitation signal is also noisier than the river signal. The §'®0 time series (precipitation and
river water) of the Rhine catchment are additionally shown in Figure 8. The time series of the
Ems reveals a clear seasonal signal. In every year, §'80 values are higher in summer and lower
in winter. Similar signals can be observed for the majority of the rivers. In contrast, this regular
seasonal signal is not observed in the time series of the Rhine river water, although the local
precipitation shows a typical 5'0 seasonality. In the Rhine river water, the variability of the
isotopic composition is irregular without pronounced minima and maxima over the years and

there is no consistent pattern, which is repeated every year.
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Figure 7: Time series of 8'20 in the Ems river water and precipitation at the station Bad Salzuflen.
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Figure 8: Time series of 320 in the Rhine river water and mean catchment precipitation.

The mean annual variations of §'80 in the rivers are shown in Figure 9. In most rivers, seasonal
signals are characterised by high 580 values in late summer (July to September) and low
values in winter. Only the Rhine does not reveal a distinct seasonal signal. In the Mosel and
the Weser the seasonal signals are also slightly indistinct, showing higher variations over the
years than the other rivers. However, tendencies are still obvious in the Mosel and in the Weser
and they correspond to the seasonal signal observed in the other rivers. In the Rhine, 80
values are almost constant throughout the year but slightly lower in summer (around June).
The seasonal signals in all rivers (except for the Rhine) are similar to 8'®0 seasonalities
observed in the local precipitation (see Figure 10). In comparison, the river water signal is
only damped and time shifted by 1 or 2 months. The damping of the signals is varyingly strong.
The amplitudes of variations observed in the Weser, the Danube and the Rhine are relatively
small (< 1 %o, based on mean monthly values) compared to the remaining rivers (see Table A 2,
appendix). Here, the seasonal variations are almost eliminated in river water. Amplitudes of

the other rivers range between 1.1 and 1.4 %o.
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Figure 9: Mean annual variations of 880 in river water. The medians of the values are displayed as bold
lines. The rectangles extent from the lower to the upper quartiles and the whiskers show the minimum and
maximum values. Calculations are based on data from 2002 to 2013, except for the Mosel and the Rhine,
where data from 1988 to 2013 were used. Calendar year is used.
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Figure 10: Mean annual variations of 8'20 in river water and mean catchment precipitation. Derived from
data from 2002 to 2013, except for the Mosel and the Rhine for which data from 1988 to 2013 were used.
Calendar year is used.

4.4.2 D-excess

The seasonal signals of d-excess in the rivers are in general less distinct than the seasonalities
of 880 (see Figure 11). They are, however, in all rivers characterised by low d-excess values
in summer and high values in winter, except for the Rhine, the Danube and the Weser. These
rivers have the lowest d-excess values in July and August and the highest in January and
February. In the Neckar, the d-excess is also low in May. The d-excess values in the Rhine,
the Danube and the Weser do not reveal clear seasonal signals. In the Rhine and the Weser,
the seasonal signals are indistinct with strongly varying mean monthly values. In contrast, the
mean monthly values in the Danube do not vary much over the years but the seasonal
variations are so much damped that the d-excess is nearly constant throughout the year. The
seasonal signals of d-excess in the rivers compared to precipitation are shown in Figure 12.
The d-excess seasonality in precipitation is in general characterised by low values from
January to July whereby highest d-excess values occur from September to November. It cannot

be clearly observed that the d-excess of precipitation is reflected in the river water.
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Figure 11: Mean annual variations of d-excess in river water. The medians of the values are displayed as
bold lines. The rectangles extent from the lower to the upper quartiles and the whiskers show the minimum
and maximum values. Calculations are based on data from 2002 to 2013, except for the Mosel and the Rhineg,
where data from 1988 to 2013 were used. Calendar year is used.
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Figure 12: Mean annual variations of d-excess in river water and mean catchment precipitation. Derived
from data from 2002 to 2013, except for the Mosel and the Rhine for which data from 1988 to 2013 were
used. Calendar year is used.

4.5 Trend analysis
4.5.1 Oxygen-18

The long time series allow to explore the temporal behaviour of §*%0 in river water and
precipitation. The smoothed and normalised time series are shown in Figure 13. For the Rhine
and the Mosel, long-term trends are plotted from 1988 to 2013 and for the other rivers from
2002 to 2013. As a result of the smoothing procedure, there is no data for the first 11 months
and the last 12 months of the original time series. Therefore, the smoothed time series are
shorter than the original time series. The river water time series are plotted as solid lines and
the precipitation time series as dashed lines. From visual assessment, positive long-term trends
could be conjectured in the Danube, the Ems, the Oder and the Rhine time series. The Weser
time series shows a negative trend. For the other rivers, no tendencies over time are

recognisable.
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Comparison to long-term trends in precipitation

Compared to the precipitation trend curves, the temporal variations of the river water trend
curves are lower but similarities between both trend curves are still recognisable. In some
rivers, the temporal development of the precipitation curve is clearly reflected in the river
water curve but with a certain time shift. However, this is obviously observable only for the
Elbe, the Main, the Neckar and the Oder (see Figure 13.b, e, g and h). In the other rivers, the
river water trend curve corresponds only partly with the precipitation trend curve. The river
water trend curve of the Rhine (see Figure 13.f) shows similar long-term trends as the
precipitation in the first part of the observation period (~ 1988 to 2006). From 2006 on,
temporal development of &80 in river water is not related to precipitation. Interestingly,
similar phenomena can be observed in the Danube (see Figure 13.a). In both rivers, the
precipitation trend curves have distinct minima in the year 2010, which are not reflected in the
river water trend curve. Long-term development of 5180 in the Weser river water also deviates
from the one in precipitation (see Figure 13.i), but here in the first half of the time series. In
the second half, river water trend is similar to the precipitation trend. For the Mosel and the
Ems, it is hard to identify any similarities between precipitation and river water trend curves
(see Figure 13.c and d). In the Ems, this is mainly due to the strong damping through which

the temporal variations are almost vanished.
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Figure 13: Long-term trends of 50 in river water and mean catchment precipitation. Time series were smoothed and normalised following the procedure of Rozanski et al.
(1992).
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Mann-Kendall trend test

The Mann-Kendall test is applied to statistically assess whether time series of §'80 exhibit a
monotonic trend. It is expected that the 'O time series (original, not smoothed and
normalised) are autocorrelated since most of the rivers show clear seasonal signals. In
correlograms, the autocorrelations of 50 time series are visualised (see Figure A 7,
appendix). They demonstrate that the time series of all rivers are significantly autocorrelated
with highest positive autocorrelation at lag 12. Some of them also show high negative
autocorrelations at lag 6. Thus, first order autocorrelation in time series was removed from
time series using TFPW method (Yue et al., 2002) to gain reasonable results from the Mann-
Kendall trend test. However, in some time series higher order autocorrelations are still present

(see Figure A 8, appendix).

The Mann-Kendall trend test is applied to adjusted data. Significant trends were found for the
Rhine and the Weser time series (see Figure 14) with p-values < 0.01, whereas the trend in the
Rhine is positive and negative in the Weser. For the Danube time series, a positive trend was
detected with a p-value of 0.09, indicating at least a tendency. The previous visual assessment,
conjecturing long-term trends in the Danube, the Ems, the Oder, the Weser and the Rhine time
series, could be confirmed statistically only for the Rhine, the Weser and partly for the Danube

time series. Although most of them are not significant, six out of nine rivers show a positive

trend.
Danube s 0.09
Elbe | 0.91
Ems I o35
Main 0.68 [l
Mosel I 081
Neckar I 060
Oder I 0.51
Rhine I <001
Weser | <0.01 I

-0.09 -0.07 -0.05 -0.03 -0.01 0.02 0.04 0.06
Sen's slope (%olyr)

Figure 14: Sen-slopes (bars) and Mann-Kendall p-values (labels) of 880 time series. Black bars indicate
significant trends. Significance level of 0.01.
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4.5.2 D-excess

The d-excess time series of the rivers were also smoothed and normalised, just as it was done
for 580 time series. The d-excess is from special interest since it is a strong indicator for
evaporation. Lower d-excess values indicate a higher influence of surface evaporation. Below,
smoothed and normalised d-excess time series of the rivers are shown. Short time series
covering 12 years are plotted separately (see Figure 15) from long time series covering
25 years (see Figure 16). The short time series reveal that the temporal behaviour of the
d-excess is similar for the seven rivers. Compared to the long-term averages, d-excess values
are higher at about the year 2008 and lower during the periods from 2002 to 2007 and 2009 to
2011. The same can be observed for the Mosel but not for the Rhine (see Figure 16). The
d-excess of the Rhine, in contrast, is decreasing in the period from 2007 to 2010. Interestingly,
all nine rivers, including the Rhine, show a constant increase in d-excess starting in summer
2010. This general trend, observed for all rivers except for the Rhine, with high d-excess values
at about the years 2008 and 2009, can also be observed in precipitation data, which is plotted
in dashed lines. Only the d-excess trend of the Rhine shows considerable deviations from the

precipitation. Yet, these deviations are only temporary.
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Figure 15: Long-term trends of d-excess in the rivers compared to the long-term trend in German
precipitation (average derived from 28 meteorological stations). Only short time series from 2002 to 2013.
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Figure 16: Long-term trends of d-excess in the rivers compared to the long-term trend in German
precipitation (average derived from 28 meteorological stations). Only long time series from 1988 to 2013.

4.6 Spatiotemporal analysis

4.6.1 Original time series

Similarities between the 380 time series of the nine rivers were investigated using correlation
and cluster analysis. Pearson’s r was calculated between each pair of rivers based on the
original time series. In Table 8, correlation coefficients among the 620 time series of the nine
rivers are listed. The isotopic compositions of rivers in Northern and Central Germany (Elbe,
Ems, Main, Mosel, Neckar and Oder) strongly correlate with each other (r > 0.6), red marks
in Table 8. The isotopic compositions of the Danube and the Weser correlate slightly with the
rivers mentioned above and show only little similarities with each other. The §'80 time series
of the Rhine significantly correlates with the 530 time series of the Danube, but with none of

the other rivers.

Table 8: Correlation matrix showing similarities between original 880 time series of the sampling sites.
Pearson’s r were calculated for the period from 2002 to 2013. Red colours stand for high correlation
coefficients close to 1 and green colours for low or negative correlation coefficients close to 0.

Danube Elbe Ems Main Mosel Neckar Oder Rhine Weser
Danube -
Elbe 053" -
Ems 057" 0.65° -
Main 059" 074" 079" -
Mosel 057" 075" 077" 0.88 -
Neckar 053" 0.63" 0.79° 081" 079 -
Oder 059" 0.76° 0.70° 072 0777 069" -
Rhine 0.32"  -0.07 0.03 0.14 0.02 0.04 -0.05 -
Weser 0.27° 052" 043" 058 0577 048 0517 -004 -

*significant on a significance level of 0.01
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Cluster analysis

The result of the cluster analysis is shown in Figure 17, where the rivers are grouped according
to their similarities in 320 variations. Initially, rivers in the West of Germany (Ems, Neckar,
Main and Mosel) are formed to one group and rivers in the Northeast of Germany (Elbe and
Oder) are also clustered to one group. Both groups are then joined to one large group. The
Danube, the Weser and the Rhine are joined to that group in the mentioned order. It can be
stated that most of the rivers in Germany show similar 520 signals. Only the §'80 time series
of the rivers Danube, Weser and Rhine are different, whereby the signal of the Danube deviates
only slightly from the other rivers. In contrast, the §'80 signal of the Rhine shows hardly any

similarities with other rivers. A slight correlation exists just between the Rhine and the
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Figure 17: Dendrogram showing similarities between 880 time series (original) of the sampling sites.
Pearson’s r was used as distance measure. Correlation coefficients were calculated for the period from 2002
to 2013.

4.6.2 Smoothed and normalised time series

Since seasonal variations are still contained in original time series, analyses in the previous
section mainly identified similarities in seasonality. Similarities in the long-term trends of 50
can also be investigated as the isotopic time series cover more than one decade. For that,
correlation and cluster analysis were conducted with the smoothed and normalised time series.
The results are shown in Table 9. In most cases, isotopic trends only correlate to the ones of

adjacent catchments. Such can be observed e.g. for the Main and the Mosel, the Elbe and the
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Oder, or the Danube and the Rhine. The Weser as an exception does not positively correlate
with any of the other rivers, but it correlates negatively with the Neckar, the Danube, the Rhine
and the Ems.

Table 9: Correlation matrix showing similarities between smoothed 680 time series of the sampling sites.
Pearson’s r were calculated for the period from 2002 to 2013. Red colours stand for high correlation
coefficients close to 1 and green colours for low or negative correlation coefficients close to 0.

Danube Elbe Ems Main Mosel Neckar Oder Rhine Weser
Danube :
Elbe 0.43" -
Ems 0.73° 0.34"
Main 0.22 042" 0.09
Mosel 0.09 0.36" -0.05 059
Neckar 0.33" 0.76° 048" 0577 027"
Oder 071 0.79° 0.49" 0.16 0.40° 0.55"
Rhine 0.62" 0.04 037" 0.34° -0.20 0.09 0.05
Weser -0.39" 0.05 -0.73° -0.20 0.21 -0.34" 0.03 -0.48"

*significant on a significance level of 0.01

Cluster analysis

The dendrogram in Figure 18 shows the result of the cluster analysis with smoothed 380 time
series. There are two main groups with moderate similarities: the first group involves the
Danube, the Ems and the Rhine and the second group contains the Main, the Mosel, the
Neckar, the Elbe and the Oder. The adjacent catchments Main and Mosel, as well as Elbe and
Oder are formed to groups with high similarities. Interestingly, the Danube and the Ems also
have high similarities even though their catchments are located in completely different parts
of Germany. The isotopic trends of the Neckar are similar to the ones of the Elbe and the Oder.
The long-term trends of the Weser show no similarities to any of the other rivers. The grouping
cannot be clearly linked to the geographic location nor to the topography of the catchments.
Some adjacent catchments show high similarities but also catchments with completely
different locations have similar long-term trends. The same applies to the topography of the

catchments.
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Figure 18: Dendrogram showing similarities between smoothed !0 time series of the sampling sites.
Pearson’s r was used as distance measure. Correlation coefficients were calculated for the period from 2002
to 2013.

4.7 Mean transit time modelling

The mean transit times of fast runoff components were estimated using the original 580 time
series of the catchment precipitation and the river water. The average §'®0 concentration in
the catchment precipitation was calculated for each catchment as input concentration. The
model outputs are fitted to the observed 30 concentrations in the river water. In lumped
parameter models, temporal variations in precipitation and river water data are utilised. As

mentioned, the exponential model was chosen as the model type.

In Table 10, the parameter values of the two (three) best-fit models for each river are listed. In
general, exponential models provide satisfactory simulations to isotopic observations.
However, parameter values for the Rhine could not be identified. The best agreements between
model results and observations could be achieved for mean transit times of 1 to 5 months and
groundwater contributions of 60 to 80 %. The shortest mean transit time between 1 and
2 months was estimated for the Ems catchment, which is the smallest of the eight catchments.
Apart from that, estimated transit times are not related to the catchment sizes. The highest
transit times of 4 to 5 months were predicted for the Danube catchment, which has a catchment

area that amounts to less than a half of the catchment area of the Elbe or the Oder.
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Model predictions in comparison to observation data are shown in Figure 19. The seasonal
variations of 80 in river water are well reproduced by all models. They are particularly
accurate regarding the occurrence and the shape of minima and maxima. However, modelled
curves are flatter than the ones of observations. The heights of the maxima are predominantly
underestimated and only rarely overestimated. Especially, high maxima are not well
reproduced, whereas the heights of the minima are simulated more accurately. Overall, the
values for the Danube are predicted to be too low in the time between 2009 and 2013. Apart
from that, the predictions fit well to the observations. The same can be observed for the Weser
during the period from 2002 to 2005.

Goodness of fit and model performance

In order to assess the quality of the models, the goodness of fit and the model performance
was determined. The goodness of fit is quantified by the RMSE and the model performance
by the NSE. The model performance and the goodness of fit are not directly related, i.e. a good
model fit does not automatically imply a good model performance and vice versa. The values
of the RMSE range from 0.23 to 0.58 and the NSE values range from -0.02 to 0.72. Calibrated
models for the Elbe, the Ems, the Main, the Neckar and the Oder show good model
performances (NSE >0.5). Those of the Danube and the Mosel are moderate. For observations
of the Weser, no better models than the two listed ones, which have a model performance

around 0, were found.

In the model validation, the model performance and goodness of fit decline just slightly for
most models. Thus, the model predictions do not only fit the observations to which the model
was calibrated but also fit new data. Just in case of the Danube, the predictions of the two
models do not fit well to new observations. The model performances decrease from ca. 0.4 to
0.1. Interestingly, the models of the Weser better fit the observations when applied to the entire

time period.
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Table 10: Model parameters and measures of model quality for best-fit models.

Catchment Model no. B te(months) RMSEca NSEca  RMSEval NSEval
Danube 1 0.8 5 0.25 0.40 0.33 0.12
2 0.8 4 0.25 0.37 0.34 0.08
Elbe 1 0.7 3 0.35 0.52 0.36 0.54
2 0.6 4 0.35 0.51 0.37 0.51
Ems 1 0.8 1 0.23 0.62 0.30 0.53
2 0.7 2 0.23 0.63 0.30 0.51
Main 1 0.6 3 0.28 0.71 0.34 0.66
2 0.7 3 0.27 0.72 0.33 0.67
Mosel 1 0.7 2 0.46 0.38 0.45 0.46
2 0.6 3 0.58 0.02 0.47 0.42
Neckar 1 0.8 2 0.28 0.66 0.33 0.64
2 0.7 2 0.29 0.65 0.34 0.61
Oder 1 0.8 2 0.32 0.60 0.39 0.51
2 0.7 3 0.31 0.63 0.39 0.50
3 0.6 5 0.32 0.60 0.42 0.43
Weser 1 0.8 2 0.43 0.07 0.40 0.24
2 0.7 3 0.45 -0.02 0.42 0.17

cal — calibration period; val — validation period
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Figure 19: Model predictions and observations of 8'%0 in river water.

*Input data (precipitation) was only available until 2012
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4.8 The Rhine in its course

As long-term data from further stations within the Rhine catchment exist, | decided to have a
closer look at the Rhine catchment. Moreover, this is also by far the most complex catchment
for which, as has been shown in the previous sections, further considerations are required. In
Figure 20, the 80 long-term trend observed in the Rhine water at Koblenz is shown in
comparison to long-term trends observed at river water stations in the upper catchment (see
Figure A 2, appendix). Up to 2008, the temporal development of 3*80 is similar at all stations,
showing a positive trend, overall. In 2008, the 580 values start to decrease again. Interestingly,
Koblenz is the only station which shows an onward enrichment from 2008 to 2011. Only in
2011, hence three years later, the 50 values rapidly decrease. In the trend curve of the
precipitation sampled in Bern, this enrichment cannot be observed, either. As this anomalous
enrichment is only apparent at the station in Koblenz, it can be concluded that processes in the
middle catchment (between the stations Weil and Koblenz) must cause this extraordinary

behaviour.

Trends in the discharge at Koblenz and the air temperature in the Rhine catchment are shown
in Figure 21. Both underlie periodic variations. Around the year 2008, discharge is slightly
lower than the long-term average and the air temperature is higher in 2007 but decreases
rapidly afterwards. In the following years, the air temperature is also lower than the long-term
average. As the discharge regime of the Rhine is rather indistinct, it is hard to say whether
discharge was different in this time period. The annual discharge variations between the years
2002 and 2011 are plotted in the appendix (see Figure A 5 and A 6). The highest discharges
tend to occur in spring as a result of snow melt in the catchment. Yet, the patterns are anything
but clear and strongly vary over the years. As shown in section 4.5.2, the d-excess in the Rhine
water decreases in the time around 2008, while it increases in the other rivers. Although the
low d-excess values indicate a higher influence of evaporation there is no evidence for a higher

influence of evaporation, neither increased temperatures nor low water conditions.
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5 Discussion

5.1 Spatial distribution

The long-term averages of 680 and &%H in the German rivers clearly show a northwest-
southeast gradient (see Table 6), just as it has been observed for precipitation in Germany
(Stumpp et al., 2014). For 0, it could be shown that long-term averages in the rivers are
closely related to the long-term averages of local precipitation (see Figure A 4.a, appendix). It
is assumed that the same applies to 6°H, as 2H is, in turn, linearly related to 5120 (see Table 7).
These findings agree with previous studies, which have shown that the spatial patterns
observed for isotopic composition in precipitation are reflected in river water (e.g. Diefendorf
and Patterson, 2005; Dutton et al., 2005; Katsuyama et al., 2015; Kendall and Coplen, 2001;
Mizota and Kusakabe, 1994). In contrast, the long-term averages of d-excess in the nine rivers
do not match the d-excess averages in local precipitation (see Figure A 4.b, appendix) and they
do not reveal spatial patterns, either.

The slopes of the RWLs estimated for the German rivers are slightly lower (5.4 to 6.7) than
the slope of the LMWL of Germany (7.7) (Stumpp et al., 2014) (see Table 7). These lower
slopes result from evaporation within the catchment. Evaporation effects have been widely
observed in water lines of surface water samples from diverse climate zones (e.g. Darling et
al., 2003 (Great Britian); Diefendorf and Patterson (Ireland), 2005; Hogan et al., 2012 (USA);
Hughes et al., 2012 (Australia); Kattan, 2012 (Syria)). Thus, the isotopic composition in
surface water is obviously affected by evaporation not only in arid climate. However, slopes
are even lower in arid climate zone. Slopes of 4 to 5 have been reported for the Rio Grande
(USA) and the Bowen-Darling Rivers (Australia) (Hogan et al., 2012; Hughes et al., 2012).

5.2 Environmental and geographical controls

The 80 in river water shows a negative correlation with the catchment altitude (see Figure 4).
The estimated altitude effect for the rivers (0.36%0/100m) is lower than the one in precipitation
(0.47%0/100m) (Stumpp et al., 2014). This contradicts previous studies which have reported
that altitude effects for river water are typically higher than for local precipitation (Wen et al.,
2012; Winston and Criss, 2003). Winston and Criss (2003) explain this intensification of the
altitude effect by the downstream transport of discharge within the catchments. However, it
must be noted that their investigations have only been done on a regional and catchment scale.
In addition, their approach is somewhat different as their calculations are based on the altitude
of the sampling stations and not on the mean catchment altitude. | suggest that using the mean
catchment altitude is more appropriate as river water is an accumulation of water from regions

with different altitudes. Although the estimation might not be representative as it is based on
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nine sites only, it indicates that the altitude effect is damped in river water. The isotopic
composition in the rivers also tends to be depleted in catchments which are further in the South
as a result of the latitude effect in precipitation (see Figure 4). It must be assumed that the
continentality of the catchments also plays a role. Yet, this was not statistically tested. The
relation between altitude and 380 appears to be more distinct than the latitude effect. The
terrain in Southern Germany is in general of higher elevations than in Northern Germany.
Hence, it is difficult to distinguish between the latitude effect and the altitude effect as both
effects add up and the individual effects may be of lower magnitudes. Although the 320 long-
term averages suggest a northwest-southeast gradient, longitude is not a significant factor.
However, the northwest-southeast gradient can also be ascribed to the continentality effect

since Germany is dominated by air masses coming from the West.

It could be shown that the d-excess decreases with increasing flow length and catchment area
(see Figure 4). However, the parameters flow length and catchment area are not independent
from each other as catchment area rises with increasing flow length. Such decreases of d-
excess with increasing flow length have already been reported in previous studies (e.g. Kattan,
2012; Yuan and Miyamoto, 2008) and indicate that in-stream evaporation is a relevant process
changing the isotopic composition in the rivers. Then, it can also be expected that the river
water is enriched in 0 with increasing flow length, but a significant association between §'80
long-term averages and flow length could not be identified. | suppose that the downstream
evaporation effect in 5'®0 is hidden by the altitude and latitude effect which have a higher

influence.

It was considered to estimate the individual effects of the parameters with a multiple linear
regression model. However, the outcomes of the multiple linear regression analyses were not
reasonable (see Table A 4, appendix), which may be a result of multicollinearity. As the
independent variables latitude and altitude, as well as flow length and catchment area are
correlated with each other (referred to as multicollinearity), the standard statistical method of
multiple linear regression analysis is not appropriate to quantify the individual effect of the
parameters. It has been shown in several studies that multicollinearity leads to biased
estimations of multiple linear regression analysis (Chatterjee and Hadi, 2006; Graham, 2003).
Therefore, more sophisticated methods and further considerations are required for a proper

isolation of the individual effects.
Discharge

Analyses showed that 30 values in the rivers tend to be depleted with increasing discharge
amount (see Figure 5). Furthermore, a tendency could be observed that the d-excess values are

higher at high flows and lower at low flows (see Figure 6). In general, the linear relations are
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poor, in particular between discharge and d-excess. They seem to be not linear but rather
exponential. It can be assumed, that dependencies could be better described by exponential
regression models than by linear regression models. However, direct causalities may not exist
since observed relations must be rather ascribed to the discharge regimes of the rivers in
Germany, which are characterised by higher discharges in winter and spring. As precipitation
in winter formed at low temperatures is characterized by low §'80 and high d-excess values
(see Figure 10 and 12), winter and spring high flows are typically depleted in 80O and have
high d-excess values. Therefore, the causalities between discharge amount and 80 or
d-excess, respectively, are most likely not direct. The observed relations are not analogous to
the amount effect in precipitation since the low 820 values in high flows are not induced by
discharge amounts, but by low winter temperatures. The same has been found by Yi et al.
(2010) for the Mackenzie River in Canada featuring a similar discharge regime. They also
concluded that correlations are attributed to higher discharge amounts in winter. It would be
interesting to see how isotopic values are related to discharge amounts in catchments with

different discharge regimes, e.g. in tropical regions.

5.3 Seasonality
Oxygen-18

Most of the rivers show a clear §'0 seasonality with maximum values in late summer (see
Figure 9). These patterns reflect the 380 seasonality of the precipitation in the catchments,
but with a certain time shift and damping (see Figure 10) just as it has been observed in a
number of earlier studies (e.g. Dutton et al., 2005; Katsuyama et al., 2015; Ogrinc et al., 2011,
Rodgers et al., 2005; Speed et al., 2011). The time shifts amount to 1 to 2 months, while
dampings are diverse (see Table A 2, appendix). This is at least true for catchments with
predominantly pluvial discharge regimes. In contrast, the Rhine reveals minimum 20 values
in summer. The low 380 values in summer are a result of the delayed release of precipitation
in the form of snow and glacier melt water since the isotopically light melt water contributes
greatly to discharge in summer. Such melt water influences have already been observed in
previous studies (e.g. Dutton et al., 2005; Yi et al., 2010). The generally indistinct seasonal
signal is attributed to the complex discharge regime of the Rhine. The Rhine water at Koblenz
is a mixture of tributaries with diverse discharge regimes. Thus, the different seasonal signals
overlap to an indistinct signal. Furthermore, the Rhine is dammed at several points in its course
(Lake Constance and several watergates in the Upper Rhine Rift). These influences lead to
modifications of the 50 seasonality. In a comprehensive study about isotope observations in
precipitation, surface water and groundwater in Switzerland, it has been shown that the §'0
seasonality in the Rhine is considerably altered in its course (Schurch et al., 2003). By the

comparison of the seasonalities observed at stations along the Rhine and its tributaries, the
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authors have shown that the confluence of tributaries from different environments (alpine and
lowland) and the damming in the Lake Constance result in a seasonal signal in the Rhine which
clearly deviates from the precipitation input signal.

It can be stated that the 50 seasonalities of the rivers are strongly dependent on the discharge
regimes. These findings are consistent with the study of Halder et al. (2015) in which the 530
seasonality of more than 200 GNIR and 500 GNIP stations all over the world has been
analysed. The seasonal signals observed in the German rivers correspond to seasonalities
typically found in catchments located above a latitude of 30° N (termed as group A) (see
Figure 22). The authors have further defined two subgroups: group A.l are rivers with
predominantly pluvial discharge regimes, which are also influenced by snow melt water in
spring and group A.2 are rivers whose catchments are either located in alpine or arctic regions.
Unsurprisingly, most of the investigated rivers in Germany correspond to subgroup A.1,
whereby the seasonal signal of the Rhine looks slightly similar to subgroup A.2 having 580

minimum in summer (May/June).
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Figure 22: Oxygen-18 seasonality observed in river water at GNIR stations located >30°N (from Halder et
al., 2015).

The seasonal signals of 3*80 in the rivers are damped to different extents, i.e. the amplitudes
are diverse (see Table A 2). The Danube, the Weser and the Rhine have the smallest amplitudes
indicating either high contributions of groundwater or an overlap of different 'O signals. The
discharge regime of the Weser is relatively simple. Hence, the strong damping is most likely
due to high groundwater contributions. In case of the Rhine, the latter is more likely (see
discussion in previous paragraphs). The Danube is also influenced by tributaries from different
environments but groundwater contributions are estimated to be relatively high, too. Thus, it

may be a combination of both which causes the strong signal damping.

Findings of previous studies indicate that amplitudes of seasonal variations of 30 in
precipitation are related to latitude (Dutton et al., 2005; Feng et al., 2009; Halder et al., 2015).

The seasonal variations in precipitation at higher latitudes tend to be more pronounced than at
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lower latitudes. However, such relation has not been observed for river water (Halder et al.,
2015). Halder et al. (2015) have pointed out that the amplitude of the 50 seasonality in river
water is rather controlled by processes on the catchment scale and reservoirs within the
catchment than by global factors. This agrees with my findings, which also suggest that the
damping of the seasonal signal is determined by the amount of groundwater contributing to
discharge and the complexity of the flow system. Thus, it can be a meaningful indicator for

catchment processes.
D-excess

The d-excess seasonality observed in the majority of the German rivers is characterised by
high d-excess values in winter and low d-excess values in summer (see Figure 11). These
seasonal signals appear to be distinct in rivers with simple pluvial discharge regimes, similar
to what was found for the seasonality of §'®0. The seasonal signals in the river water
correspond to the patterns which have been typically observed in precipitation in the Northern
Hemisphere (Frohlich et al., 2002; Pfahl and Sodemann, 2014) (see Figure 23). The d-excess
in precipitation is negatively correlated with temperature and relative humidity in the
atmosphere. As temperature and relative humidity is generally higher in summer, d-excess
values are lower. The d-excess seasonality in precipitation in Germany looks a bit different
from what is typical for the Northern Hemisphere only showing higher values from September
to December, but not in late winter and spring (see Figure 12). This anomaly may be a result
of the hysteresis effect discussed in Jouzel et al. (1997). At some locations, it has been
observed that the d-excess in precipitation is higher in autumn than in spring although the
values for temperature and relative humidity are comparable. However, this goes beyond the
scope of this thesis and should be investigated individually. In rivers, the d-excess can be
modified as a result of evaporation. When water evaporates, the d-excess in runoff water
decreases. The d-excess seasonality in the rivers considerably deviates from seasonality in
precipitation. This suggests that evaporation within the catchment (from soil or water surface)
substantially modifies the d-excess in the rivers. However, the seasonal signals of the d-excess
in the rivers are not only damped, lower in absolute values and time shifted as one would
expect. The relations between the d-excess in river water and in precipitation rather appear to
be more complex. In contrast to 5180, the seasonality of d-excess in river water has been rarely
investigated, yet. Katsuyama et al. (2015) just recently published a study in which they have
presented seasonal patterns of d-excess observed in rivers in Japan. Therein, they have
recognised a strong damping only in the seasonal signals of d-excess. Further investigations

are required in order to identify factors determining the d-excess seasonality in the rivers.

53



maonth

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
| 1 1 1 1 | 1 1 1 1 1 |

—8— Southem Hemisphere _S

-3 -- MNorthem Hemisphers L& ]

>

. ¢ 3

o ’} o 5 o

- -0 ° S

—e. Y S = LT R T N . 4 £

—.— - L0l V. g

- w

14 L3 —
12 a . o0 2

il

d-excess (%)
s
/
.
/
o
[
*o
L
\
L ]

m
o
[}

T T T T T T T T T T T T
Jan Fek Mar Apr May Jun  Jul Aug Sep Oct Nov Dec
month

Figure 23: Typical d-excess seasonality in precipitation for Northern and Southern Hemisphere (from
Frohlich et al., 2002).

5.4 Long-term trends
Oxygen-18

In the Elbe, the Main, the Neckar and the Oder the long-terms trends of 520 clearly reflect
the long-term trends observed in precipitation (see Figure 13). They are, however, less varying
and time shifted, which is a result of groundwater confluence and a buffering effect of the
catchment. This suggests that further catchment processes modifying the isotopic input from
precipitation play a minor role in these catchments. Strong discrepancies between the 520
trends in river water and in precipitation are observed in the remaining rivers indicating
dominant processes which alter the isotopic composition such as evaporation, damming or
storage. In the Danube, the Rhine and the Weser, deviations from precipitation input are
merely apparent for certain time periods, which suggests only temporary influences. A general
discrepancy between isotopic composition in precipitation and river water can be observed in
the Mosel and the Ems. In the Ems, groundwater highly contributes to river discharge (70 to
80 % estimated). Thus, long-term variations in the Ems are nearly averaged out, which makes
it hard to identify similarities with the precipitation input. The processes causing deviations
from long-term trends in precipitation in the Mosel are not as obvious. Having in mind, that

such large catchments are highly heterogeneous, this is not surprising.

Comparable studies analysing such long time series of isotopic composition in river water are
rare. As far as is known, analyses of time series of similar length have only been conducted
for the Danube catchment, yet (Rank and Papesch, 2010; Rank et al., 1998). Rank et al. (1998)
have compared the 8'80 long-term trends (12-month moving averages) of precipitation and
the Danube River water in Vienna. They have found that the trend curve of the Danube mostly

agrees with precipitation, but they have also observed temporary deviations (1980-1983 and
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1993-1995). In the years 1980 to 1983, the Danube shows a depletion in 0 compared to
precipitation. The authors explain this depletion by unusual high winter precipitations in
regions of higher altitudes during this time. The precipitation from high altitudes was further
more depleted than the observed long-term average. However, they could not find reasons for
the deviations between 1993 and 1995. In a subsequent and more extended study, Rank and
Papesch (2010) have analysed the long-term trends of 30 (ten-year moving averages) in
several Austrian rivers and in precipitation from sites located across Austria. They have
pointed out that decadal variations are more pronounced in precipitation and rivers of higher
altitudes, than of lower altitudes. However, this cannot be observed in the rivers in Germany.
The trend curves of the rivers Ems (lowland catchment) and Danube (mountainous headwater)
are most damped with the result that they hardly show any variations. Therefore, the damping
of long-term variations does not seem to be controlled by the catchment altitude but rather by
factors on the catchment scale. | could imagine that transit times of groundwater are important.
In order to identify the influencing factors, the river catchments need to be investigated in

more detail.
Trend test

Statistically significant trends in the §*30 observations were identified in two rivers whereby
the 380 shows a positive trend in the Rhine and a negative trend in the Weser (see Figure 14).
Long-term trends in isotopic time series have only been examined for precipitation in Europe,
yet (Klaus et al., 2015; Lykoudis and Argiriou, 2011; Rozanski et al., 1992; Stumpp et al.,
2014). In these studies, significant trends, positive as well as negative ones, have been
identified at single stations. So far, they could neither identify consistent spatial patterns nor
the factors controlling these trends. In addition, Klaus et al. (2015) have addressed
uncertainties of the Mann-Kendall trend test resulting from higher order autocorrelations in
the time series. The commonly used approach of TFPW by Yue et al. (2002) only accounts for
first order autocorrelations. Therefore, the authors proposed a new method using
autoregressive integrate moving average models (ARIMA) for removing autocorrelations
from the time series. They could show that trend test results are different when higher order
autocorrelations are removed from the time series with ARIMA, in contrast to the TFPW
approach. This means that there is evidence that higher order autocorrelations also bias trend
test results. In my analyses, it turned out that some of the time series still reveal
autocorrelations of higher order after the TFPW adjustment (see Figure A 8, appendix). Thus,
the validity of the trend test results must be seen critical. So far, the findings of Klaus et al.
(2015) are only indications which need to be further investigated in order to make methods for

trend detection in autocorrelated time series more reliable.
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D-excess

The d-excess long-term trends are consistent in all rivers except for the Rhine (see Figure 15
and 16). The rivers clearly reflect the average d-excess trend observed in precipitation in
Germany. This might suggest that rivers are mainly determined by precipitation input and
evaporation processes within the catchments are negligible. However, it is also possible that
the d-excess in precipitation and river water is subject to the same controls, i.e. that both, the
d-excess in precipitation and in the rivers, are affected by temperature resulting in similar long-
term trends. In previous sections, it was shown that evaporation does have an influence on the
d-excess in the river water. Hence, the latter explanation appears to be more likely. In contrast,
in the Rhine, further processes occurred which led to a remarkable decrease in the d-excess.
Compared to the precipitation, the d-excess in the Rhine appears to be lower during the time
from 2007 to 2010. This implies that evaporation within the catchment is enhanced during this

time, which can have various reasons. Some of them are discussed in section 5.7.

5.5 Spatiotemporal analysis

Seasonality

Based on the §'®0 seasonality of the rivers, six out of the nine rivers were clustered to one
group which was further split into two subgroups (see Figure 17). The rivers Danube, Weser
and Rhine reveal different 580 seasonalities. As shown in previous sections, their seasonal
signals are indistinct or strongly damped. In general, the findings suggest that the grouping is
linked to the geographic location and topography of the catchments. Obviously, adjacent
catchments and catchments featuring comparable topography are similar in their §20
seasonality. Halder et al. (2015) have suggested that 320 seasonality is strongly dependent on
the river’s discharge regime. Apparently, this also applies to the investigated rivers in
Germany. All rivers characterised by a pluvial discharge regime were clustered to one group
with the only exception of the Weser. In addition, the only two rivers which are influenced by

spring high flows from melt water (Danube and Rhine) are also correlated with each other.
Long-term trends

In contrast, no spatial patterns can be identified for 20 long-term trends in the rivers. The
groups determined in the cluster analysis with smoothed time series are neither linked to
geographic location nor to topography (see Figure 18). The clustering is inconclusive to a
certain degree. Some adjacent catchments show high similarities. Yet, this also applies to some
catchments with completely different geographic locations, e.g. the Danube and the Ems. The
two rivers are most likely clustered since in both rivers groundwater highly contributes to
discharge with the result that their trend curves show nearly no variations (see Figure 13). In

the rivers Neckar, Elbe and Oder, the 80 trend in precipitation, which is relatively
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homogeneous across the country, is well reflected. Thus, they all show similar trends although
they do not lie in the same region of Germany. The concrete factors determining the 50 long-
term trends in the rivers are not clear but the clustering to several small groups suggests that
local factors are important. Further, there is evidence that long-term trends are determined by
the precipitation input but also on processes on the catchment scale, such as groundwater
contribution, evaporation and melt water influence, which modify the isotopic composition in

river water.

5.6 Transit time modelling

For the majority of the catchments, it was possible to develop models which adequately
simulate the transport of direct flow components through the catchments (see Figure 19). Mean
transit times for fast runoff components of 1 to 5 month were estimated (see Table 10). Using
original time series, modelling is mainly based on seasonal variations. It must be noted that
these seasonal variations only represent the response of fast runoff components. Hence, the
mean transit times of fast runoff components are merely estimated. Concerning the
investigated catchments, transit time estimations have been conducted earlier for the Danube
and the Weser catchment, but for none of the others (Kéniger et al., 2009; Rank et al., 1998).
Koniger et al. (2009) quantified fast and slow runoff components and estimated their transit
times for several stations along the Weser. They also used lumped parameter models for tracer
simulations. For the station at Intschede (close to Langwedel), they suggest a mean transit time
for fast runoff components of 1 to 1.5 months and a groundwater contribution of 60 %. In
comparison to their findings, slightly higher transit times of 2 to 3 months and a groundwater
contribution of 70 to 80 % were calculated for the Weser. However, their simulations have
been based on data from a shorter time period (2003-2007). Regarding the Danube, Rank et
al. (1998) have estimated a transit time for fast runoff components of 1 year (up to Vienna).
My simulations yield a transit time of 4 to 5 months for the Danube at Vilshofen. Considering
that the flow length up to Vienna is nearly twice as long as up to Vilshofen, estimations seem
to be plausible. The estimated transit times of fast runoff components are not related to
catchment size. That transit time is not dependent on catchment size but rather on topography
has already been shown in previous studies (e.g. McGlynn et al., 2003; McGuire et al., 2005).
Within the scope of this thesis, a relation to topography could not be assessed as the majority
of the examined catchments are located in lowlands. They are therefore not diverse enough in
topography.

It should be remarked that the models show some uncertainties. In lumped parameter models,
relevant catchment processes are not considered, namely evaporation, damming and storage.

As shown in previous sections, such processes have considerable effects on the isotopic

composition in the investigated rivers. Consequently, in more complex catchments, the
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isotopic composition of river water is not well reproduced by lumped parameter models. This
can be seen e.g. in the Weser and the Danube, where the isotopic composition is predicted to
be too low continuously for the period from 2002 to 2005 and 2009 to 2013, respectively. This
indicates that runoff water got enriched in 80 within the catchment which happened most
likely by evaporation. As evaporation enrichment is not included in the models, real values are
underestimated by the model. The same applies to the other processes stated above. This
explains why it was not possible to identify parameter values with which the highly complex
Rhine catchment can be adequately described. More sophisticated and flexible models are

required for such complex catchments.

The validity of mean transit time estimations for such large catchments is currently under
discussion. Kirchner (2015) has criticised that calculating the transit time in such large
catchments, which are highly heterogeneous, is inaccurate. The methods used for transit time
estimations simply assume one TTD for the catchment, but large catchments typically consist
of several subcatchments with different characteristics and therefore different TTDs. He has
argued, that such aggregations are not negligible and may lead to errors, which have not been
sufficiently investigated, yet. | am aware of uncertainties due to such large-scale
simplifications, however, further research is needed to specify the implications of Kirchner’s
(2015) claims.

5.7 The Rhine in its course

In most catchments, the variations of 330 observed in the catchment precipitation are well
reflected in the river water observations. However, the analyses showed that there are also
clear discrepancies between 320 in precipitation and river water. These are most pronounced
in the Rhine catchment. Here, neither the 5'80 long-term trends nor the seasonality observed
in precipitation and river water correspond with each other (see Figure 10 and 13).
Furthermore, it was not possible to predict the 3'80 observations in the Rhine water from the
precipitation input as it was possible for the other catchments. One reason for this is that the
discharge regime of the Rhine is complex. The discharge is composed of several water sources:
direct rainfall runoff, groundwater, snow and glacial melt water. Moreover, the discharge is
dammed in the Lake Constance, located at the border of Germany and Switzerland, and at
several watergates which substantially alter the flow regime. Due to this complexity the 5180
in the Rhine water is not as predictable as for the other rivers. Halder et al. (2015) have also
demonstrated by a few examples that reservoirs in river systems lead to considerable
alterations of the 8'80 seasonal signal. It has already been observed that reservoirs in the Upper
Rhine catchment have an impact on the 5'®0 seasonality of the Rhine and its tributaries
(Schiirch et al., 2003).
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However, these complex flow conditions explain why seasonal variations are irregular and do
not match variations in precipitation, but they do not explain the deviations between the long-
term trends in river water and precipitation. An enrichment in 20 is observed at the station in
Koblenz during the period from 2008 to 2011, but at none of the stations in the upper
catchment (see Figure 20). Thus, this enrichment must be caused by processes in the Upper
Rhine Rift. Several consideration were made in order to find possible explanations for this
phenomenon. Strong anomalies can neither be observed in the discharge (amount or
occurrence) nor in the air and water temperatures (see Figure 21) (Internationale Kommission
zum Schutz des Rheins, 2013). Several power plants and watergates are located along the
Rhine. To the best of my knowledge, such anthropogenic influences have not been intensified
for the last few years at the Rhine (EDF, n.d.; Internationale Kommission zum Schutz des
Rheins, 2014). Interestingly, an enrichment in 0 can also be observed in the Danube from
2008 to 2011, which suggests that regional factors are important. However, it was not possible
to identify factors or processes responsible for this anomalous enrichment. Hence, further
isotope studies in the Rhine catchment with higher spatial and temporal resolution are

definitely worthwhile.
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6 Summary and conclusion

In this thesis, long-term data of stable isotopic composition in river water from nine large
catchments in Germany were examined and analysed. It could be shown that the spatial and
temporal patterns observed in precipitation in Germany are reflected in the majority of the
rivers. The isotopic long-term averages of the catchments correlate with altitude and latitude
and show therefore a northwest-southeast gradient. Thus, the isotopic composition in German
rivers can basically serve as a proxy for the local precipitation. It was also found that long-
term averages of d-excess are inversely related to flow length and catchment size, which
indicates that evaporation enrichment has an impact on the isotopic composition in catchments
with humid climate as well. Moreover, the §'80 and d-excess values correlate with discharge.
These relations are not directly causal but can rather be attributed to isotopically light winter
and spring high flows in the catchments.

The 380 seasonality and long-term trends of the local precipitation can be clearly recognised
in rivers with simple pluvial discharge regimes. In comparison to precipitation, the §'%0
signals in the rivers are only damped and time shifted. The time shifts in the signals provide
information about the catchment transit times. The dampings mainly depend on the amount of
isotopically stable groundwater contributing to discharge but can also be caused by reservoirs
or by an overlap of different signals from tributaries. In contrast, in rivers with more complex
discharge regimes, deviations from the isotopic composition in precipitation input can be
observed. Such deviations are caused by several catchment processes and factors, e.g.
evaporation enrichment, precipitation temporarily stored as snow and ice, and damming by
lakes and artificial reservoirs. However, in order to identify the concrete reasons for these
deviations, additional considerations and studies with higher spatial and temporary resolution
are necessary. Statistically significant long-term trends were identified for the Weser and the
Rhine whereby in the Weser the §'80 values decrease, while they increase in the Rhine.
General spatial patterns for the §'80 seasonality or long-term trends could not be found. The
5180 seasonality rather seems to be controlled by the discharge regimes of the rivers. Factors
which determine the 5180 long-term trends in the rivers are not clear, as they are also uncertain

for precipitation.

The temporal variation of the d-excess in the rivers also seem to be a meaningful indicator for
hydrological processes. It could be shown that the d-excess seasonality in German rivers is
closely related to the discharge regime, too. However, the d-excess seasonality of the local
precipitation appears to be strongly modified in the rivers, most likely by evaporation in the
catchment. In contrast, the long-term trends of the d-excess correspond to the precipitation and

are consistent for almost all rivers. This suggests that controlling factors are rather global.
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Mean transit times of fast runoff components could be estimated using lumped parameter
models. The model simulations are based on the variations of the stable isotopic composition
observed in the river water and precipitation. With the use of exponential TTD, adequate
models could be developed for all catchments with the only exception of the Rhine. Mean
transit times of fast runoff components were estimated to be between 1 and 5 months. In the
exponential model, several processes such as evaporation, damming or storage are not
considered. These processes modify the isotopic composition of runoff water. Therefore, the
model results show some uncertainties. In rivers with complex flow systems (particularly in
the Rhine), uncertainties are high, which suggests that more flexible and sophisticated models
are needed. However, this study demonstrated that stable isotopes can be utilised to estimate
mean transit time of fast runoff components in large river catchments. It could also be shown

that methods usually applied on small scales can be basically adopted for large scale studies.
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Appendix

Abbreviations

ARIMA Autoregressive integrate moving average models

BfG German Federal Institute of Hydrology

BMU Bundesministerium fur Umwelt, Naturschutz und Reaktorsicherheit
DWD Germany’s National Meteorological Service

FOEN Swiss Federal Office for the Environment

GIS Geographic information system

GMWL Global meteoric water line

GNIP Global Network for Isotopes in Precipitation

GNIR Global Network for Isotopes in Rivers

IAEA International Atomic Energy Agency

LMWL Local meteoric water line

NISOT Swiss National Network for the Observation of Isotopes in the Water Cycle
NSE Nash-Sutcliffe efficiency

RMSE Root Mean Square Error

RWL River water line

TFPW Trend-free pre-whitening

TTD Transit time distribution

VSMOW Vienna Standard Mean Ocean Water
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List of symbols

B Constant flow component

Cs Tracer concentration of the constant flow component

Cin Input tracer concentration

Cout Output tracer concentration

) Delta notation

Da Danube

E Mean

El Elbe

Em Ems

a(t) Transit time distribution

Ho Null hypothesis

Hi Alternative hypothesis

Ma Main

MA(X) Moving average

Mo Mosel

n Number of data points

Ne Neckar

0] Observations

Od Oder

P Model predictions
Isotope ratio

r Correlation coefficient

Rh Rhine

S Standard deviation

S Mann-Kendall statistic

t Time

t’ Transit time

tr Pearson’s r test statistic

t; Transit time of the tracer

\Y Variance

W Weight

We Weser

X,y Data points

Z Standardised Mann-Kendall test statistic
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Figure A 2: Map of the NISOT sampling stations at the Rhine and its tributaries in Switzerland. From
Schurch et al. (2003).
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Discharge regimes
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Figure A 3: Discharge regimes of the rivers with variations. The medians of the values are displayed as bold
lines. The rectangles extent from the lower to the upper quartiles and the whiskers show the minimum and
maximum values. Calculations are based on data from 2002 to 2013; except for the Mosel and the Rhine,
where data from 1988 to 2013 were used. Calendar year is used.
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Figure A 4: River water long-term averages versus precipitation long-term averages of (a) %0 and

(b) d-excess.

Table A 1: Long-term averages of 880 and d-excess in river water and precipitation.

Long-term average
3180 (%o)

Long-term average
D-excess (%o)

Precipitation  River Precipitation River
Danube? -10.11 -9.69 6.74 7.64
Elbe? -8.61 -8.23 7.76 6.31
Ems?® -7.34 -6.87 7.99 7.41
Main? -8.07 -8.35 6.24 7.32
Mosel® -6.93 737 512 7.84
Neckar? -8.50 -8.55 6.46 7.68
Oder? -8.69 -8.48 8.17 6.68
RhineP -8.13 -9.08  6.38 5.90
Weser? -7.90 -7.69 8.46 7.31

4 Records from 01/2002 to 12/2013; b Records from 01/1988 to 12/2013
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Discharge Rhine
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Figure A 5: Mean monthly discharge of the Rhine at Koblenz from 2002 to 2011.
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long-term mean discharge.
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Seasonality oxygen-18

Table A 2: Amplitudes of 5'20 seasonal signals of river water and average catchment precipitation. Based
on mean monthly values.

Amplitude (%o)
River water Catchment
precipitation

Danube? 0.63 7.8
Elbe? 121 6.16
Ems? 1.07 3.75
Main2 1.26 6.08
Mosel? 1.36 4.69
Neckar? 1.33 6.29
Oder? 1.19 6.57
Rhine? 0.72 5.47
Weser? 0.66 4.05

aRecords from 01/2002 to 12/2013; °Records from 01/1988 to 12/2013
Trend analysis

Table A 3: Calculated Sen-slopes and results from Mann-Kendall trend tests.

Sen-slope over Sen-slope  Mann-  Mann-
the whole period peryear  Kendall Kendall

(%o) (%o/yr) tau p-value
Danube 0.26 0.02 0.10 0.09
Elbe 0.01 0.00 0.01 0.91
Ems 0.35 0.03 0.05 0.35
Main -0.07 -0.01 -0.02 0.68
Mosel 0.34 0.01 0.01 0.81
Neckar 0.12 0.01 0.03 0.60
Oder 0.27 0.02 0.04 0.51
Rhine 1.00 0.04 0.16 <0.01
Weser -0.83 -0.07 -0.17 <0.01
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Correlograms of original 820 time series
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Figure A 7: Correlograms of original 8120 time series. Blue dotted lines show the confidence intervals. Bars
larger than confidence intervals indicate significant correlation with the specific lags.
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Oder Weser
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Figure A 7: Continued.
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Correlograms of 880 time series after removing first order autocorrelation
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Figure A 8: Correlograms of %0 time series after removing first order autocorrelation. Blue dotted lines
show the confidence intervals. Bars larger than confidence intervals indicate significant correlation with the
specific lags.

80



Oder Rhine

0.6
1

ACF
04

0.2
1

0.0

-0.2

0 5 10 15 20 0 5 10 15 20
Lag Lag
Weser
e
@
@
@ |
=
5 = |
< o
N
=
- H H\
i [T |1
o
S
' T T T T T
0 5 10 15 20

Figure A 8: Continued.

Table A 4: Results of multiple linear regression analysis for 880 versus latitude and altitude and d-excess
versus catchment area and flow length.

Estimate p-value
880
Latitude -0.39 0.24
Altitude -0.01 0.04
D-excess
Catchment area -2.06E-06 0.82
Flow length -8.38E-04 0.21
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